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Preface to the
Second Edition

In the present era of sophisticated machinery, gear technology has evolved to a high degree
of perfection. Several developments leading to advanced leve! design and manutacture of
gear and gearing systems have taken place. These developments have prompted me to revise
the first edition.

The first edition was a practical reference fulfilling the requirements of design engineers
and technicians. In the new edition | have updated and broadened the scope of application
with additional discussions on spiral bevel gear systems, more methods for checking gear-
tooth and design of gear-tooth profile.

[ have been greatly encouraged by the tremendous response from the professionals from
the industry and also from academicians based in India and abroad. [ take this opportunity
it thank my friends, colleagues and the readers of the first edition for their appreciation and
feedback. | will welcome suggestions and constructive criticism on the second edition leading
to its improvement.

Grrmy M MaiTra







Preface to the
First Edition

Prima facie, a gear i3 an ordinary machine element, vet such iz the modern demand and
importance of this seemingly simple engineering component that the science and art of gear
engineering is continuing to develop new, highly efficient and unusual forms of gear systems,
gear mechanisms and arrangementsto meet the exacting and ever-increasing requirements of
present-day technology. Today pears represent a high level of achievement in engineering
behind their seemingly simple facade.

Rapid developmentshave taken plece inrecent yearsinthe design, manufacturingprocesses,
muatorial, heat-treatment and other strength-improving procedures, inspection, checking and

control of gears. Inthe present era of sophisticated technology, mass production and high-speed
machinery, geardesign has evolved to a high degree of perfection. The design and manufacture
of precision-cut gears, made from materials of high strength, have made it possible to produce
gearswhich are capable of transmitting extremely large loads at extremely high circumferential
speeds with very little noise, vibration and other undesirable aspects of gear drives.

Itis. therefore, imperative that students and engineers alike must keep themselves abreast
of the latest, rapidly changing gear-design techniques.

While books on gear design are galore in industrially developed countries. there is dearth of
such books in India which take cognizance of the pragmatic approach towards this subject and
which conform to the Indian Standards and use the 51 units of measurements. The basic
concepis of gear design and their practical use have been exhaustively dealt with in this book.
Existingtreatises, foreign orindigenous, are normally restricted to sophisticated clientele orare
ton detailed in nature. This book is intended to present the technology of gearing in a lucid
manner to help the engineering student as well asthe design engineers, technicians and other
skilled personnel working in the industry, so that they can'easily appreciate the underlying
principles and practice of the subject. During my tenure as & design engineer in industries at
home and abroad, lThave gained considerable experience in the practical sidegf gear design and
this volume is, therefore, written with anemphasis and bias towards the practical approach. At
the same time, ithas been supplemented by o sufficient account of the theoretical aspects. This
would beprofitable for the readers wishing to probe intothejustification ofthedesigntechnigues
involved.

Since the subject of gear technology is vast, I have felt impelled to discussthe subjectin the
broadest terms within the scope availnble. Aspects of different types of gears, gearing systems
and allied subjects which are normally encountered in gear design have been discussed in this
book. Forthosereaders who wish 10 pursue the subject in even greater depth and detail, copious
references are alluded to at relevant pages.

Acknowledgements aredue mostly to the authors ofthenumerous books and technical papers
[ have consulted while preparing thisbook, | will be thankful ifthe errors that might have crept
ininadvertently are pointed out. Any suggestions leading to the improvement of the book will

be gratefully received.
Gitrs M Martra
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Fundamentals of
Toothed Gearing

1.1 Introduction

Inengineeringand iechnology the term “gear" 1sdefined as amachine elementused totransmii
motion and power between rotating shafts by means of progressive enpagement of projections
called teeth.

[ventionof the gear cannot be antributed to one individual asthe development of the teothed
gearing avstem evolved gradually from the primitive form when wooden ping were arranged on
the periphery of simple, solid, wooden wheels 1o drive the opposite member of the pair. These
wheels served the purpose ﬂrg't!.HTEil'l those days. Although the operation was neither smooth nor
quiel, these were not important considerations as the speeds were very low, The motive power
torun these systems was generally provided by treadmills whicl were operated by men, animals,
water wheels or wind-mills. Primitive forms of gear were known 1o Archimedes before the
Christian era. Leonardoda Vinei also used the concept ofa gear aystem in many of his proposed
appliances and machines. lnrecent times, however, inventorshavegancentrated their efforsto
devise curves for the gear teeth which would provide constant relative velocity of the gear tooth
faces. The unique property applicable to all these curvesis thatthe common normal tothe eurves
af the two tecth in contact attheir point of contact must pass through the point of contact of the
two pitch cireles of the mating gears. One of such curves, the epicyeloid, was proposed by the
famous Danish astronomer, DlafBpamer, The involute carve, which is the most common curve
vsed today, was presumably first suggested by the celebrated Swiss mathematician, Leonard
Euler. It was, however, Peof. Robert Willis of Cambridge University who gave a practical shape
to these curves as applied to present-day gear toothing. Charles Camus and Philippe de Lahire
are also known as ihe garly pioneers in the field of toothed gearing,

Giears operale in pairs, the smaller of the pair being called the “pinion™ and the larger the
“opear” Usually the pinion drives the gear, and the system acts as a speed reducer and a torque
converter. The centre distanee between the rotating shafis in a gear dreive is normally not too
large. When the distance is comparatively large, the other power transmitiing systems, such as,
belt drive, chain drive, ete, are resoried to. Mow, when the contre distance is net the deciding
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factor, belt drives are fast becoming out-moded and are being replaced by gearing systems.
Althnugh belt drives have the inherent advantages of shock, load reaction vibration absorbing
capacitics, their greater space requirements, c.r.lpmur: to surroundimgs and vulnerability to
slippagemake the gearing systems more pre ferable because these systems are positively driven,
can be totally enclosed, require less space and are compact driving arrangements. When twao
smooth cylindersare mounted on shaftswith parallel axes and are pressed together lengthwise,
it 15 possible to transmit power from one shaftto the otherby frictiondrive. [fthere isno slippage
during the contact, such rotating cylinders will ensure a smooth and accurate transmission of
angular velocity. The angular velocities [inradians per second or revol utn:rm.dpi:r minute {rpm)]
of these cylinders are |m'crhclg.l proportional to the diameters of the cylinders. This relation
applies ifthe drivi ngand the driven cylinders are perfectly accurate, and the cvlinders are said
to produce “uniform velocity transmission.”

The above arrangement, however, is impossible to achieve in practice because it does not
produce a positive drive owing to the slippage which may be coused by various factors. To
overcome the problem of slippage, toothed wheels orgears are used which produce positive drive
with uniform angular velooity ratio.

Although kinematically the motion of a pair of gear is analogous to that of a pair of two pitch
cylinders which roll without slip, the action on the meshing teeth consists generally of a
combination of rolling and sliding motions. This aspect of dual motions will be discussed in the
relevant section dealing with sliding velocities of gear teeth.

Formechanical power transmission, gears are generally categorised into three distinet types:
(@) those transmitting power and motion between parallel shafts, namely, spur and ordinary
helical gears; {f) those for shafts with intersecting axes, the angle between the shafts being
generally90©,e g bevel gears;and(g) those wherethe shafts areneither parallel norintersecting,
the axes generally making 90" (or some other angle) o each other but in different planes, ¢.p.
worm and worm-wheel, crossed-helical gears, and hypoid gears.

Inrecent times, the gear design has become a highly complicated and comprehensivesubject.
A designer of amodern gear drive system mustremember that the main objective of a gear drive
is to transmit higher power with comparatively smalleroverall dimensionsofthe drivingsystem
which can be constructed with minimum possible manufacturing cost, runs reasonably free of
noise and vibration, and which requires little maintenance. He hasto satisfy, among others, the
above conditions and design accordingly, so that the design is sound as well as economically
vinhle.

Although the types and the modalitics of gear design vary widely, the following data can be
uscd as guidelines.

Spur and heffcal gear drives  The usual reduction ratios in spur and helical gear drives are:
1:8(max, 1:20)for single stage. 1:45(max. up to 1:60)for double stage, and 1:200{max. up
to 1:300) for triple stage.

Depending on the number of stages, type of design and size, this type of gearing can have
output up to [EOOKW, speed up to 100000 rpm and circumferential velocity up to 200 metre/
second, overall efficiency generally up to 96-89%. Planctary gear drives using spur and helical
EEHJ’E usually have reduction ratio up to 8 with a max. value of around 13, Efficiency is about

9%%, power output up to TS00KW and speed up to 40000 rpm.

Wormand worm-wheel drives  Thercduction ratioin these drives is usually up to 60, but itcan
beincreased up to and over 1 00depending on the numbers of stages. Efficiency ranges from 97%
decreasingto 45% with increasing reduction ratios and slower shidingvelocity. Qutputisusually
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up o T30 KW, cutput torque up to 230,000 Nm, speed up to 30000 rpm, and circumferential
velocity up to T m/e. The worm and worm-wheel drive produce lesser noise and vibration than
any otherkind of geardrive. [tisalsocomparatively cheaper and is recommended for those cases
where a self-actuatedreversal of powerflow must not occur,i e, itcanensureirreversibility when
desired.

Bevel gear drives  The redoction ratio is usually up to 6, in bevel gear drive, but still higher
values are possible in some cases. For higher service requirements and operational conditions,
hardened spiral bevel gears are usually specificd.

Selection of the right kind of gear for the rightkind of application is an open issuc and there
isnoready method which canbe specified for the purpoese. Generalisations can, of course, be made
swhich can lead 1o the selection of process of manufacture o be adopted and the type of gear to
be specified for specific purpescs. Final decision, however, will depend entirely onthe discretion
andiechnical skill of the designer who will weigh the mepitsand demerits of the several choices
available before makingthe final selection. Asregards applicationsthe following guidelines are
of relevance.

Gearsused inmachine tools must be accuratcand rugged. The gearteeth are finish-machined
by one of the precision-producing methods employved. Alley steels with good machinability are
used for hardness of Brinell Hardness Number 2300 1o 3500 N'mm® With the introduction of
carbide-tipped tools, higher cutting speeds are involved which in turn necessitates harder and
more precise gears, The hardness can goup to 80 Bockwell Hardness Coreven higher in certain
specificapplications,

In case of automaobiles, which wse spur_helical as well as bevel gears for transmission gear
bhoxes and differentials, gears are gencrally cut from low-alley steel forgings which afier teeth
cuiting are heat-treated o the desired hardness. The gear teeth should be very accurate in the
initial srage itsalf as no post-hardening tooth-correcting processesare employed. Casehardened
automobile gears usually have asurfacehardnesz of around 6OHRC and core hardnessofaround
30 HRC. This imparts the gears the properties of wear-resistance, sirength, plus the shock
absorbing capabilitics.

Gearsused in marine applications are very large, powerful and run athigh speeds. Herring-
bBonegears are usually employed. Ashigh circumferential velocities and load carryingeapacities
are required, extreme accuracy in tooth-spacing is essential.

Aulasgnfgearﬁ,lcajlml control gearsarevsedastiming gearsin machines and asseiting gears
for gunsin ships and acroplanes, eve. Here, the main objective is transmitting precise angular
motion, transmission of power being secondary. Backlazh is extremely small, being practically
Zero incertain applications.

For iouschold gadgets medium-carbon steel gears, sintered metal, non-metallic, laminated
gearsare comumonly uged. Die-cast gears of non-ferrous metals are often wsed for their low cost.
Punched gears and moulded-plastic gears are also widely wsed in domestic applications and
appliances.

Terminology, symbols and rotation for toothedgearing  Ithas been the practice with different
anthors to use various symbols 1o represent gear parameters according to their own choice. To
avoid confusion and to promote international usage, the International Qryganisation for Stan-
dardisation ([20) has issued the following recommendations in this regard.
The ISOrecommendation Mo, BER entitled “International Vocabulary of Gears™lays down the
nomenclatures, and the [S0 Recommendation B 701 entitled “International Gear Motation,
Symbols for Geometrical Data™ lays down the relevant notations.
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The terminology and the notations for toothed gearings are also covered by the Indian
Standard Specifications 15: 2458 and 15: 2467 which broadly tally with the [S0) Recommenda-
Hons.

In this book, the same symbaols, notations and subscripts have been used with a few minor
ExXCepLions.

1.2 General Classificationof Gears

Depending upon the relation between the axes, shape of the solid on which the teeth are

developed, curvature of the tooth-trace and any other special features, gears are categorised into
the following types.

Spurgears In apair of mating spur gears, the axes of the cumrun:nl gears are parallel, that
i, they are mounted on shafts which are paralle] to each other. The reference or the pitch solid
isa cylinder. The gear tecth are straight along the length and are parallel to the axis. A rack is
a straight-sided gear and can be thought of as a spur gear of infinite diameter.

Parallef helical gears  In thescgears alsothe axes are parallel and the pitch golid iscylindrical.
The tooth-traces or the elements of teeth are helices and these helices may be left-handed or
right-handed. (In this connection, it may be mentioned that some authors designate the spur
gearsas straight spur gears and the helical gears as helical spur gears. This practice will not be

followed in this book.)

Herringbone pears  Alse known as double-helical gears, these gears are actually two helical
gears ofoppositehands, pleced sideby side and cut on the same blank to obtain a composite unit,

Stralght bevel gears  In this type of gearing, the axes are intersecting. The angle between the
twoaxes, known asthe shaftangle, is usually 80°,but it can beaf ather value also. The gearblank
15 a conc on which teeth are generated. The teeth are straight, but the height of teeth gradually
decreases and the sides of teeth are tapered sothat all lines, when extended, meet at a common
point called the pitch cone apex. In case where the bevel gears are reguired to have uniform
clearance throughout the length of the teeth, only the pitch cones of the two gears intersect at
the apex point. Bevel gears having straight teeth but mounted on non-interesecting axes are
known as skew gears, After the advent ofhypeid gears, these gears are seldom used.

Spiral bevel gears  In this type of bevel gears, the tooth elements are curved in the shapeof a
spiral so that the contact between the inter-meshing teeth heging gradually and continues
smoothly from one end to the other. The contour of the spiral depends on the particular make,
. 2. circular are for Gleason system, involute for Klingelnberg system, ete. Alsa, the lengthwise
tooth height may be tapered towards the apex or itmay be uniform throughout its length.

Lero bevelgears  These arespiral bevel gearswhere the spiral angle is zero. [tisapatenteditem
of the Gleason Works of USA.L

Hypoidgears These are similar to spiral bevel gears, but have non-intersecting axes, e, the
axis ofthe pinion is off-setrelative to the gear axis. However, the planes containing the two axes
areusually atright angles to each other. Ifthe off-setisguffieient sothat the two shafts can pass
one another with adequate clearance. the straddle mounting on bearings for both the pinion and
gearis possible. In such cases. obviously the component gears need not be overhung. The blanks
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of hypoid gears are hyperboloids of revolution. Hence the name.

Crossed helical gears  These are cylindrical helical gears, but their axesare atan angle when

inmesh and do not intersect. Crossed helical pears are also sometimes termed as®spiral pears”™
and “screw gears” but such names are discournged as they are rather confusing.

Wormand worm-whee!  Inthis system of gearing, the axesare non-intersecting and the planes
containing the axes are normally at right angles to each other. The tooth elements of both the
components are helices. The system can be single-enveloping or double-enveloping types.

The sbove mentioned types are the major classes of gears commonly in use. There are other
special types such as coniflex bevel gears, crown or face gears, spiroid gears, beveloid gears,
helicon gears, planoid gears, and revacycle bevel gears. Most of these special types are patented
items bearing registered trade names of different manufacturing companies, such as Gleason
Works, Vinco Corporation, Michigan Tool Co., Hlinios Tool Works. De Laval Holroyd Co.

The characteristics and uses of each of the tvpes of gears which are commonly in use will be
discussed in detail in the relevant chapters and sections later. The different tvpes of gears
described above have been illustrated in Figs 1.1-1.10.

1.3 Principles of Transmission and Conjugate Action

When a pair of mating gear teeth act against each other, rotary motion is produced which 1s
transmitted from the driver to the driven gear. If such a pair of gears have tooth profiles which
are so designed that a constant angular velocity ratio is produced and maintained during
meshing, the two gears are said to have conjugate action and the tooth profiles are said tohave
conjugate curves. In other words, conjugate action is assured if

fra)
= = gconstont

6,
where W, = Angular velocity of the driver component of the matingpair, generally called pinion,
in radians per second
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ay, = hnguhl.ur velocity of the driven component of the mating pair, generilly ealled gear

in radians per secgnd. 4
Ifthe tooth profile of one rmember of the pair is given, W is possitle to construct the tooth profile
of the other member in order to have conjugate action when the gears mesh. However, we will

Fig- 1.3 |nternal gear

Fig. 1.6 Siraightbevelgear
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Fig. 1.8 Hypoid gear

Fig.1.8 Crossed helical gear

Fig. 1.10 Warm and worm-wheel

I [

see laterthat the mostaammanlemesd smese cdinh asm bhic sene e e sen bl Fom b, o Fim
and cyeloidal curves.

Figure 1.1 1shows twocurved body-surfaceswhich are in contact with cach other, Body 1, with
centre at 0, and having angularvelocity »rrml. is pushing body 2 of which the centre is at (). This
produces rotary motion and body 2 rotates with an angular velocity of €. The point of contact
atthisinstant is at Qwhere the two surfaces aretangent to each other. The common tangent to
thecurvesisT-Tandthe transmission of forcestakes place along the common normal N-N which
is also called the line of action. The line of ackion N-N intersectsthe line of centres 0,0, at Fwhich
is called the pitch point. Circles drawn through P, having centres at, and 03, are termed as pitch
circles. The diameters of these circles, called pitch circles diameters (FCDY, are the represent
ative parameters of the two gears.

For producing a constant velocity ratio, the curved profiles of the mating teeth must be such
that the law of gearing 15 satisfied. This law states that:

In ordertohave aconstant angular velocity ratio, the tooth curves must be soshaped thatthe

common normal tothe tooth profiles atthe point of contact will always pass through the pitch

point, irrespective of the position of the point of contact during the course of action.
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Fig. 1.11 Transmessionof molion and conjugate action
Bamed nnﬁmrﬂzuyaderﬁumghn Thamas, 19587 Editicn,

Fig.No. 5.2, p. 28 rll1m==r'l.l'u-|r||g| Murich, Gamany.
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For a constant angular velocity ratio, the piteh point must remain stationary at a fixed point.
Every line of action for every instantancous point of contactmust pass through the pitch point
P,

If the teeth have cycloidal profiles, the lines of action vary in position at different points of
contact during the course of action, although each line passes through the pitch point, thus
observing the law of gearing. In other words, the path of contact formed by joining the different
poinis of contact at different positions of the inter-meshing teeth is curvilinear. This is a
disadvantage of thecveloidal curve as will be seenin the section dealing with cveloidal toothing.

In case of involute profile, however, all points of contact take place on the same straightline
(lineN-NinFig 1.11}—whichmeans thatthe point , which isthe instantaneous point of contact
atany position, moves up and down along the line N-N. And since all the normals to the tooth
profiles at any point of contact during action coincide with the line N-N | the law of gearing 15
obvisusly maintained. This aspect will be discussed in detail In the section dealing with the
properties of invelute toothing.

The condition that for a constant angular velocity ratio, the commen normal must intersect
the line of centres at a fixed point can be proved as given below,

Geear teeth move with a combination of rolling and sliding motion during the period of
cugagement. The aliding does not affect the transmission of motion at a constant velocity ratio
because the motion at the pitch point P is one of pure rolling. This will be discussed in detail in
the section on the slidingphenomenon of gear teeth. Inthis connection, itmust be remembered
that the pitch cireles are the representative circles of the gears, and the pitch eylinders are
analogous W two smoosth cylindrical bodies, one of which drives the other through fEetion-
contact, thus producing pure rolling action.

InFig. 1,11, the lines @M, and QM represent the linear veloeity vectors of the two gears at
the instantaneous point 8 Since y =@ F, U being the circum ferential velocity at radiusF, these
vielocity veciors can be easily laid, knowing i, Jand the instantaneous radii O, 0 and @, (.
And since the two bodies are rigid, the mmmﬁn pmnt {}ean have only one velocity component on
the line of actionN-N and thisis represented by the line (n. When resolved. QM and QM have
nn-mpmn:-ms £, and QI respectively on the commontangent IT . The vector difference n!’Q:__:md

givesthe mugnnudr: of the relative sliding velocity which will be treated in Sec. 2.6
h’hen the contact takes place atthe pitch point P, the vectors 00, and M, will be equal and
in the same direction. Since the tangential compoenents must also be equal and in the same
direction, the vector difference gL vanishes, Consequently the relative welocity of sliding
becomes zero and the two gears have pure rolling motion, Therefore, we come to the important
canclusion that for pure rolling motion, the point of contact must lie on the line of centres.
Mow, the following relations can be established from Fig. 111,

m:,ﬁ}.ﬂil._m!_QM o 20w B
ﬂlf.] 0.Q i, 0,9 QM1
From similar triangles QM # and 0,08, we have
o
0Q OR
From similar triangles QM n and 0,83, we have

M, _ Gn
0.Q 0,8

e ——
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Fundamentsfe of Toothed Gearing 1.1

From Eq. 1.3,
é_t 1 dr | sim i

= tana— = = tana-— [, i{from Eq. 1.4}
da r da r = cosfa
1 i i sim A 2
= tan g — F o058 A = Lana = fan’'a
I cos @ cos A
By integrating and solving, we get
z
Jde = Jtan"ada
ar
gi=ian a = a (ainradian)
The gquantity ¢ has been termed as invelute @ or inv @,
invgstan A = a (1.5)

The length of the involuie curve for any portion can be determined as follows. This length 15
sometimes required in shops for laving out templates or for copying machines, Using the usual
parametric equations of the involuie curve, we have,

x=r, (sinf - BeosH (1.6)

y=r,icos & * Gsin g 1.7
Deingthegeneral formilaforfindingoutthelengthofacurvewe have length L, ofinvolute from
point A o point P is given by

di} = g’ + dy' = 1} 8°de”

ar
dL = r, Gdf
wlhience a P 2
R P R (1.8)
475 [
Mote that 8=tan & and the radius of curvature B atthe point P is given by
" = |l_?=rn|:||1 a (1.9

Sinceby definition, aninvolute curve is generated by the point of 8 cord which is unwound from
the periphery of acircle and which isglwaysheld s6fFitnaturally follows thatthe instantaneous
radivs of curvature of a point on the involute thus generated is the same as the stff length
of the cord which spans that point to the point on the circle from where the cord hasjust been
unwrapped. Equation 1.9 however, can be established mathematically:

From calculus we know that the radins of curvature of any point on a curve is given by

u P Pl
[E] & EJ
do) \de

dyd'x  dvdy
de do*  dé de’
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INVOLUTE CURVE

a = pressure angle at P
# = roll angle at P
Arc AR ap
g a = § = a = it g
iy o
=H.ﬂ".—.l-‘hl‘ll—l
[all angle=s in radians)
Fig. 1.12 Involute curve

By differenttating we get from Eqs Léand 1.7
dx

— =N tosl — FLcos B+ & sind =8 sing
da
d'x

T
oy _ L

48 “ b sinm E*Qsin#"‘qﬂuﬂaﬂ=qﬁﬂnaa

d'l_v
da’

r, 8 cosd + r, sing

=rn o088 - r 8 sing
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a1
[rf 8%sin" @ + r: Beos’ E}

s R=
r, Gcosf (r, 8 cosB * r sin@) - r,@sind (7, cos § - r, Gsin &)
a Hﬂ
= 2 =r8
r*""ﬂl

Thus, the radivs of curvature of the involute varies continuously as #varies, Theradius s zero
at the base circle where the tracing point of the cord just leaves the base circle.

Referring to Eq. 1.8 smce L is directly proportional to the square of tan a,the length of the
involute increases rapidly with equalincrement of a. Another important conclusionto be drawn
from the above mathematical treatment is thatthe radius of curvature J of the involute curve
increases as the generating point P proceeds fartheraway from the base circle. In other words,
thecurvatureofthe curve(whichisthe reciprocal of R)decreases, resultingin increased flattened
shape of curve. This fact is of relevance in case of (positively ) comrected gear teeth as they are
made offlatter portions ofthe involute curve as compared to the portionsused by the uncorrected,
normal gear teeth. Thisaspect with its implication has been dealt with in sections on comrected
gears,

1.5 Involute Curve and Gear Tooth Profile

Wehave seeninSec, 1 3that to satisfy the conditions of conjugate action and the law of gearing,
the tooth profiles of a pair of mating gears must be made of curves shaped to meet the
requirements of the above conditions, [twas also stated that two curvesare generally used —the
involute and the cveloidal curves. OF the two, the involute curve 15 the basis of nearly all tooth
profiles in general use now. How the involute curve meets the requirements for use asthe gear
tooth profile is discussed below:
In Fig. 1.13(a)two pulleys of radii p,, and r have been shown nfwhltI:l pullev 1drives pulley
2 by means of a crossed cord. From the sbove arrangement. we can easily see that:
I.the pulleys rotate in opposite direction:
2. the ratio of angular velocities (@, and &, that is & :ay, will be constant if no slippage is
assured:
3, the ratio of the angular velocities is inversely proportional o the ratio of diameters of the
pulleys, remembering that the linear velocity ¢ of the cord 15 equal to the circumferential
velocities of the two pulleys, so that

U= @ = 0y

whence
0/t = T,

4. the ratio of angular velocities is independent of the centre distance {:"l{],i and consequently

it will not change when the centre distance is altered and it remains unaffected.

Now refer to Fig. 1.13 ). One side of the cord has been removed [to facilitate clarity of
explanation)and apiece ofcard-board has been attached rigidly undemeath pulley 1 Fixapensil
atany point @ on the cord and rotate pulley 2 counter-clockwise, alwayskeeping thecord in taut
condition. We see the following two developments:

1.As the pulleys rotate during the course of action from the beginning a tpu]]ay ltothe end
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Fig. 1.13  Involute curve and law of gearing
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subtendsan angleg, at the centre (O, This isknown agthe “pressurcangle”and is aparameter
of the point Qon the involute at the point of contact. Angle o, s peculiar to the point Qonly and
varies asmovesonthe involute. Thisangle mustnotbe -E:'!I?Elﬁ-fdwilh whatiscommonly known
as the “pressure angle™in gear terminology. This latter angle is the pressure angle only of the
pitch point P when the two involutes of the contacting gears arc in mesh at that point, 15 value
being normally XV, Ahabor any other generating type of pearcutter of “built-in® preseureangle
of “cutting" pressure angle of 207 will generate conjugate gears which will normally mate with
eachother and have apressure angle of 207 Later on, we will see that the pressure angle ofan
individual point (say.@) will vary alongthe involute. Also, in case of two normal 20”pressure
angle gears, the “workingpressure angle” o is afunction of the actual centre distance when the
two mating gears are mounted on the gear box and also of the addendum maodification or
“correction” which may be imparted to the gears.

All these aspects will be explained in detail in the sections on “correction™ of gears in
Chap. 2.

1.6 Characteristics of the Cycloidal Curves

W have scen in the previous sections that to maintain a constant velocity ratio for a pair of
mating gears the profiles of the meshing tecth muost be 5o chosen that the common normals o
the profiles at all the points of contact must pass through a fixed point on the line joining the
centresofthe matinggears. This fixed point, called the “pitch point™, isthe common centreofihe
AYSLEI.

The above condition defines the law of gearing and any two curves which satisfy this law are
known as “conjugate curves™. This has already been discussed in Spp. 1.3 Theorerically, if one
curve of the two contactingsurfaces is chosen, it is possible to constructthe shape ofthe mating
curve s0as o conform tothe above-stated law ofgearing. Amethod of constructingthe conjugate
profile, when one profile is given, is shewn in the Appendix C.

In practice. however, this method is not fellowed for gearing aystem and is stedied for
academic interestonly. Mathematically,ithas been catablished that the two families of curves,
the involutes and the cycloids, satizfy the law kinemartically and these curves are adopied forall

practicalpurposes. O thesetwo curves,the involutehasbeen universally adoptedforpractically
all twpes of applications, except a few cases. The properties of involute have been dealt with in

the previous sections. For power transmission, involute gearshave completelyreplaced eveloidal
gears. [n some cases, however, cast eyeloidal gears are still in use for load transmission,

The cycloidal family of curves was the first correct form to be adopied for gearing. The
advantages of the involute curve, however, are so numerous that apart from the applications
where the unique characteristicsof the eveloidal curves areof particular relevance, the geartesth
having involute profiles are almost exclusively used.

We know from mathematics that the family of eyeloidal curves is produced by relling a circle
called the “generating™ or “relling” circle. When the cirele rolls on @ straightline, a point on the
circum ference of the circle generates a cycloid. The same circle while rolling on the ootside of
another circle or inside ofanothercirele gives rise 1o an epicycloid or a hyvpocyeloid respectively
in the same manner, The profile of a basic rack in the cycloidal system is formed by parts of a
cvcloid curve. But on a gear of finite diameter, the face of the gear tooth has the outline of an
epicycloid while the flank has that of a hypocycloid as will be shown in Sepe, 1.7 The profile of a
cveloidal tooth, therefore, isof“doublecurvature”, which isunlike the profile ofaninvolute tooth,
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It has been stated before that, except for certain special cases, the involute curve is almost
exclusively used in modern gearing systems. The advantages of this curve over the cycloidal
gystem has been summarised below,

1.511 sethe rack in an involute svstem has straight sides and since the generating cutters

o

5.

uwsually have rack profiles, these cutters can be easily manufactured. A hob cutter for the
cycloidal gear is not as casily made. Consequently. involute gears can be produced more
accurately and at a legser cost.

. While the eycloidal wooth profile has double curvature, an involute tooth has single

curvature which facilitates ease of manulacture.

For ¢ffective conjugateaction,j, e, for maintaininga constantvelacity ratio, itis imperative
thatthe pitch circles of eycloidal gears mustbe exacily tangent. o other words, foramating
pairofthesegearsthere iz onlyone theoretically correct centre distance far which these will
ftransmil moticn maintaining a constantangular velocity ratio. In case of involute gearing
system, the centre distance can be changed without affecting the angular velocity ratio (see
Ser, 1.5).This advantage of the involute system is of prime importance 258 most of the
modern gearsare corrected oncs having extended centres {see sections on corrected gears).
Also, evenincase of a gearing svatem having standard centre distance. it is pracrically not
possible to accurately achieve or maintain that distance duwe 10 mounting inaccuracies,
misalignment and a number of other diverse factors involved.

I involute gearing a5 the path of contact is a straight line and the pressure angle is
constant, there isa constant force acting on the axes. [n eycloidal gears, the pressure angle
continuously changes {see3ec. 1.7 on cycloidal gears). This results in separating force of
variable magnitude which in turn gives rise to unguict operation, jecky running and
conscquently shorer life.

The number of cutters required is less in case of involuic gearing syvstem (o prodoce
complete sets of interchangeable gears of any particular pitch.

The eyeloidal saystem, however, has the following advantages;

2;

i
4.

1.7

Cyeloidal gears do not have interference and problems thereof,

Acycloidal tooth isstrongerthan a standard involate tooth, Thisisbecanse ithas spreading
flanks whereas an involute tooth has rudial flanks, Conseguently, there is more material
atthe root portion of a cycloidal tooth as compared to an involuie toosth (see Fig, 2.7).
Cyeloidal teeth have less sliding action and hence wear less due to rubbing.

Since there is oo problem of interference, pinions having number of teeth as bow as8or
T are possible in the cyeloidal system, [tean even be 3 or din certain special cases. Thisis
thereason why these gearsare extensively used in clocks, watches and similarinstruments
where a low number of teeth combined with adequate strength is necessary. It is also
possible tohave alow number of teeth in case of involute tocthing system, but this calls for
a large amount of profile correction which may lead to "peaking”, and if it is not corrected,
the teeth may become heavily “undercut”. Thishas been elaborated in secfions on profile
correction of gears.

Cycloidal Gears

InSee, Léproperties of the eycloidal curves have been discussed. Appendix B gives the method
of construction of eveleidal curves. In this section we will see how these curves can be adopred
in gearing systems,
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[t has been pointed out that among the many advantages of the involute gears over the
cyeloidal gears, the one which 15 of vital importance from the practical point of view isthatan
involute gearing aystem remains unaffecied by changes in the centre distance between the
mating gears. [n case of a ecycloidal gearing saystem, however, the theoretical centre distance
must be strictly maintained in the mouwnted condition. [n other words, the pitch circle must be
exactly tangend to each other in order to satisfy the law of gearing,.

Thecyeloidal family of curves wasthe firstto be used in gearing since the eyeloidal curvescan
be made to satisfy the law of gearing. In See, L6 it was stated that when a circle, called the
gencrating o the rolling ciecle, rolls over a straight line or on the outside orthe inside ofanother
circle, the curves thus generated are called cycloid, epicyeloid or hypocycloid, respectively, The
profile of arack tooth inthe cyveloidal system consists of two separate portions — the faceand the
flank — bath being portions of a cveloid. This is clearly illustrated in Fig. 114

ROLLING CIRCLE
FOR FACE

FACGE
FITCH LINE

S NN

<
-

ROLLING CIRCLE
FOR FLaNK

Fig. 1.14 Fommation of cycloid rack

Itean be seenthatthe profile isof double curvature and there is ne smooth point oftransition.
It may be recalled that the profile of an involute rack isa straight line.

The following points should be noted carefully in case of two cveloidal gearsof finttediameters

mating with cach other:

1. The face of a eveleidal gear consists of a portion of an epicycloid and the flank consiats of
a portion of a hypocyeloid.

2. The epicveloid and the hypocveloid are generated by a rolling circle which rolls on the
outside or inzide of a circle called the pitch or directing circle. The form of a cycloidal geal
tooth depends upon the ratin:dcﬁi, whered, isthe rolling circle diameter and 0 is the pitch
or directing circle diameter. It is desirable to construct the woth-forim with the bigoesi
possible rolling circle. Mormally, the generating or ralling circles, used for producing gear
toeth profiles, bear the following relation with the piteh cireles:

d,, =0.33t0 0.4d,
d., =033 0.44d,

where dﬁa and dm arethe generating ciecle diameters of the pitch ciecle diameters d'l andd,
respectively.

3. To satiafy the law of gearing, the flank and face of two gears in contactmust be gencrated
by the samerolling ciccles. In other words, {g)the generating ciecle {}"I generates the flank
(hvpocyelsid) of gear 1and the face (epicycloid) of gear 2 and (b the generating circle O,
generates the flank (hypocyeloid) of gear 2 and the face (epicycloid)of gear 1.
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Sincethe flank of gear Imates with face of gear 2, both the curves in contact are produced by
the same rolling circles, viz (71 and 2. The construction has been represented in Fig. 1.15.

CIMCLE G,

— i fp——

GEAR-2

Fig. 1.15 Formation of cyclaidal ioath

Action of Cycloidal Teeth

Referming to Fig. 1.16the hypocycloid P has been generated by rolling 31 inside the pitch circle
of gear 1. The flank of a tooth of gear 1is formed by a portion of P-m, suitably placed. The
epicyeloid -3 is obtained by rolling &1 on the outside of the pitch circle of G2 . Part of P.g forms
the face ofthe tooth of gear 2. Thusthe flank of the tooth of gear 1and the face of the tooth of gear
2 are both generated by the same rolling circle, (71, These two curves mate with each other. In
a similar manner, the rolling circle G2 forms P-n forthe flank of the tooth of gear 2 and P-r for
the face of the tooth of gear 1 respectively. These two portions also mate ina similar way during
the course of action.

Thetwo pitch circled, andd_ meet at the pitch point P. The beginning of tooth contact takes
place at point A which is the point of intersection of the generating circled31 and the tip circle
or the addendum circle of gear 2. From A the flank A-d of gear land the face A-c of gear 2 have
been generated as described earlier.

We shall now examine whether the law of gearing is satistied. From books on mechanism, we
know that the point Pis the instantancous centre of rotation (orcentro) of the circle (71, This
is true irrespective of whether G1 is rolling inside the pitch circle of gear 1or on the outside of
the pitch circle of gear 2. Under such circumstances each point on (71 1s moving in a direction
perpendicular to the line joining that point with P. Obviously point A, which lies on 31, also
moves in a direction perpendicular toits straight line distance from P. In other words, the velo-
city vectorof point A at this particular instant, is normal te theline A-F. And since Aisthe point
ofcontact at this particular instantand as such itisa commonpoint 10 both the curves, and since
the common normal to both the profile-curves. i, ¢ A-dand A-e, at the point of contact A passes
through the pitch point P, the law of gearing is satisfied. [tcan be seen that the same reasoning
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LBy
Fig. 116 Cycloidal tooth inaction

iz applicable for other points of contact also. In this connection, the following points should be
clearly understood:

1. The points of contact always lie on the generating circles during the course of action.

2. Theline of action or the path of contactis not rectilinear as in the case of involute toothing.
Itis curvilinear and isdenoted by the gyrye 4-P.B, Here B isthe end pointof contact where
the tip circle of driver (gear1) cuts the line of action.

3. The pressure angle varies at each point of contact, unlike that in the case of involute
toothing where itis the same, no matter where the contact takes place. The pressure angle
has the maximum values at4 and B. It is zero at P, The consequences of this varying
pressure angle have been discussed inSee. 1.6. Note that the pressure angle &, and g are
different. Consequently, the directions of the normal tooth forees along T P and PT, are also
different.

4. Ithasbeen pointed outthat the faces and the flanks of teeth which come in contactduring
tooth action must be gencrated by the rolling circle of the same size. One consequence
of this condition is that if any particular cycloidal gearing set is meant to be interchange-
able, then all the faces and flanks of teeth are to be penerated by the rolling circle of the
SRS 5170,

5. Inasystem of interchangeable cycloidal gears, the common rglling eirele should be the onc
which correspondsto the smallestgeargftheset, thatis, the teeth ofall the gearsbelonging
tothat set must be generated by the rolling circle of the same size which is relevant in case
of the smallest gear. Normally, in such a system, the smallest number of teeth taken in
practice is 11and the diameter of this rolling circle is taken to be half of that of the pitch
circle. That is

m - &

2

L
= -z-m orfz = 375 m,

ﬂ&;r:

where Ty ™ radius of the rolling circle

r = radius of the pitch circle,
m = moedule, and
F = numberofieath.

A cycloidal tooth has been shown in Fig. 8. 2, Appendix B,
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18 Gear Materials, their Properties and Treatment

[n recent years selection of the proper gear materials and their treatment commensurate with
thezervice conditionsthey are subjected to has become a highly sophisticated procedure. Besides
other factors, the satisfactory performance ofa gearisa direct function of the material itismade
of as well asthe treatment thereof, Ultimately, itis the designer's responsibility to specify the
material and itz appropriatetreatment. Hence, the designer has to delvedeepinto the subjectand
acquire @ thorough knowledge of the differentmaterials available theirtreatment, typesofuses,
probable cavsesofmaterial failure, machineability, strength, operational characteristicsand all
the other allied subjects. Proper selection of material and other data is a pre-requisite for an
efficient gear design. In Appendix E atable showing the strength values, other data and use of
common gear materials has been given, Thistable will be made use of in the appropriate section
of this book. Gear materials and their properties are alse given in tables contained in See, 2.25
dealing with the strength caleulations and power ratings of gears. In this section the relevam
propertics of the different types of gear materials are discussed.

Before an claborate deseription is given on the individual materials, itwill be useful to remem-

ber the following puidelines for material selection:

1.Castiron as a gear material is wsed where the stress conditions are light in nature.

2. Structural steels and sieel castings are meant for light to medium duty gears.

3. When the stress demands are high and exacting, hardened and tempered steelsas well as
case-hardened steels should be used.

d. For different special properties, such as registance te corrosion, heat or wear, ele. various
alloy steels, including stainless steels, are available. Some of these combine maximum
ductility with high tensgile strengths — a property not found in common carbon steels.

5. Bronzes as well ag some aluminium and zine allovsdisplay high strength combined with
good sliding propecties. They are nommally intended for worm-wheels and similar toothed
gearing.

fr. Mon-metallic materials offer good operational properties and noigeless running.

Mormally, the teeth of a pinion is more frequently stressed than the teeth ofthe matinggear

during the course of service. While selecting the material, unhardened pinion and gear having
the same hardness values shouwld not be paived. In general, in such cases the material for the
pinion shouldbe so chosen that its strength is around 30 N/mm*higher than that of the material
for the gear. In other words, since the ultimate tensile strength for carbon steels is about (.36
times the Brinell Hardoess, we can write!
H B T‘"II“ = HEE-HT + I EuN‘Immﬂ

The above rule, however, is not applicable to gears of castyron of to hardened gears. Guidelines
for typical pinjen/gear hardness combinations are given in Table 1.1.The pinion, having lesser
number of teeth than the gear, is more prone (o be wsed up as it has o do more work than gear
during any specified time. It follows, therefore, that itis prudent to make the pinion harderthan
the gear. The difference in hardness serves 1o equalise the rate of wear, In the case of case-
hardened steels, the depth of hardness of the case is of prime importance. A very rough rule is:

- : 1 ;
Depth af the case = -E ¥ root thickness of the tooth
L]

Arelation regarding this aspect §s given in Table 1.2, The maximum load carrving capacity is
attained by the hardened gears. Such gears find application, among others, in heavy vehicles,
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aircrafts, machine tools. For big gears used in rolling mill drives and turbine drivesring gears
made ofheat-treatable forhardened steel and shrink-fitted on suitable hubs are quite common.

Table1.1 Pinionand gearhardness combinationsfor heat-{reatedsteelgears

. . S S e T T s . . — —— e T T S — i S————

Hardness Range (nHB (Nimm?)
T T T ame B0 0 2080 3100 3250 %400 TS0 MOG  4is0
250K 285D s AFE] AG00 D ded0 4150 £330 A5
5 1800 2100 2250 2550 200 oppsn 000 A%S0 3AS00 0 37S0
- 200 2500 2E50 2950 3100 3asn MO0 4Tsn 300 4150

e e w— ——— — P R S T — — S e m —— R —

Hardness Rangein HRC

I — . | L — W TS,

55 =111
Pinian

i a3

55 58
Gear

E0 63

T e e — — T T P . e ———" e ——— T — — — —— . e, . — ——

Table 12 Relationbetweendepth of case, case-kardeningprocessand module, m

e — — —— — e S TR S S — — — —— — e T S i — — ——

Case-hardening process Depthof hardness{mm)
Cazecarburising 0. ESmborm= 15w 4,

ﬂﬁ..f—ml-nlr mz 4 o 30,
Inductorand flame hardening . 03m
Milriding 01 o b6
Saft mitriding 03 15
Cyamiding g bo .4

L S ———_ B P e e

Based on Maschinenelemenis, Miemann, Vial, 1, 1965 edition, p. 75.8pringer Verlag, Heidelben.

Guidelines for selection ofmaterials, their properties, areasofprobable uses, heat-treatment
and other relevant data will now be discussed.

Steel

The different kinds of steels are the most commonly used gear material because of their
versatility to meet a whole gamut of a varnety of divergent specifications along with their easy
availability and their ability to combine greater strength per unit volume coupled with low cost
perkilogram. A wide variety of steelsareinuse, ranging from carbon steelstohigh-alloy steels.
Again, carbon steels used also vary in carbon content— from low to high carbon. The ultimate
choice, of course, will depend upon such factors as strength values, required size of gear, service
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conditions and other design criteria.

The single most important factor for designing a gear-sen is the hardness of the component
gearscomprisingthe set. By changingfrom gears with low hardmess values to full-hardened ones
alome, 1t is possible to reduce the main dimensions of a power-transmitting gear-box by half,
which means an eight-fold reduction in weight, resultingin a compact design and thus effecting
considerahle saving inmoney, material and space requirements. For example, agear-set having
normally bardened gears of Brinell Hardoness Mumber (BHM of 20008 /mm? can be replaced by
a sethavingfull-hardened gearsof BHN 6000 N/mm?® both sets delivering the same power, but
the second set weighing enly one-cighth of the first one,

Asfarasthehardness isconcemed, gear steels can be divided intotwo broad categories: those
meant for surface-hardening and those for through-hardening. Surface hardening produces a
hard case on the tooth surface, leaving the core comparatively soft, Surface hardening can be
achieved by the commoen case-hardening processes, such as, case carburising. nitriding, induc-
tion and flame-hardening. We will discusslaterin Ch. 2 that one of the most imporant factors
for such calculation is the contact stress or Hertz stress. The power rating of a gearing depends
maindy on what is known as the “surface durability”. Surface durability. alse called surface
endurance or wear strength is a measure of the ability of the gear surface to resist fatipuetype
oftooth-surface failure known as* pirting "cavsed by contactstress. Thisaspect will be discussed
in detail in Ch. 2.

Surface durability is a function of the compressive strength which in turn is almost divectly
proportional to hardness. The compressive stress developed between two contacting tooth
surfaces is proportional to the square root of the teoth-load. 1t follows, therefore, that higher
compressive strength greatly enhances the load capacity because the allowabhle load on the teeth
vinriesns the sguareofthe compressive strength. Hencee, we can conclude that as the compresaive
atrength is proportional to hardness and as greater surface durability is ensured by having
higher compressive strength, the designer should strive for higher hardness. Centain limita-
tions, however, impose restrictions onthis rule-carbon content of the steel setsa practical top
limit to the achicvable hardness, material becomes brittle and notch sensitive at very high
hardmess levels, thereby rendering the tecth weaker in beam strength. The designer should,
therefore, endeavour 1o strike 4 balance between these twoe aspects, i@, greater hardness
combined with adequate beam strength. (See also Fig. 1.17.)

Ingeneral, case-hardened pears canwithstand higher loadsthan through hardened ones, but
thethroughhardened gears are quieter in operation in normal cases have high endurance limit
and cost less, However, sinee through-hardened gears are vulnerable to distortion due Lo heat-
treatment, they are not recommended for high speed drives. Moreover, unless grinding of gear
tecth is practicable, through-hardencd gears should nod be used inapplications where accuracy
isofutmostimportance, These gearshave higher core strength because of higher earbon content,
but are less ductile and less resistant to wear. Hardness normally varies from HRC 30 1o 55,
These gears are penerally suitable for moderate strength and impact resistance.

Asapost-treatment, hardened gear steels are sometimes tempered to permitmachiningoefhe
teeth. Hardness 15 somewhat sacrificed thereby, but other propertics are marginally altered.

Due to its comparative softness at the core, the case-hardened gears possess interior
toughness, This in turn imparts shock or impact resisting capability to these gears. There are
different case-hardening processes in practice which will now be briefly discussed.

Case Carfurising  Case carburising is by far the most widely nsed process for hardening gear
teeth surfaces. Heavy duty transmission gears are generally all case carburised. In these process,
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Fig. 1.17 Hardnessof carbon steels after hardening in relation fo carbon content
Based on MAAG Taschenbuch of Mys MAAG Zahnraeder AG. Zurich, Switzertand, Fig. No. 13.01, page 49,

the common practice is to begin with a low carbon steel. Steel having a carbon content of 0,10 [
11.25% 15 heated in a medium which is enriched in carbon. The surface soaks up carbon and
becomes hard after gquenching. The carbon content of the carbunsed surtace should be carefully
controlled to obtain the appropriate case. Best results are achieved when it lics around 0.80 10
0.20% A case which is too thin results in unsatistactory tooth strength and wear resistance. On
the otherhand, an unnecessary deeperdepthrendersthetoothto betoo brittle. Too much carbon
in the outer case may lead to "spalling” which is & kind of gear tooth failure described later in
Ch. 8. Agam. too little carbon in the carburising medium will not develop the desirable results
of hardness and wear resistivity. For best load carrying capacity, hardness of the case should be

around HRC 55 te 60 and that of the core around 30 1o 40,

Mitrdiding The case propertics of nitriding stecls are practically the same as in the case of
carburising steels, except that these steels arc more suitable for high temperature services. In
this process, the hardening agents are nitrides formed on the surface of gear teeth due o
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absorption of nitrogen when the gearsare treated in a nitrogenous medium like ammonia gas.
Like carburising, nitriding is a diffusion process, but ittak es longer time to form a nitrided case.
Mitrided gears can resist "sconng” unInl:rmﬁ:iun better than other types due to their high
hardnesswhich can go ashigh as HRC 65 to 70, though the case obtained may be rather shallow.

Induction Hardening By this process, special steels can develophardness around HRC 60 but
the process involves considerable technical skill. High frequency alternating current is used to
heatup the gear surfaces locally. Hardness is obtained after subsequent quenching.

Flame Hardening This process is similar to induction hardening. Only, the heat required in
this caseis provided by an oxy-acetylene flame. Flamehardening can be used to hardenthe tooth
surface layers as well az the whole tooth, if necessary.

Stee! Castingsfor Gears  When gears are to be made of ¢ast steel, the steel used should conform
tothe requirements and chemical compositionas laid downin the relevant codesforsteelsmeant
for cast gears. Usually, such steel is made in open hearth or electric fumaces. Converter steel is
not considered suitable. Special care should be taken to thoroughly normalise or anneal all steel
castings meant forgears. The temperature and the time for heat-treatment should be properly
chosen so that the characteristic grain structures of untreated castings are totally eliminated.

Sofarwe have discussed carbon steels only. Among alloy steels high manganese-nickel steels
offerhigh resistance to heat, wear and bending stresses. Martensitic stainlesssteels are used for
gears when requirements include high degree ofresistance to cormmosion combined with excellent
mechanical properties. When a gearoflarge section needs hardening, alloy steels are sometimes
recommended as the alloy content provides the necessary hardenability due to the fact that alloy
steels are more amenable to proper heat-treatment procedures than carbon steels without
detrimental result in case of gears with certain shapes and sections.

Forindustrial useingeneral, heat-treated plain carbon steels are farmore commonthan alloy
steels. the reason being that although the heat-treated alloy steels have superior properties,
most af the design considerations and service conditions do not warrant their use because of the
additional costinvolved. Plain carbon steels are quite satisfactory and economical for most ofthe
industrial applications. If, however, the advantages gained by using these steels over the plain
carbon steels off-set the additional cost, then it isjustified. When compared to the heat-treated
plain carbon steels, the heat-treated alloy stesls offer the following Efﬁnlugrzi

1. Carbon content and guench being ‘the same, alloy steels can produce greater surface
hardness and depth.

2. Alloy steels have higher yield point, elongation and reduction of area. Toughness is,

therefore, greater.

1. Alower guenching temperature may produce the same surface hardness. Hence, parts of

alloy steels are less liable to distortion.

4. Grain size is finer, resistance to impact and to wear is more.

5. Better machinability athigher hardness than that offered by plain carbon steels.

Various alloving elements impart different properties on steels meant for gears. The charac-
teristics of these elements are indicated below in brief, The properties of these alloy steels vis-
a-vis those of the plain carbon steels are understood to be applicable in the cases where both the
kinds of steelshave the same carbon content. In other words, carbon percentage being the same,
the properties are functions of the alloyving elements only.

Mickel —Nickel increases hardness and strength, the reduction of ductility is marginal.

Chromium — Hardness and strength are increased more than those obtained by allovingwith
nickel, but the reduction in ductility is more.
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Vanadium — It increases hardness, strength and toughness. Impact strength of the alloy 1s
high but machining 1s difficult.

Manganese — Its effects are similar to vanadium.

Mul}'b-dn:num — [tincreases strength but does not affect ductility. 1 timparts excellent impact
properties to the alloy.

rome-Nickel—This combination '|'.IITH:|.1.1EE‘.". properties of high strength, greater ductility
and wear-resistance. However, machinability is not good and heat-treatment 1s diffienlt.

Chrome-Vanadium — This has the same tensile propertics as Cr-Ni steels. Hardenability,
impact strength and wear-resistance properties are better.

Chrome-Molybdenum — Properties are practically the same as plain molybdenum steel but
the depth of hardness can be greater and wear-resistance is increased. Good machinability and
heat-treatment are assured.

Mickel-Molybdenum — Properties of Ni-Mo steels are similar 1o Cr-Mo steels. Toughness s
greater but machinability 15 not very good.

Cast Iron

Castiron gears are cheap and have good damping capacity, When gearsare to be of complicated
shape.castiron may well be the only choice in certain cases. The material 1s used in apphications
where strength is not the main criterion of material se lection, as castiron is relatively weak and
brittle compared to steel. A large amount of graphite is present in cast iron pans and this acts
as a lubricant, hindering wear of teeth. It increased load capacity and resistance to contact
stresses are dﬂin:d. then spheroidal graphite or pearlitic malleable cast iron may be used. In

recent years, sintered iron gears made by the powder metallurgical processes from iron powder
aremuch used in low costmachineries where stren gthrequirements aresmall. These gearshave
wear-resistance properties and are easy to lubricate.

Mon-FarrousMetals

Among the various non-ferrous metals used in gear manofacturing, bronze is the most common
alloy used. Various types of bronzes are used as gear materials, mainly because of their ahility
to withstand heavy slidingloads which are encountered in applications such as worm-gear sets.
Also, like cast iron, bronzes are easy to cast into complicated shapes when necess

Phosphor bronze is generally recommended for worm-wheels which mesh with wormsof high
hardness and accuracy, and is normally meant for medium londs and medium to high speeds.

Tin bronzes offer strength, resilience and hardness, and can be used for worm-wheels for
general purposes. Silicon bronzes have similar properties as phosphor bronzes. Besides, leaded
bronze, manganese bronze, aluminium bronze and nickel bronze also find wide application as
gear materials.

Best operational results from bronzes are obtained when the blanks are centrifugally cast.

Non-metals

Vanous types of non-metals have been widely used as gear materials since earliest imes. These
materials are chiefly selected because of their quietness during service athigh speed. resilience,

vibration damping abi lli],' and low costin bulk manufacture. Non-metallic gearsare also used as
timing gears and also various other classes of gearing. Suchmaterials used for gearmaking are
generally reinforced phenolic moulding materials, moulded plastics like nylon, reinforced
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thermosettinglaminates, raw hide, resin-bonded pressedmaterials, hard fabrics, etc. For rough
calculation as o their strength properties and power-transmitting capabilities, these materials
can be considered to have the same properties as those of cast-iron. However, for accurate
calculation such data for each material are available (samples of such calculations shown in
Ch. 2.).Mcanwhile, it may be pointed out that though the tensile strength of non-metallic gear

materials mav be less than cast tron, their resilience 15 high which enables them to withstand
Lmpact and abrasive wear better than cast iron.

Initially, raw hide was used as the non-metallic gear matenial. Later on, materials with
improved propertics came to be marketed under various trade names, such as, Formica,
Textolite, Phenolite, Micarta, etc. These matenals are chiefly made of layers of canvas with
bakelite impregnation. These are then fused under high hydraolic pressure, As a consequence
of pressure and heat, a dense rigid mass results. Impregnated canvas is more durable than cast
irom or raw hide,

For gearsmade of non-metallic substances, phenolic laminated materials are most commonly
used for their vanous advantageous properties. Such gearshave entirely different characteris-
tics as compared to metallic gears. Since the values of the moduli of elasticity of these materials
are low, the resultingelastic deformation under load takes care of the usual detrimental eftects
ef errors, such as tooth .tihs‘l:lpc error, spacing error, etc. These errors, therefore, have little effect
on the owverall strength and performance of the gears, which is not so in case of metallic gears as
we shall see in the section dealing with the strength calculations of usual gears.

Experimental results have established the factthat the best tooth form for these materials is
the 20F stub-tooth system. 1t has also been found that the load-carrying capacity of a driving
pinion made of these materials is considerably affected by the cutting action of the corner of 165
metallicmatinggearasthe pair comeinto mesh. Theremedy lies in reducingthe approach action
which ensures a greater and safe load transmission.

Phenoliclaminated materials are most suitable forhigh speed duty. Their performance is not
satisfactory in general when the speed is low,_ starting torque high, load is of fluctuating nature
and when really high shock loads are involved. Good results are obtained when the pitch line
velocity is about 3 m/fs or more.

Asregards the materials for mating gear, hardened steel with Brinell Hardness Number over
4000 N/mm? lcads to best operational performances and greater durability under load. Cast
iron can also be used for the mating gear, but softer steel or non-ferrous metals (like brass
and bronze) tend to produce excessive abrasive wear.
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21 The Basic Rack

The basic rack represents the normal sectionof a tooth inany gear-tooth system and determines
the form or shape of tooth as well as the various relations of tooth form dimensions thereof,
namely, the module, the whole depth of tooth, circular pitch and the fillet radius. Within the
involute system, many variations of tooth formsarepessible, viz, 20° full-depthtooth system, 207
stub-teeoth system, and similarly for other pressure angles, such as 14.Y,°, 15% 262, 30°%, ete. To
standardise any gear-tooth system, it is only necessary to give the relevant proportions of the
rack tooth belonging to that system, because of the fact that the rack is the basis or foundation
of a standard system of interchangeable gears.

[n 15: 2535-1978, the basic rack for involute cylindrical gears for general engineering pur-
poses has been specified. The salient features of this tooth profile are represented in Fig. 2.1
which is based onthe figure ofthabasicrack. Each side of the profileofthe basic rack isastraight
line which is a special case of the involute curve when the base circle diameter is infinite.
Sometimes tip relief 15 provided in which case the end protfile lines are slightly curved as shown
in the figure. The pressure angle is 20" and the height of the tooth {or whole depth}is 2 25 times
the module m. Mormally, the maximum value of the radius at the root of tooth r 15 0.38m, but
in certain cases the maximum value may be exceededup to 0.45m. In any case, thisradius must
be kept as large as possible because the root fillet plays an important role in notch effect and
stress concentration aspects as will be seen later in this book. All the tooth relations are given
in the figure.

The profile reference line, MM cuts the basic rack in such a4 manner that on this line the
followingrelation exists:

The nominal tooth thickness 5 = the nominal tooth space width e = half pitch p/2
That s &= 8= % (2.1}
Here, p isthe circular pitch in mm and p is the module in mm The circular pitch of a gear is
one of the important specification criteria of a gear. 1t is defined as the length ofthe arc of the
pitch circle between two adjacent teeth, and is given by
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called pitch cylinders. According (0 the law of gearing explained in Chap, 1the angular velocity -
ratio must remain unchanged. Since this is not practicable in friction drive, the cylinders are
replacedby toothed wheels calledgears Thepitch circles oftwe matinggears arethe sameas the
circumferencesor the end projections of the two rollingpitch cylindershaving the same angular
velocity ratio. In any gear, the relevant pitch circleis the reference circleofthat gearand though
imaginary, itis the basis of measurement of other parameters of the gear. The dinmeter af this
circleis called the pitch circle diameter (ped for short ) or simply pitch diameter. [t is denoted by
the letter “d™ with proper subscripts, a.g. dt for pinion and .|:;If2 for the mating gear.

Tpvcircle:r  Thisisalzoknown asthe addendum circle orthe outside circle. Thisisacirclewhich
bounds the outer edges of the teeth of o gear and its diameter is denoted by

Root circle:  Also known as the dedendum circle, it is the circle which bounds the bottoms orthe
roots of the teeth and its diameter is denoted by d'f g

Base circle: This is the circle from which the involute tooth profile 15 developed. 1ts diameter
is denoted by d,,

Addendum: It isthe radial distance between the pitch circle and the tip circle and 15 denoted
hyh_.

Dedendum: 1tisthe radial distance between the pitch circle and the oot circle, and is denoted
byh,.

Land: Thetop land and the bottom land are the surfaces at the top of the tooth and the bottom
of the tooth space respectively.

Workingdepeh: Thisisthe distance of engagement of 1w o mating teeth and is equal to the sum
of the addendums of the mating teeth of the two gears in case of standard system.
Wholedepth: This is the height of a tooth and is equal to the addendum plus dedendum.
Clearance: This 1sthe radial distance between the top land of a tooth and the bottom land of
the mating tooth space.

Face width: Thisisthe width of the gear and 15 the distance from one end of atooth to the other
end,

Face oftoath: This is the surface of the tooth between the pitch cylinder and the outside
cylinder.

Flank oftooth: Thisisthe surface of the tooth between the pitch cylinder and the root cylinder.

Module: 1t isdefined as the ratio of the pitch diameter to the number of teeth of a gear. The
value of module is expressed in millimeters. The module is one of the major and determining
parameters of a gear.

Pinion: 1tis smallerofthetwo gears in mesh and is usually the driving component of a gearing
systemn. The other component, which 1s larger, 15 usually referred to as “gear™.

Chordal addendum: This is the height bounded by the top of the tooth and the chord
corresponding to the are of the pitch circle representing the circular tooth thickness.

Chordal cooth thickness: This 15 the chord referred o above. Both chordal addendum (or

chordal height, asitis sometimes called) as well asthe chordal tooth thickness are ofimportance
in checking of gears as will be explained in See, 228,
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Diametral piteh:  This 15 aterm used in gear technology in the FPS system. [tis defined asthe

ratioofthe number pfteethto the pitch diameter in inch. ITisugnallydenoted as*DP". [tisequal
tothe number of gear teeth perinch of pitch diameter. Theunit of DPisthe inverse of inch. The
following relation exists between DP and module

|
Module fmm)

DP (inch-")
Approximate values of P versus module are givenin Appendix [ for comparison.

Besides the above terms, there are many other terms associated with gears and gearing
systems. These terms will be defined and discussed in the relevant sections in the text,

2.3 Relationsbetween Gear Parameters

The basic terms which bave been defined in Sec, 2.2 have the values as given in Table 2.1 in a
normal, standard gearing system. In a normal, standard gear, the profile reference line M-M

Table2.1 Dimensions for standard gearing

D sl Plrcis Gear
Humiber of teeth I,
Pichcircle diameier :;fl =Im I'.f: =z m
Tip circle diameter ﬂ',, =d|+?m d..: =|-_-,|'£+.E'm
Rootcircle diameter d, =d -2x=1.25m g, =d,-2x128m
Base cicle diameter n'“ =|::I'19IHI |:|'“ =dlﬁﬂi-ﬂ
Tooth thicknesson piichcircle Emfa E, - ,I_E
2 2

Centredistance 4 = dh+ gy am =2y

2 2

of the basic rack istangent tathe pitch circle of the gear atthe pitch point, When two such gears
mesh, we have a standard gear set, as distinet from the (*corrected " searing which will be taken
up later. The principal parameters of an uncorrected gear set are summarised in Table 2,1,

In Fig. 2.4 vwo standard gears have been shown in mesh. The terms described below are
defined in relation to two gears in mating condition.

Areofaetion: Thisisthe arc on the pitch cirelethrough which a tooth travelsfrom the beginning
af contact with the mating gear tooth to the peint where the contact ends. Since the two pitch
cylinders are in rolling contact (without glippage as per the theory of gearing ). the lengths of the
arcs of action of the two gears are the same. That is

Are of action =r 8 =r,8, (2.5)

where r, :amirian: the pitch circle radii, and .EIl and & are the angles (in radians) subtended by
the two arcs at their respective centees, The are of action, in each ease, is divided into!

Are of appreach, which s the are through which the tooth moves from the initial contact up o
the pitech point P, and
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Are of recesszwhich is the arc through which the tooth travels from the pitech pomtto the end of

contact.
The arcs of approach and recess have been illustrated in Fig. 2.4.

Angle afapproachand recess: Thesearcthe anglessubtended atthe centreby thearc ofapproach
amd the are of recess respectively.

It shouwld be noted here that though the lengths of arcs are the same for both the gears, the
corresponding angles are different for the two gears. This is apparent from Eq. 2.5 asF and r,
have different values.

Polnis of mn,q-en:_rr‘}"lnnﬂ Tiﬁ're the poinis of tangency where the common tangenis of the two
base cireles through the pitch points P meets the hase circles,

Lineofaerion: Thisisthe line along which the point of contact of the two mating tooth profiles
moves. This is also known as the path of contact and is the same eommon tangent refeered 1O
above,

Lengih of aerien:  That porticn ofihe line of action onwhich the point ef contact moves during
the course of action is known as the length of action. This length is bounded by the points A and
# onthe line of action, as shown in Fig. 2.4, The length of action AB, which in effect represcnts
the beginning and the end of contact of the two mating gear teeth, is sub-divided into length of
approach AP, and the length of recess P8, as shown in the fgure.

Pressure Angle

Ifatangent is drawn to the involute profile of a tooth at any point on the curve and if a radial
line is drawn through this point of tangency, connecting this point with the centre of the gear,
then the acute angle included between this tangent and the radial is defined as the pressure
angle atthat point.

Referring to Fig. 2.5(a), 4 is the point at which the tangent has been drawn and i, is the
pressure angle for point A. Referring to Fig. 2.5 (b),Pis the pitch point where the two standard
pitch circles meet on the line of centros, GLGE' If a common tangent to the two tooth-profiles is
drawn through P, then the pressure angle for point P is obviously the angle subtended by this
tangent to the line of centresat®, The segments OUF and O, of the line of centres also happen
to be the radials for the point . This pressure angle (at the pitch point P is one of the most
important specification factors ofa gear, This pressure angle is denoted commonly by the Greek
letter a. Apressure angle at any other point is designated by a subscript, g.g, ¢, for the point
A and soon. The symbol & for the pressure angle at the pitch point carries ne subscript. The
value ofthe pressure angle g for the standard tooth as per the basic rack, 15: 2335, iz 20°, but
the pressure angle can have other values also, viz. 149" 157, 25% 307, etc. depending on the
tooth standard, We will see in sections dealingwith"corrected” gears thatthe working pressure
angle o can be quite different from the standard pressure angle, depending upon the correc-
tion factors invelved and the mounting dimensions. The cutters which generates the gears,
however, are called 20" — pressure angle cunters” imespective of whether they produce standard
orcorrected gears. Pressure angle ofthe cutterisalso referred to as the "built-in" pressure angle.

Since the involute is generated from the base circle, the pressure angle atthe starting point
is zero. Referring to Fig, 2.4, atangent drawn on the base circle and passing through the pitch
point P also subtends an angle equal to @ at the centre. That is
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TARGENT AT POINT A&

PRESSURE
ANGLE
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]
Fig- 25 Pressuraangle
angle 7 O F=T.0FP=a
Hence, we get the relation
d,=d cos a (2.6)

The relation between the pressure angle of a point on the involute tooth profile and the
pressure angle of some other point on the same involute will be given later in this section.

From Fig. 2.4 it can also be seen that the common tangent line T T, to the base circles also
makes an angle ato the perpendicular to the line of centres through P. Line T\T,, which is
variously known as the pressure line, line of action or path of action,,is the line along which the
contactof matingtecth takes place atvarious points during the course of action. Thisis alsothe
direction in which the driving force acts.

In automotive industries a 25° pressure angle is quite common, For involute splines, this
angle isusually 3'. With increasing pressure angle, the load carryving capacity becomes more.
Pressure angles in case of helical gears will be discussed i Chap. 3.

The effects of increasing the pressure angle are summarized as below:

1. Thelimiting number of tecth to avoid undercuttingis lowered. That isto sayifthepressure

angle is increased, pinions with comparatively lesser number of teeth can be generated
without undercutting (seesection on interference and undercutting).

2. The shape of the tgoth becomes more pointed or peaked.
3. Tooth flank becomes more curved.

4. The relative sliding velocity is reduced.

5. The contact ratioe and overlap are reduced.

6. The tooth pressure and axia rprr:f..r.un.- Increase.
7. Tooth load-carrying capacity increases.
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The Base Circle and Root Circle

The module and the pressure angle remaming same, the mutual position of the base circle and
the root circle will depend upon the number of teeth for any particular basic rack. Itis wrong to
presume that the roet circle is the smallest circle in a gear. Taking a standard basic rack

Base circle diameter, d. =d cos a= = cos a
Boot circle diameter, d.=d=2x 1. Bm=mz=25m=miz=2.5)
Irdﬁzdplh:n mzeosgg=miz=25)orzr cosg=z=250r2(l-cozsz) = 2.5
B 3 - =4 - i = 4lteecth
1 = cos g | = cos 20 1l = 0.93%969

Thisis a borderline case. Ifthe number of teeth exceeds 41 the root circle becomes greater than

the base circle.
For example, if 2 = 50, m = 2. a = 2()°, then

d, =mzoosa=2x 50 093569 =93 969 mm
d,r =miz=25=2(50=25)=2x 47.5 = 95,000 mm

Hence, in this case, root circle is greater than base circle. Therefore, theoretically the involute
has already started before the dedendum circleorroot circle. However, in actual practice, fillets
with suitableradii are provided attheroots of the teeth to nullify the detrimental effectsof stress
concentration and notch effect, jrrezpective of whether the base cirele or the roet circle is the
bigger of the two. VOLLTE CURVE

i)
Fig. 2.6 Invelutecurve and gear tooth thickness

Tooth Thicknezs

Referring to Fig. 2.6 (a).an involute curve has been generated from the base circle of radius r,
A and B are two points on this invelute at distances ofr, and ¥ respectively from the base circle
centre ). From geometry, we get the following relations

r,=r, cos X, =r,cos i,




210 Handbook of Gear Design

whence we get the important equation

cos 8, = T COs X, (2.7
T
From Eq. 2.7 we can determine the pressure angle at any point on the involute in relation (o the
parameters of another known point. For example, if the circle passing through Ahappens to be
the pitch circle the diameter of which is known, then for a standard systen

2
cos a8, = d/ mﬁlﬂ'=Lm52l]'

r T,
Figure 2.8 (b) shows a gear tooth enclosid between the Irp circleand the base circle. From the
properties of involute discussed in earlier section, we know that

arc DE = straight length DB
arc CE = straight length CA

Also, angle EOD (in radian) = == DE _ DB _ tana,
T s

Similarly. angle EOC = tan &,
Now, angle EQR = angle EOD =g,  Or, angle EOB = tan &, = a,
Similarly, angle EOA = angle EOC— 3 =tan 8 =&,
From Ch. 1.we know that the expression: tan a= ahas been termed as: inv a. Therefore,
angle EOB = inv (&, = tan &, =@,
and angle EOA = inv 8 =tan v il

Walues of involute function fordifferentanglesare givenin the Appendix. We shall now seehow
these relations and values can be used to find expressions for tooth thicknesses at different
positions along the tooth profile.

Referring to Fig. 2.6 (h), we can casily see that

angle EOF = angle EOB + angle BOF

Thecentre linethrough point F dividesthe tooth in two equal and symmetricalhalves. Therefore,
the circular tooth thickness, s, at the circle passing through B is given by

3s = ro % angle BOF (inradians}, - mngle EOF = inva, + =
2 2ry
Similarly, angle EOF = inva, + S
We can now establish the following relation after equating i
2y a_""l' ny g, = v oa,
2r, 2r,

or g ; -
By = 2| =2 tinv 8, = v a, =-H)
ary
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2. Full-depth, 14 * involute system: This was one of the carliest systems used, and was
preferred because the sine of 14 2% is about _, This somewhat simplified the machine-setting
gm blems in carly gear-cutting machines. Here the pressure angle is14 '°, the whole depth is

157 times the module and the working depth is twice the module which characterises itasa
full-depth system as in the case of 20” full-depth system. Other proportions are: addendum
= |x module, dedendum = 11537 % moduole and clearance = L1587 x module. Thissystem is quite
satisfactory so long as the number of teeth of the gear is large enough to avoid undercutting.

3, Full-depth, 15"involute system: Here the pressure angleis 157 Thissystem is much used
in Continental Europe. Inboth14 2 and 157 systems, the undercutting begins when the number
of gear teeth is below 32.

4. Stub-toothsystem: Thisclassoftooth systems reduces the interference problem by having
shorter addendum and large pressure angle, usually 207, For standard stub-tooth system, the
tooth proportions are: whole depth = 1.8 x module, addendum = 0.8 x module, dedendum
= L.0% module, working depth = 1 .6xmodule, clearance =02 x module. One defectof the stub-
tooth system is its lesser contact ratio as compared to the full-depth system, which results in
adverse effect on the wear of teeth and also leads to greater noise in running gears unless this
aspect is specially taken care of by accurate machining and mounting. The running of gears is
notgenerally smooth. The system gives better results when lln:lpiniun has lessthan 25 teeth.

In automotive transmissions, the 207 stub-tooth finds wide applications because it affordsthe
possibility to have relatively small gears and the maximum power-transmitting capacity for a
given module or material. In such application, of course, extremely accurate gears and
mountingsare imperative. Helical stub-teeth arealsoused in such cases tor smootheroperation
and lesser noise,

It will be seeninSec. 2.9 on interference and undercutting that the possibility of interference
sets a limit to the value of the addendum. 1t follows, therefore, that it the interferring portion
of the tooth is cut off, it cannotdiginto the matingflank. Thisis the principle on which the stub-
tooth system isbased. [tisto be noted, however, that this svstem does not eliminate interference
entirely.

The advantages of the stub-teeth are:

1. Greater strength because there is more material at the root as compared to a normal, 200

pressure angle, full-depth tooth; also, because of shortermomentarm, the bendingmoment
15 less;

2. Beduced chances of interference, as indicated before;

3. Quicker production as the material to be removed during cutting i1s comparatively of

smaller quantity, and

4. Shding is reduced and therefore wear caused by sliding only 15 also reduced.

Other stub-tooth systems include Fellows stub-tooth and Muttall stub-tooth systems.

Fellows Stub-toath: This system was introduced by the Fellows Gear Shaper Co. of the USA.
The peculiarty of this system isthat the different basic dimensions of the tooth are derived by
usingtwo diametral pitches. One of them is used to obtain the dimensions of the addendum and
dedendum while the other iz used for determining pitch circle and tooth thickness values.

The Nuttall Srub-tooth: In this system, developed by the R.D. Nuttall Co. of USA, the tooth
dimensions are based directly on the circuolar pitch. In both Fellows and Nuttall Stub-tooth
svstems, the pressure angle is 200

Besides the above tooth systems, insomeapplications, 23° pressure angle full-depth teeth are
used, specially in automotive industries, to impart greater strength to the teeth. In USA,there
is a fine-pitch system which is similar to the 20° full-depth. American basic rack system, except
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that for gears with diametral pitches (DP) of 20 and finer, a slight increase in whole depth 15
provided to allow for the greater proportional clearance. In involute spline systems, pressure
angle of 30" and 45" are alzo used besides the usual pressure angles. Involute spline with 30°

pressure angle is most common.
Different types of gear tooth forms, ineluding cycloidal tooth form, have been illustrated in

Fig. 2. Tlor comparison purposes,

(a) (b)

| | |
© @ (0

Fig. 27 Comparisonof gear tooth profiles
(a) Cycloidal, (b} Involute,(c) 142 full-depthinvolute,
(d) 20° full-depth involute, (e J20° stub involute

™~
TWO PAIRSOF TEETH IN ENGAGEMEMT
Fig. 2.8 Differant stages of gear teeth angagementduring mashing
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2.5 MNatureof Tooth Engagement in Spur Gear Drive

In a pair of meshing spur gears, the line of contact alongthe width of the gearsis parallel to the
gear axcs and shifts its position along the tooth profile curve from top to bottom region of tooth
height or vice versa as the engagement proceeds during the course of action.

InSec, 2.7, the significance of the contactratio has been explained. The value of the contact
ratio can be taken as a measure of the number of the pairs of teeth in mesh during the course of
action. Depending upon the mesh position ata particular moment, there can be one-pairortw o-
pair engagement as shown in Fig. 2.8, Since the contact ratio is normally greater than 1 twao
pairs of teeth share the load part of the time. This is elaborated below.

DRIVER

_f-'h

BEGINMNING OF

AE w L EMGTH OF CONTACT

Oz

DRIVEM
Fig. 2.9 Course of {ooth contact
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Referring to Fig. 2.9, the tooth contact beging at A and terminates at B during the course of
tooth action. In Fig. 2,10 (a)the tooth z, of the driving pinion comes in contact with the wop of
the tooth 2, of the driven gear, as the course of action begins. The previous pair zlzL’iE already
inmeshsothatihe load F'is shared by these two pairs. This condition continues for a shorttime
till the pair 2 # " goes out of mesh as shown in Fig. 210 (b). From this point onwards, the pair
z?gt":akcslhc'full load and continwes to dosatill & new pair comes in matingposition. Thereafter,
the Ioad is again shared by the pajr:‘z!'and the new pair for a short while till 2 2 ‘goes out of
meah. A pictorial view of two pairs of teeth in mesh has been shown in Fig, 2.10{g), In all these
figures the load zones have been demarcated by extrathick lines. In Fig. 2 10 (d), the sequence
of tooth contact has been illustrated on the tooth profile during the course of action.

il 1)
COUBLE TOOTH
CONTACT

SINGLE TOOTH

COMTACT

DOUBLE TOOTH
CONTACT

i i
Fig. 2.10 Mature of tooth engagement in spur gear drive

In Fig. 2.11,the progression of tooth contact and load distribution has been diagramatically
represented o clarify further what bas been discussed so far. At point A, the contact begins,
Each of the pairs 2 z "andz r 'carries aload of F /2, At point &,the whole loadisong, z," as
z,z,"goes out of mesh at point B. This condition has been shown by thin, dotted contours. This
single pair bears the load till point & is reached. Double-pair engagement begins from hene
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COMRICTE: TN SENT LINE
INSEO=E -='&'= iy

o .

Fig. 212 Sliding velocities of iwo gears in mesh

In Fig. 2.12let () be the momentary point of contact between the mating teeth. The sliding
velocityvectors will be at right anglestothe path of contact and will be along the common tangent
tothetooth profilesas shown. Now,refarring to Fig 1.1 Wecanderive atthe following relations:

When two gears are in mesh, their angular velocities are in opposite senses.  Since the
rotations are co-planar, an arithmatic sum of their angular velocities will represent the vector
addition of these quantitics. The relative angular velocities of the two gears wall be given by

Relative angular velocity = &, +a,

where @, and @, are the angular velocities of the pinion and the gear respectively. InFig. 1.11
letthehatched curvesrepresent wothprofiles in conjugate action. Thevelocity vectorof thepoint
(@ isrepresented by the line @M, for the driving pinion rotating at an angular velocity of @, NN
is the common normal to the twocurves in mesh and 75 the common tangent. Line NN 15 also
the line of action or the path of contact of the two curves in motion. Vector @M, is resolved into
two components: ¢ n along the common normal and @, along the commontangent. Since weare
dealingwith rigid bodies in contact, the normal component efthe velocity of @, when considered
as apoint on body 1,15 equal to the normal component of the velocity of (), when considered as
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a point on body 2. The instantaneous directions of velocities of 1 in body 1and 2 are as shown
by the arrows af QML and @M, which make right angles to the radial lines O, @ and OQ
respectively. Since Q‘ 15 the common component, the magnitude of the velocity vector M, nl"l'ra-?l}'
2 can be found as shown in the figure. The cumpu-nmtm:-l’ﬂ'ﬂ:l'land @M, onthe common tangn:nt
TT are i, and O, T::spﬁ:tiwtv These are individual sliding componentsof @M, and @M, When
@ concideswith the pitch point P, the slidingcomponents become equal in magnitude andhn:m_l.;_
inthe same direction, the relative sliding velocity is zero. The motion is then one of pure rolling,
From Fig.1.11 itcan be casily scen that the relative shidingvelocity is the difference between
the sliding components since, in this case, the components happen to be in the same direction.
Had they been in opposite directions, the components would have to be added to get the relative
slidingvelocity. An expression for this relative slidingvelocity will now be derived, sothat itwaill
not be necessary to draw the velocity diagrams to arrive atthe value. This is explained below

Relative sliding velocity =@t~ Q. .

Drop perpendiculars GLR and ﬂis on the common normmal NY,
Since hinear velocity (v) = Angular velocity (@) » Radius (r), we have

L PR R .
. CN.... 0,0
From geometrical relation, we see that the following triangles are similar

Mg, wnd O,QR

@M, and 0,Q8
. OPR und OPS
S
PG = QR - RP=9—Qer RF—er RP or RP = E'!-!P'Q
Again M, “ o
PQ=Ps-05 =5« rP-p5z Sy RP -05 (Eq 11
and or
ﬂig i
ﬂs = == 1 e —
QH: Q1 > i,
.tPQ:m‘xRP—— a.';ui_ [Et_l,ﬁq),._lmg.?‘;! 2 pg - Qy
iy T wy | e, o, @, iy
Ehv:nl:': G re=06-Cu=-mnbe
@, -Qt,=PQ (o, +a,)

Thus we arrive at the following important relation:

The relative sliding velocity of a point of contact = The distance of that point from the pitch
point x The sum of the angular velocities of the two gears.

Hence, to find the relative shiding velocity of a particular point of contact, we need only to
measure its distance from the pitch point and then multiply it by the sum of the gear angular
velocities which are already known lt;zm their speed in rpm.
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ExamPLE Given: speed of piniong, = 1200rpm, reduction ratiof=2,P@=33.1 mm. Tefind the
relative shiding velocity.
Solution: Speed of gear = 120012= 600 rpm, @ =2xn =27 1200, 6, =27 600.
+
Relative sliding velocity = 3.30%00 T G00Ex 10m/s

Glh = L0000
Itisto be noted that the maximum valuesof therelative slidingvelocitiesare attained at the

beginning and at the end of contact. These values are respectively given by
u, = Length of approach x{m, +a,)
and
v, = Length of recess x (@, +a,)
To find the power loss due to sliding, we proceed as follows:

Linear velocity at pitch point P == @ r =@, F,. Reduction ratio= £ = A1 ]
L ke 1 @, r
¥ U [ U U 1 1
@, = = and @: - = _oT ml+ﬁ}2=—'+—=u|r—+—
n r, i ook O
- g+
i'r|

Relative shidingvelocity = PO (w, + @y) = Pg L{E + 1)

Average relative sliding velocity, v, = 4 [PQM‘ — i+ l}] where P@_,, is the maxi-
2 iy

mum distance of O from 2
Power loss due to sliding P =v_F, i, where F = Normal gear force (seeSec. 2.18)
The coefficient of friction u :ll:p:::nds on the material, finish of tooth surface, and the state of
lubrication. It is not of a constant value, but varies with load changes, velocity changes, etc.
besides the above determining factors. Average value of i can be taken as around 0.07.
Nominel power # = F », where F, = Transmitted load (see Sec. 2.18).

F, = -—El-—-{fnr spur gear) = L (for helical gear), a and B being the pressure

s a cos a cos f3
angle and the helix angle (in case of a helical gear) respectively.
Expressed as a percentage of nominal power,

E w100 = E""""—""’ 2 u 100% (2.1

P d! i oos - c o s

Pressure angle a= 20" normally, and for spur gear ﬂ= 0=
Meglecting power losses atthe bearings and lubrication losses, and considering the kinemat-
ics af the teeth only, a simplified version of the efficiency (1) can be given as:

(211}
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fy
1ot Far

L
Fig. 2.13 Denvation of contact ratio

Now, the involute startsateand traces to A on the line of action. Similarly, ¢® tracesto B. From
properties of involute curve, we know that

arc T ¢ = length T A, and arc T, ¢’ =length T':H
Hence,
arcee” = length AR = length of action
We can now establish the following relations from geometry

AB=AF 4+ PE = (AT,-PT) * (BT-PT))
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= [ I||-.,:— r_.* -1 sin a] * [fr‘l'.t- r“* = sin -‘11

Here the length of action AB is dividedinto AP=length of approach, and PB = length of recess.
The respective 1S symbols are: AB=g AP = g and PB = g .
Simplifying the above equation, we get

AB = [‘J'.r_ll-— n +ft - q:] = [rn + 7] sina

S 7 _ 3+ 1 B = i1
= [,ﬁ;’ R Jr_] l;’ J a sina

Contact ratio {CRY 15 miven by

Angle of actton

CR =
Pitch angle

= E(1Ssymbol)

Mow. the angle subtended by the arc ee* atthe centre @ js equal to the angle subtended by the
arcff atthe centre 0,. Therefore, calling this angle as 8, we have

arc ee' =r, @, and u:n:ﬁ"=rlﬁ'

HIC e

But,r,, =r cosa, hence, are ff, =mq p

Calling the pitch angle as ¢, we have CR = %

Iransposing, we get € = 2= L .and ¢ = =
L P, Ccosa P, Cosa T ;
(since circular pitch, p=gm).
e AR r AR arc ee' 1
SR = — = 5 F = ¥
(L] F,cosa am am cosa COs 8 am
= arc ff’ _ arcof action
am circular pitch
Now, am cosa=p cos =P, = Base pitch,
We finally come to the following relation
Contact ratio (OR) = Angle of action = Avre of action - Length of action
Pitch angle Circular pitch Base pitch
1‘[,-:_,-.:+ r.'—rl—as.ina
['herefore, CR = % 1 3 (2.12)

[p Cosa
ri_pd* [ bk_ps - asina
_]Ir_'x_'l_'llr'j IR (2.13)

{ & ,
Figure 2.14 shows the outlines of the teeth in contact in a more elaborate manner to tllustrate
the contact ratio relations.




-3 2
'-.-...--""1I / _"E‘-‘-.
( PRI o
\ ¥
A =
5 —a
e .
\ ————— i
DRVEN
3
V
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Fig.2.14 Contact ratio
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For a gear mating with a rack, the contact ratio 15 given by

||r‘— ré = r sina * b
CR - - e 51142 3
jr £OS O
where, r,r, and~ relate to the gearand A_is the addendum of the rack and is usually equal o
the module m.

For comrected gears, described later in this chapter, the corrected values of r_,r_ and the
centre distance a are to be inserted. Also, a will be replaced by the workingpressure angle a,
[ n connection with the discussion on the contact ratio relations, 1t is inl:l:n:!i::E i note that
this is aratio of the length of action AB which is a straightline, and the base pibéh p,, which is
thearcofacircle. This may seem odd toa reader. In Fig. 2.15 two adjacent teeth are shown in
the figure where the base pitch has been laid offas per itsdefinition. Thisisare 4¢ inthis figure.
From pointa, involute ab is generated with reference to point Ton the base circle. Involute od

issimilarlygenerated. From Ch. lonthe charsctensticsof the involute curvel Seg, 1.5}, we know
that

arc T'c = straightline Td
Similarky
arc Tg=straight line Th
or,
arc Te— arc Ta=line Td=line Th
', arc e = Base pitch =line bd

Since b lies on the line of action, the ratio: length of contact AR to the base pitch (ae=bd)is a
measure of the contact ratio.

E

Fig. 215 Base pitchand circular pitch
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In Appendix F tables of contact ratio of spur gears in mesh are given for d iﬂ'n:rcnlgjk COTT-
binations. The tooth profile is standard with addendum = m, and the pressure angle =20

28 Backlash in Spur Gears

Backlash can be generally defined as the play between a mating pair of gear teeth in assembled
condition. It is the amount by which the width of a tooth space exceeds the thickness of the
meshing tooth measured on the pitch circle. This is called the circuomferential or torsional, or
angularbacklash, and is designated asj. If the backlash is measured on the line of action, it is
termed asthe normal or linear backlagh j , Thesebacklasheshave been shownin Fig. 2.16. The
rclation between these two types of I:r.n:'{; ashes is given later. Unless otherwise specified. the
values of backlash are given with reference to the pitch circles. Proper amount of backlash

b

L

|y = TORSIONAL OR ANGULAR BACKLASH
b | = NORMAL OR LINEAR BACKLASH

W

Fig. 216 Backlashin gears
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ensures smooth runningofthe gear set. Except incase of timing gears. indexingand some other
special purpose applications where the meshing gearshave practically zero backlash, the main
purpose of providing backlash is 10 prevent jamming and to ensure that no contact is made on
both sides of the teeth simultaneously. Too little backlashmay lead to overloading, overheating,
jamming and ultimately seizureand eventual failureof the system. Moreover,atightmesh, may
resultin ohjectionable noise during running. On the other hand, excessive backlash may cause
non-uniform transmission of motion especially if the amount of backlash varies from tooth to
tooth due to machining and other errors. Excessive backlash may also cause notse and impact
loads in case of reversible drives,

Specification of proper amount of backlash, therefore, is of prime importance. Moreover. an
unnecessarily small amountof backlash allowance should be avolded because thas will increase
the cost r.:d'gaa"rs as allowances for run-out, pitch error, profile and mounting errors are also to
be kept correspondingly smaller.

In selecting the proper amount of backlash, many factors areto be taken into consideration.
They arethe run-out and errors in tooth thickness, pitch tooth spacing, profile, helix angle, ete.
[t should be noted that backlash in no way affectsthe involute action.

In the mounted condition, the backlash will consist of the amount by which the thickness of
the teeth has been reduced as well as the tolerance on the centre distance. The tolerances
specified on the teeth (which are always negative), either on individual teeth or on block
measurement as desenbed later in Sec, 228, determine the amount by which the tooth
thicknessesare reduced. Thiswill again depend om the quality and the zoneoftolerance selected
{see Secs 2.27 and 2.28). The reduction in tooth thickness is usually obtained by sinking the
cutter deeper into the blank to correspond to the tolerance pre-selected. In somecasesthe cutter
itself is so dimensioned that the tolerance is taken care of when the tool cutsup to the relevant
standard tooth depth. Determination of the final backlash in the mounted condition has been
illustrated diagramatically in Fig. 2.17.

For measurement of circumferential or torsional backlash, one gear of the pair is held
stationary and the other one is rotated 111l its tooth touches the corresponding tooth face of the
other component. The movement 15 then registered by a dial indicator suitably mounted. For
measuring normal backlash, suitable feeler-ganges or similar measuring instruments may be
employed.

Crears, when meshed with a rack, have no backlash, When base circles are shifted away from
eachother,asinthe case of non-standard centre-distance gear systems, the matinginvolutes will
have zero backlash with the theoretical rack as shownin Fig. 2.18(h), but they willhave an ac-
tual backlash between themselves which is quite apparent from the figura, When the centre
distance is non-standard, the working, { ¢ the actual pressure angle o is different from the
nominal pressure angle of the basic rack. Under such conditions, the individual mating gear
teoth profiles have zero backlash with respect to the common reference profile of the rack, but
they will contact the rack profile at different points, viz. A and B in Fig. 2.18(b). This
displacement of the respective contact points, together with the lesser convexity of the tooth
profilesin cascofpositivelycorrectedgears. resultsin creatingthe backlash between the profiles
of the mating teeth.

In Fig. 2.30the conditions which prevail when two standard gears meshing at the standard
centre distance have been shown schematically. As we have seen before, this standard centre
distance is given by

B = Fm(z * oz
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Fig.2.17 Tolerance versus backlash
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{whichwill be takenup later) where gearsare “pushed“tomake up forthe backlash (asexplained
in Sec.2.13), we can arrive at the following relations:

Ifthe gears (now situated at extended centres)are made to mate, the standard pitch circles
ni1 longer touch each other. Instead, the tooth profiles touch ata point other than tEr: standard
pitch point P, Ifcircles are now passed through the new point ofcontact, we can call theresulting
circlesas working circles with rading’_ andr’_(The symbolsr,_ and r_, are not used here because
they are used in connection with cormrected gears after "pushlng ‘as detailed in Bee, 2.13.)

The new contact point divides the new centre distance, called &' into segments which are
inversely proportional to the angular velocities of the gears. That is

B_o 3 214)
r:ﬂ 1:I::I 3l
Also
et (2.15)

Joining the two base circles of the gears h].r a common tangent, we get the new line of action and
a new working pressure angle &',

Since
Fp=r cosa '-;r" [:usﬂ"
and
Frg=Fycosa=r  cosd’
" (r,t Foan=(¢  *¢ ) cosn’ ora, cos g =a'cosi,
or cos a) = W s (2.16)

o
From the above equations, the following relations can be established

r cosa _ I, cosd

18 Rkt
ry cos A r"'! Cos 8,
or P ,.
1 = &
# = xr 1
P Fo
Agpain,
iy CoE @, o5
T el
i cos o Fa
LR S | 17
# ] ¥ LE‘ ]'
rlﬂ rnl a

Due to faulty mounting or otherwise, sometimes the standard gears are operated at such
extended centre distance, in which cases the determination of bucklash may become necessary.
An expression for such backlash can be arrived at as shown under:

The sum of tooth thicknesses measured on the working circle + Backlash
= Circular pitch measured on the working circle
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That s, refemne to Fig. 218 {a},

§; + & + Backlash = p'n—hr"’ - Imfuy

) 2
Recalling Eg. 2.8, we have X )
r - i . @ r " i a i
B o= 2r, [-".L + inv a4 = nv a, | = -!-l;l— 2;-_1 (iny a,, ~ inv il
ar, | f

g = Er‘:'[—i + inv a - inv a - Eﬂs:— 2r.,linv @, = inv a)

From Eg. 217, we have ar, T
% .5 _3%%, & _P
EJ rﬂ" zl EIP;_-I_ j:l'II
p'= £y p= .
il — % %

" whe rep andp’ are the circular pitches on the pitch circle and the working circle respectively.

Backlash = Iors

A A e T

)y
1 i . + ] - 4 .
= & Fm- x g 2r,, (inva, - i
ay ’*5
r r - E ]
- 2 ¢ g t+ 20 (inva, = inva)
T

" ]

a d . .
-_nm= =g+ 5+ ﬁﬂ.f{mvﬂ; = inva)

a, Gy
z E“Iﬂﬂ-r-* {8, *8) + 2a, (inva, = inva)] f2.18)
For standard gears, a,
am
F'L = -’2 = 8§ = T
Backlash =Z2a%inva v a) {2.19)

It has been mentioned before that two kinds of backlash measurements are done—the normal
backlash j and the torsional backlash j . The magnitude of both the kinds of backlashes will
depend upon the tolerances on tooth thickness and centre distance. These aspects have been
dealt with in detail in Secs 227 and 2.28. When these grades and tolerances are fixed from
various design considerations, the magnitudes of the backlashes become automatically fixed.
Greneral guidelinesfor determination of the proper amount of backlash will be given later in this
section. Expressions ofbacklashes for spur gears are givenin Bge 2.20 to 2.23. These are to be
read along with Sgpg 2.27 and 2. 28, Subscripts Uand L stand for theupper and the lower values
ofthe tolerance which isrepresented by the general symbolA, 1and 2 for pinion and gear, S for
teoth thicknessand aforcentre distance. Thusd  ,denotesthe lower value (L) of tooth thickness
(& tolerance (A)of gear (2],
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J.(min) = =(4_ +A4 Jcosa+2A sing (2.20)
J.(max) = =(A_ +4, Jeosat+24 sing (2.21)
Jomin) = —{A,, +A, ) +24  tana, {2.22)
Jolmax) = —(A_ o+ A )+ 24 tano, (2.23)

Itisimportantto note here that all the tolerances are to be entered in the above formulae with
the proper algebraic sign they carry (# or=), The centre distance tolerance A, for example,
carry % sign (see Appendix L).

For general engineering applications. the values ofbacklash asper I5: 4460 givenin Table 2.2
serve the purpose adequately. Otherwise the amount of backlash 15 determined from the
tolerances on tooth thickness and centre distance, as indicated earlier.

For specifying the proper amount of backlash, the undermentioned salient points are to be
kept o mind.

1. The maximum permissible run-out is one of the most important critenia tor the determa-
nation of the magnitude of backlash, followed by allowable ermors in profile, pitch, tooth thick-
ness and helix angle.

2. Gears which rotate in slow speed generally require the least backlash.

3. Maintenance of the proper lubricant film 1s another important consideration. Backlash
should be so chosenthat there is adequate clearance foran oil film, To avoid generation ofheat
and excessive loading on teeth, oil should not be allowed to be trapped at the root af the teeth.

Table22 Backlashforgearsfor normalapplications

{411 dimensons immim)

Pitch line velocity
Up e Bm/sic Kbave Bm/sac
Mocdule Backiazh Module Backlash
M Piflaor

a0 0TS 195 | 040
16 0.50 085 7 038
12 0.5 060 [ 0.35
hli} 0.30 0.5 5 0.8
] 0.2 040 F a0.23
& 0.0 0.13 a5 a.x
E 0.15 0.5 3 on
4 0.13 0.2 275 0.,
| 010 015 25 a.19
5 o.0s 013 2 al1m
2 a.oe 0.13 — -
ik a.o0 010 =, P
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4. When tolerances on tooth thickness are not determined as per the specified tables, it is
customary to distribute the backlash allowances evenly amongst the two members of the gear
pair. However, when the number of teeth of the pinion is very low, the thinning of teeth should
be made on the gear only. This way the pinion teeth are not weakened.

5. Ifnecessary,thedesignghguldbe aimed atcontrollable backlash. Thatis, provision should
bemade so thatrelative adjustmentcanbe madebetween the positions ofthe matingcomponents
gfter assembly. Such backlash adjustments are required in case of bevel gearing and screw
compressor drives.

6. Incase ofhelical and spiral bevel gears, the greater the angle, the higher should be the
transvers backlash for a particular normal back lash.

7. For gears with pressure angles more than 20°, backlash required §g more on the pitch
circlestohaveagivenvalueofthacklash inthe direction perpendicular to the matingtooth profiles.

8. Determination of backlash is a direct function of the heat-treatment of the gear teeth
which follows.

9. Backlash is influenced by machining errors, mounting misalignments, errors in bearings
and allied factors.

10. Gears used in timing and indexing devices, and in certain precision instruments require
mimimum backlash. The ideal *zero backlash”, however, 15 extremely difficult to achieve. It
involves employing special machines and costly technigues.

Ithasbeen mentioned betore that the amountofactual backlash obtained after mounting will
be governed by the magnitude ofthetooth thickness allowances ofthe two gears and by the value
of the centre distance allowance.

Equations 2.20to0 2.23 are the expressions for the minimum and the maximum values of the
two kinds of backlashes discussed in this section. However, this does not mean that during
running, the gear-set can have a backlash which may very between the minimum and the
maximum limits. These two values simply show the two extreme permissible limits of the
backlash for the quality and the zone which have been chosen for the case in question.

Thevariation in backlash which may be permitted during the actual running have a definite
value, and this value must lic within the range stipulated by the two{minand max} limits. The
following example will amply illustrate the point.

EXAMPLE21 : Given=2,= 24,z,=80,m =2, quality and zone = 9, tan & =0.36.
To find the relevant values of the torsional backlash.

Solution; From Appendices) and L{zone J)ywe get the followngvalues in micrometres { keep-
ing in mind that for minus numerals, those having lesser absolute values are considered to be
higher because they are nearer to zero, e, g, = 90> = 135).

A, ==9 A, =-112 A, =+56
Ay, =—135 Agy, =-168 A, =56
From Eqs 2.22and 2.23 we have
J.{min) = - [(-90) + ( =112)] + 2¢ —56) x 0.36 = 162
J, imax) = = [(=135)+ ( -168)] + 2( +56) = 0.36 = 343

Therefore, the permissible limits of the torsional backlash are 162 (min) and 343 (max). The
maximum value ofthe vanation whichmay be allowedin this unninggear-set is found as follows
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Range of deviation of pinion = 135=00 =435
Range of deviation of gear= 168= 112= 564
Totwl deviation =43 + 36 = 101

Hence, the permissible variation in backlash in the running gear-set is 101 micrometers. This
means that at the limiting ranges, the torsional backlash may vary

between 162 and 263 (=162 * 101), and
between 242 (=343 =101 and 343

Any intermediate values, of course, are allowed within the limiting ranges, provided the
variation does not exceed 101micrometros.

29 Interference and Undercutting of Gear Tooth

InSee, 1.5 1thas been mentioned that the involute curves begin at the base circle and extend
cutwards to form the geartooth profiles. Obviowsly, there is no involute inside the base circle.
From Fig. 1. 13, we know that the line of action of the two inter-meshing gears is tangent to the
two base circlesx,. The two points of tangency represent the two extreme limiting points of the
length of action. These two points, T, and 1"":i in Fig.1.13 are called the “interference points™.

It has been emphasised in Sec, |.5that to have and maintain conjugate action, the mating
teeth profiles of the gear pair must consist of involutecurvesiwheninvolute curves are used as
teeth profiles). Any meshing owtside of the invelute portion will resultin non-conjugate action.
Thatportion of the tooth profile whichi lies between the base circle and the root circle comprises
non-inyalute curve,

Referring to Fig. 2. 19T and T are the points oftangency. [tmav sohappen that the mating
teeth are of such proportion that the beginning or the end of contact or both occur outside ofthe

BASE CIRSLE °

DRIVEM

NOM-INVOLUTE PORTION

INTERFEREMCE
ON DRIVING TOOTH

=
BASE CIRCLE

)
a1
Fig. 219 Interference on flank of driving tooth (o = 141 %)
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interference points on the path of contact. Then the involute portion of one member will mate
with the non-involute portion of the other member. In the case in question, the initial contact
takes place atpoint A. At this point the tlank ofthe tooth ofthe driver is forced into contact with
the tip of the tooth of the driven gear. [t can be seen from the figure that the tip of the driven
tooth comes in contact below the base circle of the driver. Consequently. no conjugate action
takes place. ‘This phenomenon has been termed as “interference™ in gear technology.

In the example. contact also occurs on the non-involute portion(at B) when the teeth leave
the mutual meshing. In short, i the contact takes place outside of the path T during the course
of action, the teeth will interfere with each other as they come in and out of mesh.

Interference in gear toothing isundesirable for several reasons. Dhue to interference, the tip
of onetoothofthe gearofthepairwilltendtodigintoportionsoftheflank ofthe toothofthe other
member of the pair. Moreover, removal of portions of the involute profile adjacent to the base
circle may result in seriousreduction in the length of action. All these factors weaken the teeth
and are detrimental to proper tooth action. Interference can, of course, be eliminated by using
moretesth on the gears, but such solution is seldom resorted to because this calls for larger gears
with their ensuing problems, such as. increased pitch-line velocity, noise, reduced power trans-
mission, cic.

If gears are manufactured by one of the generation processes, the interference is automati-
cally eliminated as the cutting tool also removes the imterfering portion of the flank.

From Sec. 8.3on gear cuttingprocesses, it will be seenthatin ageneration process, the cutting
actionis such asifthe two components —the gear being produced and the cutter-are in mesh like
two gears rolling on their pitch cylinders. While generating gear teeth, if there is interference
ofthecutter, then arecessis cutatthe roor ofthe tooth. The profile thus generateddeviatesfrom
the theoretical tooth profile. This happens when the cutter extends beyond the base circle of
pinions having small number of teeth, This removal of material at the root of the gear tooth is
called “undercutting”™.

Thetooth isalready atthe weakestregion in the vicinity of the root. By undercutting, the tooth
becomes further weakened. Hence, although interference can be avoided by the generation
process because the corresponding recess is made at the tooth root by the cutter with the conse-
quent absence of fouling, this is not considered an acceptable solution because of its tooth
weakening effect. The problem of interference is simply su E:-'.tl'tulrd by another problem caused
by undercutting.

There are several practical ways of tackling the problem of interference and undercutting.
One of them is to use a larger pressure angle. Since

dﬁ =g cos o

larger pressure angle results in a smaller base circle, the pitch circle diameter remaining the
same. Thisin turn allows more of the tooth profile to be made of involute curve. Thus small
pinions of 25" pressure angle system are preferred by some designers jnspite of the fact that
frictional forces and bearing loads are more.

Anaother practical way of eliminatinginterference is to limit the addendum of the driven gear
sothatitpasses through the interference point as shown in Figs 220 and 2.21 sothat the whole
depth of the tooth consists of the normal depth minus the shaded portion, making 1t a stub-tooth.

Referring to Fig. 2.21 where a rack and a pinion have been shown in mesh, the point of
tangency ar the interference point is at T. This point fixes the maximum addendum for the rack
having the pressure angle shown. If the rack has the addendum as shown in the figure, the
contact begins at A. Undercutting takes place as shown by the dotted line. If now the shaded
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Fig. 2.20 Interference and undercutting —two gears
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Fig. 221 Interferenceand undercutting —rack and pinion

portion is removed, point A merges with point T. In other words, the point of initial contact 1s
now Tand interference 15 obviously eliminated. The same conditions for cases where two gears
mesh are shown in Fig. 2.20.

One important conclusion which can be drawn is: Instead of a rack, if a gear with the same
maodified addendum as the rack now meshes with pinion, the point of initial contact will lie on
the line of action at a point somewhere between the pitch point P and the interference point T,
Thus ,there is no possiblity of interference.

We can, therefore, conclude that if the number of teeth of pinion 15 such that it meshes with
arack without interference, 1t will also mesh with any other gear having the same or a greater
number of tecth without any chance of interference taking place.
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Determination of Undercutting Radius

If agearis undercut for one reason or another, it may become sometimes necessary to know the
magnitude of the undercutting radius.
In Sec, 2.10, an equation for the minimum number of tecth to avoid undercutting is given as

2

E-Jn =

sin’ &
I'he above equation is valid for standard gear tooth with the addendum of the rack being equal
tothe module m. The general expression is

a2
.h.“ = 5in am

I3 | Bg

The undercut-free mimimum number of teeth is given by
2 E :
3“ = TO )
m sin” a
where _.';ﬂ = The addendum of the rack-cutter without tip fillet-rounding,.

lo,
Fig. 2.22 Determinationof undercutting radius

The undercutting radius can be determined with the help of geometrical and trigonometrical
relations. These relations are given in subsequent paragraphs with reference to Fig. 2.22.

Let r

Undercutting radius

# = Pitch circle radius
r, = Base circle radius
a = Standard pressure angle

A.B, and C are angles {in radians) the values of which can be determined from the following
relations.
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m5C=&-

Fu

B=invC =tan C- C
Angle A is determined from the following equation

i By i iy
gin(A*8B) n

By transposing and inserting the relevant values, we get the followmgrelations
h_=r-r cos (atA +B)

—_ R
cos a

A
et AT E " walardtE

210 Minimum Numberof Teeth to Aveid Interferenca

InSec. 2.9 the phenomenon of interference and undercutting and conditions thereot have been
discussed. [t was observed that a pinion which meshed with a rack without interference would
also mesh with a gear of the same size as the pinion or with a larger one without interference.
Such type of gear action will ensue if the tooth proportions are same in both the cases.

For gears with standard tooth proportions, the minimum number of teeth which a pinion can
have to mate with arack without interference can be calculated. Referring to Fig. 2.23(b), this
limiting case can be solvedby passing the addendum line of rack through the interference point
T of the pinton. The following relations can be arrived at

ging = = —
r PT
whence
A PT ] ]
§iN A & = W e B -
r PT r
Moy
r = E I
2 2
i m 2 2
51N 8 = e & fflm— = =
F mz =&
2 i | -
ar Is ETI.'F; =gz, or 2. = the limiting or minimum number of tecth (2.24)

For 207 full-depth tooth system, z_, = 17, For other systems, the values are 132 for l-l," full-
depth, 14 for 20° stuband 12 for 252 full- -:I.:p:h svslem,

Since these values were determined for a pinion meshing with a rack, they can alsobe taken
as the minimum values for a pinion meshing with any gear without having the danger of
interference. The generation process by hobbing isanalogous to the tooth action between arack
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and a pinion in mesh. Hence, the minimum values of the number of teeth of pinions are also the
mintmum which can be g_fnl:rah:d by @ hob without undercutting.

There are other generation processes where a hob is not used. For example, Fellows shaping
method uses a pimon-type cutter. The above minimum number of teeth of pinion for such cases
will not work. A generalised expression, therefore, 1s derived for a pinion and a gear in mesh for
determining the limiting number of teeth of pinion.

Referning te Fig. 2.23 (g), the condition where interference isjust avoided has been repre-
sented. T'yand T, are the points of tangency where the line of action, passing through the point
of contact of the two pitch circles or the pitch point P, istangent to both the base circles. To avoid
interference, it s obvious that the limiting conditions will be such that the two tip circles must
also pass through T,andT_gl'['hcr:{'nrt, the initial and the final points ofcontact, Aand B, merge
with Tland T, respectively. Considering 207 full-depth teeth with addendum = m, we have from
the figure

re =0T, =t m = JIOT) + (TTY = i, ceal® + (TP + PT’

o 2 . . . 2 F v 2
= (rycosa) * (rsina * psina) = fosat(n tr)sina
Squaring and simplifying, we get
F] & vl e
m t3rm=r sin at* i nsina

M TE,
—L and = —2  we have
2

Putting r,

r T
m® + 2m 25 _ @£, singa T 20 R gin
2 4 2 2

Simplifving and transposing, we get

401 +
£t 2 = ﬁ (2.25)
sin” a
Dividing by =,
i 4 4
- #2z, = - + =
Zq Zosina  gin o

When z, tends to infinity, we have the limiting case;

4 2
22, = — g = =
510 & 2N &

This is the case where a rack (z_ = infinity ) meshes with a pinion of number of tecth =, We
have already arrived at the above equation from geometrical stand-point.

The value :]-:le as caleulated from the above equation is slightly more than 17,(z, = 17.097).
Therefore, some people take it as 18,

From Eq. 2.25, 1t can be seen thatas 2, decreases, 2, also decreases, [fx, =2, then the minimum
number of teeth becomes around 13. This 15 the condition drpil:'t:d i Fig, 223 (a). For gear!
pinion ratio of 3 -1, we get the value of about 15 for 2, after chrlmg the valuezfz, =3 in Eq.
2.25 and s0 on for other ratios. Thus the minimum number of tecth of the pinion to avoid
undercutting is a function ofthe gear tooth ratio,
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interference will take place. However, if the contact takes place outside T\ T, interference will
occur. In a generating process, the cutter will take out metal from t*u: interfering zone.
Therefore, while generating the pinion, one obvioussolution istomake the cuttingarrangement
insuch away that the cutting tip of the rack-type cutter orhobjust touches the point of tangency
when the cutting action begins. To eftectthis, the cutter is withdrawn by a specifieddistance so
that the addendum line of the rack-tvpe cutter or hob just touches the point of tengency when
the cutting action begins. To effectthis. the cutter is withdrawn by a specified distance so that
the addendum line of the rack just passes through the interference point, e, the point of
tangency. This cutter off-sethas been shown in Fig.2.24(a).

As the rack 15 withdrawn, the outer periphery of the pinion must also be comrespondingly
increased beforehand. [n other words, a larger pinion blank 1510 be machined, the diameter of
which can be calculated by formulae given later. When a standard, uncorrected pinion is cut by
the rack, the pitch line{i, o, the reference line of the rack situated at 1m from the tip line of the
rack in standard profile) is tangent to the pitch circle of the pinion at the normal pitch point P.
When, however, the rack is withdrawn, this situation alters. This can be seenin Fig, 2.24 (b).

STAMDARD
- TOOTH

=
CUTTER OFF-SET

Fig. 224 Formationof comaciediaath
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lhe rack reference line MM is no longer a tangent to the pitch circle. Instead, it is away by
an amount equal to xm millimetres.

'his amount xm is the profile correction of the gear and the coefficientx is known as the
“correction factor”. Note thatx isdimensionless, butxm is expressed in mm. We shall see later
that x can be positive or negative. Positively corrected gear is known as 5-plus gear and
negatively corrected g gearas S-minusgear. Tofind the correction tactor for pinion whose number
of teeth lies within the mimimum number specified to aveid undercutting, we proceed as per the
undermentioned procedure. In Fig. 2.24(b) the rack is withdrawn just cnuugh so that the
addendum line of the rack passes through the interference point Tof the pinion. This point T

15 the position from which the involute profile of the pinion tooth starts. Referring to the above
figure

5in a = EE‘; =

X ™ for standard, full - depth tooth with addendum = m

PT PT
Also
P PT
sin | = S =—gr PT =rsina
d/2 r
Agamn
r=d/2=mz/2
Inserting the values, we get
: - - £
sina = 2= i m, whence we have 1=x = — sinta
From Eq. 2.24,we have rsina i sing 2
2 z F
Lgin = O R OO o
sin a £ Zain
& - F
or x = —mio—— (2.26)
£

‘ecin
The above equation gives a theoretical expression of the correction factor which is the minimum
vilue a gearwith a number of teethz must have to avoid undercutting. For a=20", we know that
the theoretical valueofz__is 17. Ithas also been pointed out thata slightundercutting does not
affect the tooth action much and as such the practical limiting number of teeth has been taken
as 14. We, therefore, come te the relation which s most commonly used
14 - » (2.27
17

Putting 2 = 14in the above equation, ¥ becomes equal to zero—which it should be. Figure 2.25
{a), shows the graphical representation of the above equation. The amount of correction factor
necessary corresponding to the number of teeth o avoid undercutting can be directly read from
this curve. The figure also shows the negative allowable limit of the correction factor for those
gears in which the number of teeth lie above the practical value ofz__ and also the boundary
line at which the positively comrected tooth becomes pointed or pcukcgﬁ The limiting number of
teethz_, is a function of the pressurc angle a and ofthe helix angle §in case of helical gears.
These r ve been shown graphically in Figs 2.25(b) and (g).

ltmay be mentioned here that inthe opinionof some experts, speed plays apart in determining
the magnitude of the allowable undercutting. The recommended va r uesofz . after allowing a
marginal, non-detrimental, undercutting vis-a-vis speed are as follows:
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A - ldfor medium speeds. ( Thisvalue has been recommended for general case and normal
service. |

= 12 for very slow speeds

I8 for high speeds

2.12 Characteristics of Corrected Gears

The modem trend in gear technology envisages the use of corrected profile gears in most of the
power transmittingand other areas. In fact correction factor is now standardised forthe purpose
ofinterchangeable gearing (explainedin See. #.12 later). Previously, gears were corrected either
to avoid undercutting (S8ec. 2.11) or to achicve a predetermined centre distance. These reasons
are still valid in specific cases wherever required. but irespective of the above two aspects,
pinions as well as gears are now generated with positive comection because of the ensuing
beneficial effects which the positively corrected gear profilesoffer. Briefly, the reasons of positive
correction and the effects thereof are as mentioned hereunder.
1. Avoidance of undercutting: This aspect has been already discussed in Sec. 2.11.

2. Attainment of a pre-determined centredistance: This aspect will be taken up in detail and
the relevant formulae will be given in Seg, 2.13.

3. Toincrease the strength at the root and flank of the tooth. [t will be shown that due to
_u_u.:...r._..... correction, the thickness of tooth at the root is increased, resulting in greater load
carrying capacity of the teeth. By choosing the proper amount of correction, the designer is in
a position to specify gear-sets of higher capacity without entailing the corresponding cost
increase for materials ofhigher strength.

4. Betterment of sliding and contact relations.

5. Toshift the beginning ofthe effective profileawayfrom the base circle. Thehighest sliding
velocity and the maximum compressive stressoccursat the bottom ofthe tooth. From discussion
on contact stress, itis known that'this stressat any point on the tooth profile is a function of the
radius vector of the involute curve atthat point. From See. 1.4on characteristics of the involute
curve, we know that the radius of curvature at the starting point of the curve on the base circle
iz zero. Moreover, sround this region, the curvature rapidly changes and the specific contact
pressure is extremely high. Tooth contact at this region is to be avoided as it is detrimental for
load transmission and it adversely affects the load carrying capacity. In a positively comrected
tooth profile, the startof the active involute where the tooth contact takes place 15 farther away
from the base circle than in the case of an uncorrected profile. This naturally helps to alleviate
the above-mentioned difficulties as the tooth contact now takes place on those portions of the
involute where the radi of curvature are greater.

It has been shown inSec. 1.5how the conjugate action remains unaftfected even if the centre
distance 1s changed. This is one of the valuable properties of the gears having involute tooth
profile. Atextended centres, the gears continue to transmit uniform angular velocity ratio. Due
Lo correction, there is obviously a change in the shape ofthe gear teeth as shownin Fig.2.16. The
active profiles are now formed from the involute curve generated from the same base circle but
this time a different portion of the curve, which is farther away from the base circle, is used.
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Unlike normal gears, the comected gears since they are custom-built, cannot be used for
interchangeable sets unless the correction factor itself 1s standardised as in the case of the "05”
system. Moreover, corrected gears can only be manufactured by the generation processes. They
can, of course, be made by formed tools in a milling machine, etc. but this is not cconomically
viable, as the correction varies according to the particular design parameters. and so does the
shape of the tool. "hismeans that a large number of formed tools have to be stocked and cach
onemustbe highly accurate. Inacormected gearingsystem, thecontact ratio issomewhatsmaller

in most cases. These are the disadvantages of the corrected gear tooth system.
In a corrected gear, the following parameters remain unaltered

Base circle diameter da =dcos a
Pitch cirele diameter d =m 2

Circular pitch p =am

The following parameters change:

Tip circle diameter d_ becomes bigger by an amount of # 2 % in in case of S-plus gears and
smaller by =2xm in case of 3-minus gears, (Here, the topping has not been taken into account
which will be discussed in Sec, 2.13.) Incidentally. it is customary to express the amount of
correction interms of module, the reason being that since ¥ 15 dimensionless, 1t does not convey
any physical concept. Butxm isinmillimetres and as such, itis atangible amount. It showsthe
magnitude by which the gear blank is to be made bigger or smaller radially from the centre of
the blank, depending on whether x is positive or negative.

FITCH CIRCLE

FITGH CIRCLE

ITCH CIRCLE

PITCH CIRCLE
@) CORRECTION FACTOR wat 140
by CORRECTION FACTOR w=+05
(e NORMAL TOOTHING WITH P ] 0
jd1 CORRECTION FACTOHR x=={05

Fig. 226  Effectdf profie cormection
Basedon Maschinenelemente, Niemannygd, [, 1965edition,
Fig. Mo 371, p. 37. Springer erlag, Heidelberg.
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Root circle diameterd becomes bigger or smallerby the same amount asinthe caseofd . The
whole depth of tooth remains the same unless topping is done.

Tooth thickness § becomes greater and tooth space width ¢ becomes correspondingly lesser
in the case of positively corrected gears. Thereverseistruein case of negatively corrected gears.

In a positively corrected gear, the addendum is increased by an amount of y m (neglecting
topping} and the dedendum is comespondingly decreased by the same amount. Thereverse is
truc in case of the negatively comrected gears. Normally, the root-fillet becomes smallerin case
of positively corrected gears. This has a detrimental effeet on stress concentration problems.
Negative correction weakens the tecth and the tooth strength decreases. However. this
detrimental effect is largely nullified in case of gears with a greater number of teeth.

The influence of different types and amounts of cormrection factors on the shape of the waoth
profile has been shownin Figs 2,26 and 2,27, Itis clear from these figuresthat the enlargement
of a positively corrected gear is similarin effect to moving the teeth outward radially relativeto
the pitch circle. Consequently, the tooth thickness at the pitch circle is increased with a corne-
sponding diminution of tooth space as the circular pitch am remains unchanged. It may be
mentioned here that the effect of profile correction on tooth form decreases with increasing
number of teeth of gear. Withz =infinity, that is, with a rack, the effect is zero. Inthis connec-
tion, sec Appendix A, Method 4.

Peaking

One effect of the positive correction 15 to make the tooth more and more pointed asthe correction
factor increases. Consequently, the top land becomes correspondingly smaller and ultimately
results in a pointed tip. This phenomenon is termed as “peaking”. The peaking limit sets a
boundary to the amount of positive correction that may be applied. The shape of a peaked
tooth has been shown in Fig. 2.26 {a). This figure also shows the relative shapes of S-plus gear
(b), normal gear *-'and 5-minus gear(d).

WehavenoticeninSee, L.4that the involute curve becomes increasingly flattened as itmoves
awayfromthe base circle from which itisgenerated. [t hasbeen stated previously thatthe profile
of a positively corrected tooth (e, its face and flank) is composed of that portion of the involute
which is farther away from the base circle than in case of an ordinary gear. Moreover, positive
correction results in greater tooth thickness at the root. All these aspects combine to make a
positively corrected tooth look thicker at the bottom and pointed a tthe top —more or less likean
inverted W

Though peaking limit determines the maximum value of positive correction, in actual prac-
tice the correction 1s not carried to that limit as in case of a peaked tooth, the top land is zero.
Obviously this cannotbe allowed. 15: 3756 recommends that the tip thickness shouldbe greater
than or equal to 0.4 for hardened gears. In exceptional cases, this may be reduced to 0.25 m.
In actual practice, however, the least value of the top land can be brought down to 0.25m even
ingears fornormal running without encounteringany significant detrimental effects. Neverthe-
less, it is always advisable to check the value of top land by theoretical calculations where high
correction factors are involved.

The relevant formulas have already been given in See, 2.3 00 determine the tooth thickness
atany cylinder{Eqs 2.8 and 2.9). To calculate the top land thickness g of a corrected gear, itis
important to remember that in the above equations, the corrected values of the tooth thickness
at the pitch circle g {given later in this section), and of the radius at the tip circle r_are to be



2= 10
o= 20°

=)

Fig. 2.27 Tooth forms of corrected and uncorrected gears

Basedon Grundruege der Vermahnung, Thomas, 1957 edition,

Fig. Ma. 11.8,p. ¥ 2. Carl Hanser Vertag, Munich
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and tan & - = LITIOE3G+ 0.07279404.x

(Notethat in the above expressions, module m plays no part ultimately. )
The above equations cannot be solved by ordinary methods. They can be solved only by using

techniquesinvalvinghighermathematics, viz., Newton-Raphson method. However, solution can
alsobe obtained by trial and error methods by inse rtinL,rca sonable arbitrary values ofx in the
first equation, solving furn' inse rtLI‘i_I;th!i.‘-illlJL‘ of & in the second equation and then solving
fors till the two values ofy i the two :quaimmtu]lv [n this case, the value of¥ is around 0.7,

Consulting Fig. 2.25(a).if a vertical 15 drawn correspondingtoz = 10.itmeets the peaking limit
curve ata point corresponding to which the value ofx  is found to be around 0.7. For this parti-
cular gear with peaked teeth, the outside dinmeter is given by

d =512 +2¢) =5 (12 + 1.4)= 67 mm.

Tooth Thickness of Corrected Gears at the Pitch Circle

[he gencration of a positively corrected gear has been shown in Fig. 1.28. The amount of
correction is * xm millimetre. The profile reference line of the rack is shifted by an amount of
xm from the generating orcutting line which contacts the pitch E‘Ll’Ll.l.‘i‘.ll'-thl:j;i:Erﬂt]Eﬂ]nt P. The
generating line of the cutter and the pitch circle of the gear are in rolling contact like two pitch
cvlinders which are rolling without slipping as per the law ofgearing. Had itbeen@normal gear,
they would have rolled at the profile reference line of rack MM, because then ¥ m = O and the
profile reference line would have been the generatingline. Inthe present contextitisclearfrom
the figure that the tooth thickness of the gear at the pitch circle {which is equal to p/2 or pm/2
for a standard pear) is now increased by an amount of 2 m tan g due to correction. Here

arc A P = straight length A°P

L HOE CUTTER'
| FPROFILE
E | | | REFERENCE
INE
wh Nl £
; AT P 6]
I 8
Al _—- i GENERATING
Lﬁc}j},—f’" LiNE
{llc,ﬁ:" 93}0"'
‘i"ep&"':-

Fig.228  Tooth thickness of corrected gear
Based on Zahnracder, Zirpke, 1 fthediton, 1980, Fig. Ka. §5,
p- 59 VEB Fachbuch Verlag, Leipzig

"he expressions for the tooth thickness, therefore, are as follows

For 5-plus gear
g = P4 Ixm tana = m‘|' 2xm tan g L
7 2
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For S-mimus gear

g = i 2xm tana = Em Oy m tlan a
2 T2 (2.29)

In this connection, see See, 8.5 and Appendix A, Method 4.

213 Types of Corrected Gearing

Based on the correction aspect, gearing can be classitied into twe broad categories( 1 5 -gearing,
and (2)}s-gearing.

§,-gearing

In 8_-gearing, the two components of the mating pair of gears receive numerically equal
correction factors, but these two factors are algebraically of opposite signs. Normally, the pinion
is provided with positive correction and the gear with negative correction. In other words

.1:1+.:==l.‘.| orL, =-x, (2300

That is, the pinton is an S-plus gear and the gear is an S-minus gear. The 5§ -gearing1s also
known as the “longand short addendum™ system.

In 8_-gearing, because of the fact that the amount of correction is equal and opposite, their
effect is to nullify each other as far as certain dimensions are concerned so that the two pitch
circles contact each other at the pitch point P and the working pressure angle remains as the
standardpressure angle as inthe case ofuncorrectedgear, via. 11}‘]31“ usual cases. Also,thecentre
distance remains unaltered and is equal to the sum of the pitch circle radii. However, unlike
uncorrected gearing system, the reference line of the reference profile (the basic rack ) does not
pass through the normal pitch point Pin this case. 1tis shifted away by an amount equal to the
numerical value of xm (mm). In case of the pinion, which normally receives the positive
comrection, the cutter is moved away from the gear blank centre by an extra amount ofiom (mm)
while cutting so that an enlarged pinion with its tip dinmeter increased by an amount of
2xm (mm) is produced. In case of the gear, the cutter is moved towards the gear centre by the
same amount so that its diameter 15 smaller by an amount of 2 xm (mm) than in the case of
uncorrected gears. Since topping is not necessary for S -pearing, the gear blanks are simply
made bigger or smaller, as the case may be, by the amount indicated bEEDH: feeding them 1o the
gear-cutting machine. {Toppingis explained later in this section. )

The 5.-gearing 15 normally meant where the reduction ratio is large. Thicker pinion teeth are
ensured and the gear teeth also do not become significantly weak. However, 5 -gearing is not
recommended for small reduction ratios as it tends to weaken the teeth of the gear. The 5 -
gearing is also sometimes recommended where for certain specific reasons the normal tooth-
thickness of the gear pair or the specificsliding velocities between the meshing teeth flanks are
to be chanpged. Besides, since normally the pinion teeth are weaker than gear teeth when baoth
are made of the same matenal, they are more vulnerable to breakage and wear. The 5 -system
tends to equalise the tooth strength and thereby reduces the susceptibility to such damage.

For this type of gearing, the number of teeth of pinion £, is less than the practical limiting
number of teeth to avoid undercuttingz__ . Alse, the sum of the teeth of both the gears should
be equal to or greater than twice the limiting minimum number of tecth. That is

z +z, 22

m

Table 2.4 gives the expressions for the dimensionsof gears in an 5 -gearing,
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TableZd4 Dimenskonsfors -gearing

Description Pimdan Gear
T e ~——
Humber of teeth 4 I
Pitch circle diameter d, = Fm i =xm
Tip circle diamedter d_ = dl +2m "'Erlm g = ﬂ:t + 2 =25 m
Rood circle diameéer dﬁ:dl—zl:i..“-n.]m dﬂz =d1-2[1.zﬂ+;1:|m
Tocih thickness an phich circle &= Em . 2x, mtan a & =ER 2x,mtan a
2 2
Centre Distance a=a, = ‘_I*E =i'l'l:' W =E
2 2

Example2.2;: Given: transmission ratio iz 8:1,m= Ul centre distance = 540 mm. To find
the dimensions of suttable gears.

1 10
-Err;L{.-;1 ¥ z) or 540 = —(z, * z,), whence z * z, = 108,
2

Selutfon: a

i F4
—L = 1 = § orz,=8z, Solving wepgetz, = 12andz, = 96

iy Zy
Since g, is less than 14, the pinion has to be corrected. Using Eq. 2.27 we get

14-12

1 =

L1118

£ =

['he centre distance 15 to remamn unaltered. Hence, an ED-EE:HT'inE 15 indicated. .. X == 0.118.
Using Table 2.4 we calculate the required dimensions thus:

dnl=ml+ 2m +2_flm =(llx 12)% (22 100 * (2= 0118 » 10) = 142.36 num
du!=mi+1m +2_f=ﬂ']_ =10 96)+ (2 100 —i(2x 118 x 10)=977.64 mm

S-Gearing

In S-gearingthe sum of the profile correctionsef the two mating gears is not equal to gepe, Itis
either positive or negative. However, the sum is positive in almost all cases in order to take

Fig. 2.29 Types of corrected gearing
(a) Normal gearing x, - X, = 0
Pressure angle a- 20"
(b} S -Gearing x, - -x,-0.5

'ﬂTorlqlng pressure angle

a=-a=4"'
() S-Gearingx, =x, = 0.5
Working pressureangle

a, = 2515", o= 20"
Based on Maschinenelemente Niemann, val. ||,
1985 edition, Fig. No. 3772,p, 37. Sprlrlglrh'-'ll-n,
Heidelherg
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Using Eq. 2.8 for the values of corrected tooth thicknesse, g we have

[ﬁ P a..u.]+ 2, L& + imva - imi] <805

ar

wl
Dividing by 2

r : . T
+ _ﬂ[i + inva = 1n'.'a_‘ P

% + inva - inver
2r, m'| )

Using the relation 2r, = m z, and 2r, =m Z, and the Eq. 2.31, after transposing, we have

i + % 58 = X4 (inva, = inva.i[il_".'_f.’.
mz Z z
Multiplving by m=, ey 2 & ! !
gt =xm+tmiz *z )inva =invg)
Using the values of s and s, from Eq. 2.28 and equating

e — t 2x, m tan a * Tm +2xm tana = am tm (2, + z)(inva, - inv a)

ar
2 tan alx, +'t2:]m tam=am+tm t'.r,1'f':9__ﬂlnvzl. = inva)
or - {z, + z,)(inva, - inva) (2.32)
2 tan a
and
inv g _= Ty ¥ ) 4 inva f2.33)
4. &

Equations 2.#2and 2.3 are extremely :mpurla.nl relations in gear design.  Equation 2,12
givesus an E}LFIL'H.'E:IEI'I for the amount of total correction factors the proper distribution of which
pmong the pinion and the gear will be shown in Sec, 2. 14. Equation 2,33 gives us an expression
for calculating the value of the working pressure angle a,. Since the pressure line {or the line
of action}) is inclined to the horizontal at that angle, it 15 imperative to know the value of the

working pressure angle as it enters into equations invelving force analysis, power rating and
other important calculations of a gear set.

Actual Centre Distance in an S-corrected Gearing  In Fig. 2. ##the centre distance relations in
an S-corrected gearing system along with other systems have been shown, Due to the enlarge-
ment of the component gears, the centre distance between thetwo gearsisextended. 1thas been
shown in Fig. 208 of Sge, 2.8 that because of this extended centre distance, a considerable
amount of backlash iscreated between the mating gears. For proper running of the gear set,
this backlash must be climinated. [ncidentally, this backlash 15 not to be confused with the
backlash which is deliberately given and which is a result of the thinning of the tooth profiles
causcd by imparting tooth-thickness tolerances as well as a result of the centre distance
tolerances. This aspect has been discussed in the Sections dealing with backlash and tolerance

systems on gears {SccSegs 2.8, 2.27 and 2.28).




UNCORRECTED GEAR

CORRECTED GEAR-BEFORE PUSHING CORRECTED GEAR- AFTER PUSHING

Fig. 2.30 Contre distance relations in S-cormected gearing
Based on Grendzuege der Verzahnung. Thomas,
1957 edition, Fig. No. 11.8; p. 238, Carl Hanser Verlag, Munich.
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To nullify the effect of the backlash created by the extended centre distance and 10 bring the
profiles of the teeth of the mating gears in backlash-free contact, the gears are brought nearer
to each other till the tooth surfaces are in contact and the gears are in mesh. Thisis known as
"pushing" sincethe gears gre “pushed” relativeto each other. [tis obviousthat the effectof push-
ing is to shorten previous centre distance.

f

Oz |
(]

Fig. 2.31 Comrected toothing (S-gearing)
Basedon Zahnraeder, finploe, 1 Wy edition, 1980, Fig. Mo, &1, p. 69, VEB Fll:l'll:ru:hu'm'lug.Lah:r_ig

In Fig. 2.31, the positions of the teeth in an S-gearing have been shown before pushing in (a)
and afterpushingin(b). Along with these positions, the positionof an uncorrected, standard gear
has also been shown in Fig. 2.30 for comparison purposes.  The following relations can be
established from the geometry of the various centre distances from Fig. 2.30.

a =g+ {r.m + x,m) (2.34)

a, = Centre distance in an uncorrected system = dot g = ntr
2
Refemng to Fig. 2.30(c), the two cylinders after pushing are now rolling on their respective
“working circles" having diametersd | andd _ orradiir  andr , respectively. The common
tangent to the base circles through the plt{'ﬁﬂpuint £ now have a new pressure angle —the
"working pressure angle”or .
; [y
Recalling Eq. 2.7 and suitably transposing, we have

cos5 a _ COFS (%
2r, = 2r, ard,, = d,
ons a; s E’H

Similarly
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dg = d Sl

Cipg l:l

The modificd and final centre distance 1s given by

d.q + d,
3= At fus = =
Now
".'m =2il'm_ =|;|'wl COS T
oY EI] ﬂfl Civs O
dl.ul = =
cos (f, cos A,
Similarly
EZ cos 0
dul! ri=fl -ﬂﬂ_. L
ons COS X,
Henee i
a = dwd = dﬂ i I cos o '::d.l + {EE::I
2 2 cos
ar
+ : + S
5 i i, cosq e T R a, oS 0 e
2 cos (1 2 cos i, Co8 i, )

Equation 235 is ap extremely important and wseful equation from which the Tinal centre
distance in an S-gearing can be caleulated, The value of the working pressure angle & can be
calculated from Eq. 2. 33,

The shortened centre distance o is related 1o the centre distance before pu shingu_ as follows

@ -a=ym

Motethattheaboveeguation isidentical to Eq.2. ¥6given laterin the sub-section on “topping”.
The coefficienty iscalled the centre distance moedification factor. As inthe caseof correction, it
Is customary o express the difference a,-—a in terms of the module m as shown

Referring to Fig. 2 3c), the common 1augcn| tothe base circles 15 now the new Imr: ofaction
along which the contactitakesplace and the forceistransmitted. [t passes through the new pitch
point  on the line of centres !j ﬂ" Point !:I" igthe new position of the centre ofthe gear after
pushing sothatthe amauntpuqln.d i@ —&. T|:|LI1.'|.'-:‘.='|". orking circles with radii P and P, touch
cach other at®. The working pressure angle isd .From geometry, we can ::..:abIHL the l'ﬂllm'-m
relations

OGP r, cosa, cosa,

g  COR Foa L T
It, therefore, makes no difference in the angular velocity ratio when the centre distance
becomes differcnt from the standard centre distance in case of involute gearing. This is a
confirmation ofthis particular property ofthe involute curve discussed earlier. Thisproperty is
of great advantage and significance in gear drive.
Table 2.5 gives standardizsed values ofthe centre distance. These values are valid for elosed

units with module of geara . 2 0.5 mm. The values given in the table are preferred value
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Topping (asper Eq. 2.36 given later in this section} is given by
10
ym = T (16 * 24) + 1163 x 10 = 210 = L63mm

Therefore, the required diamefers are:

Finion diameter. d_ =d, + Im *2x, m=2ym=(10x I6)+ (2= 100+ (2 0.5652 = 100
=2 % L63= 188044 mm

Gear diameter,d ,=d, +2Im +2x,m = 2ym =(10x 24) + {2 x 10)+ (22 0.5978x 10)
=2 x 1.63 = 268.06%6 mm

Addendum Modification pr “topping” It has been explained before that in an extended centre
distance system, asin the caseof an S-gearing system, the component gears are"pushed” relative
to cach otherto bring the pinion and the gear in a backlash-free contact. The centre distance is
shortened due to pushing. Equations for the normal centre distance foran uncorrected gearing
aswell as for 5G~gear'tnga... that for the S-gearing before pusl:lngap, and that after pushing a,
have already been given atappropriate places.

Mow, oneelfectof pushing isthatthe clearance between the tip of one gearand the oot of the
mating gear becomes less.

Figure 231 {arepresents the gear positions before pushing, showing clearly that the hack-
lash existsbetween the mating teeth. Figure 2.31(b)depictathe position afterpushinghas been
implemented, thereby eliminating backlash asin the caseof Fig. 2.32. The new centre distance
aisless thana , as explained eaclier. It can be casily seen from Fig. 2.31that the tips of the
teeth have entered the corresponding tooth spaces somuch thatthere isnot enough clearance

between the tips and the botvem lands, Consequently, normal running of the gear set will be
impairedandthismay evenlead toscizure, unless someremedial measureistaken o avoid such

asituation. Moreover, the top of the gear tooth may mate with the non-involute portion at the
rogtregion of the tooth of the other gear of the pair, leading to interference and allied problems.

One obvious solution is te"oyt-off” the offending tooth tips. Thisiswhat is known as adden-
dum medification or tepping. [t must be emphasised, however, that acteally no cutting-off 15
done after the gear hag been made. The blank itzelf is reduced prior to tecth cutting as per the
calculated value determined before. The relevant formulae are given later. Also, in the gear
cuttingmachine, the feed isgiven accordingly sothata“topped"tooth, {which isobviously ofless
heightthan the standard tooth of standard whole depth . emerges. One side effect of topping is
that the top land of the woth i3 also increased. The topped portion has been shown as eross-
hatched in Fig. 2.31 (k).

Toachieve the standard clearance e, the tooth to be topped is reduced by an amount given by

i =un—a=fﬂ.+{:1+:|:=]m]-ﬂ{mm] {1.36)

A in the case of correction, the amount of topping is expressed in terms of module, the unit
of measurement being millimetre. The coefficient of topping y is dimengionless, as in the case
of correction factor ¥,

The standard clearance now is given by

e:a_[i-d_;_‘ﬁf i h]{mm:l (2.37)

We can now arrive at the value of the outside diameter of the blank after topping
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numbers, 1rmn in the preferred value series. If from operational or d.c-qlgn standpointthe cal-
enlated values of CD does not tally with the value givenin the table, it is not imperative to stick
to the standardised value. This can deviate from the standard value and can conform to the
calculated value.

Tahle 25 Standardvalues of centre distance
Based on Zahnraeder, Zirpke, 11thedition, 1980, table no. 2, p. 71

VEE Fachbuchverag, Leipsig
Serles Canire Distamce (mim)
1 g3 100 180 25D
b B [ ap 100 125 180 20 250 315
3 oh IR g3 71 an ah 90 112 128 140 16D 180 200 224 350 A E
1 400 B30 1000 1800
2 200 S0 B30 ang 1000 1250 1800 2000

3 355 400 450 500 S50 630 TID BOD GO0 1000 1120 125D 1400 1600 1RO 2000

If the design conditions permit, the order of preference for the selection of the value of centre
distance should be: Series 1the first choice, followed by Series 2, and lastly Series 3.

Example 23 Glven:m=10a=20°{ =3:2.a=210
m = 10,2 =20 To find the diameters of the appropriate pair of gears. The
values of  and a areto be kept exact.

Kolution: Mormal pearing gives the followingresulis

L
210 = Eml{zi"' ) = —'(;l+zgf|¢.r,zl+z,= 4X Allso, | = ?—-
1
Solvingthe above two equations doesnot lead to any whole numbers forz and 2,. The nearest
value s, '."] s4l pivess = lf:nam:l;: =24, Hﬂllhr}]n_lr_,tht condition that Plﬂ«"iﬁ %}'2 Since the
cr:nlrcéml:anca into be t:ep-t. exact, Lhr.' solution lies in using an S-gearing.
Using Eq. 2.34, we have

(] §P

o+ 24 2
a = 210 = 10 i ., whencea, = 26" 3F

- :
F s oo ﬂ_”

From Eq.2.33, _ 2tan 20 (x, +

16 + 24
From Appendix H, inv 28° 30 = 0L036069, and inv 20" = (0.014904

Inserting these values and solving, we getx, +x, = 1.163
Using B.2.41 given in the See, 2.14, we get

1.163. 1.5= 1
2 —t 05 —— = (15652

1.5 1 1.5+ 1
as x,= 1.163=056052 = (1. 5978

imv 26 30

2 + iny 20°

y
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GEAR 1
!

STANDARD PITCH

STANDARD PITCH :
CIRCLE -."Ir/_;uf
GEAR 2 ."J‘,.-“'r

Fig. 2.32 Detarminalionof working pressure angle
dnl =ld, * 2un + Zx m]—2ym

wd = [d,*t2mt2xml-2ia, +ix tx,im -al

=dy t 2m+ 2x,m - 2 d, E—dﬂ = 2yym - 2xym * 2a
=2{a+m-xml—d, (2.38)
Similarly
(2.39)

Sometimes topping may not be considered as necessary becanse the clearance without topping
may be sufficient for certain service conditions.

In that case, the tip diameters are caleulated as per the formulae given in case of uncorrected
or E.-E‘EH.I'II‘IE

The important formulae connected with S-gearing have been summarised in Table 2.6.

d. . =2fgtm—-x mi-d

al 1 1

Table2 & DimenzionsforSgearing

Description Pinioa Gear
Numberof tecth T £
Pitch circle diameter d=Im d,=Zm
Tip circle diameter
fwitheopping) d,=2(a m—xm-d, ﬂ'y=5"“""‘l."“‘:l'd.
Ront circle diameter #..: I-E'I'T--?E-I,'Ilm "=|:|'i-.2|'1.2|5-r9;|m
Tocth thickness e 5, = P+ 2 miane
o\ pitch circle L BbRll Tl WL T
Topping prza s lx reim—a

(contd.)
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't x | T PR |
i+ 1 5+ 2 Z + 2

Besides the above method, distribution of gear correction factors can also be done as per the
steps laid down in 15: 3756 and DIN 3992 which are essentially the same. These standards are
spplicable for spur and helical gears belongingto the standard basic rack and having number of
tecth 10ormore, Figure 2.33gives distribution ofcorrection factors fo rreduction gear drivesand
Fig. 2.34for step-up geardnves. The undermentioned basic requircments must be satisfied after
correction.

(1) A minimum contact ratio of 1:1 should be maintained.

{h) Thetipclearance shouldhave avalue of atleast 0.1m. Normally, topping i1s done in case

of corrected gears as explained in the section on correction dealing with that aspect so
that the tip clearance is around 0.25 m.

(¢) The top land preferably should not be below 0.4 m for hardened gears in normal

applications. The value may be brought down to 0.25m in certain cases.

{d) There should be no interference and undercutting.

Figures 2.33and 2.34can be used to divide the sum of correction factors equitably asdescribed
below. The middle portion of each figure is meant forhelical gears and is used for obtaining the
equivalent or virtual number of spur gear teeth 2 and z . The equivalent number of tecth
2z = zicos® ffor helical gears. The equivalent spur gear concept for replacing helical gear for
calculation purposes has been explained in the chapter on helical gears. Distribution of
correction factors forhelical gears is also dealt with in this section along with that for spur gears.

Knowing the sum of number of teeth, iez '|'31| the individual correctionfactars x ilrl.-.'!.:r2 can
be ascertained by the procedures explained below and by the examples which follow. Themethod
is applicable for gears with number of tecth up to 150, When the number exceeds 150, a
somewhat different method is adopted, but since profile correction in case of gears with a large
number of tecth does not have a significant influence on the load carrving capacity of the gear
teeth, the method described in this section is adequate for normal applications. The basic idea
on which the method is based isto have equalization of load carrying capacity at the roots of the
pinion and the gear teeth, balanced conditions, advantageous sliding conditions, ctc.

In Figs 2.33 and 2.34 the respective characteristic lines L 1 to L17 and 81 to §13 represent a
compromise between the different requirements and varous factors involved. Lines P1 to POin
cachfigure serve the purpose of identification according to tooth properties. These are:(1) zone
between P31 and P6 for normal applications; (i) between P6 and P8 for higher bending and wear
strength; (i) between P1 and P 3 forhigh contact ratio, and (iv) zones marked for special cagog—
theupper onemeant for tnuthingu.rjt_h greater pressure angle and smaller contact ratio while the
lower one designated for toothing with smaller pressure angle and larger contact ratio. The
method is well illustrated by the undermentioned examples.

Example 24 {iven: z,= Nz =6d,m=3
To design control gears with high contact ratio for a reduction gear unit. Gears are to be spur
gears.

X, = for equal contact pressure ati =1 (2.42)

Solution:  Lime P2is selected from Fig. 2.33forhigh contact ratio. Since only spur gears areto
be considered the middle portion of the figure is not necessary

z,+2,=32+64=9
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A vertical line is drawn from the horizontal axis of the uppermost diagram at the point
denoting 96 till it cuts the horizontal line P2 (shownat point A inthe figure). This corresponds

to, +X, == 0.20.
Using the two relevant equations grven before at the beginning of this section, we get
a,= 19¢ 1910

and
a= 1433 mm

Itis desirable to round off the value of the centre distance. Hence
a= 143 5mm (taken]
Recalculation yields the following values
= 19"26' 39"
and

'r|.+xn= =0.164

A vertical line is then dropped from point A till it meets point B corresponding to the value

x+x;  =0.164
=
2 2

One can alsoraise a vertical from the pointz =(z, +£,)/2 = 48 to locate point B. This vertical
15 an extension of the line AB.

= =082

A straight line is drawn from point B which matches between the adjacentlines L9and L10.

Verticals from points: 2, =32 and £, = 64 cut this straight line at two points. Horizontals from
these two points (N the vertical axis give the values

x,=+0.06and x, = —0.23
These are approximate values. Hence, keepingx, =+ 0.06,the final values are

x,=+0.06andx, == 0.164-0.06=— 0224

Example 2.§ Given: z,= 14,::'= 33, normal modulem_ = 4.5, helix angle § =18% T design
a set of gears to transmit high load in a step-up gear system.

Solution: Thisissolvedin asimilarmannerusing Fig. 2.34. First,line P7 isselected. Line from
B=18"meetsthe line forz, 2, =47 atC Vertical from C passes through a value corresponding
o the sumof theequivalent numberofteeth z, +2 ,=54. Point Don P7is located; x +x, =0.85.
After finding the working pressure angle and t'h ¢ centre distance as before, the centre distance

isrounded off and recalculation is made vielding a value ofx, & A 09357, Point E, below Cland
[}, denotes

z
z.-?’%‘??mﬂan'ﬂfﬁlzﬂm

Verticals are drawn from F(8=18°2 = 1d)and G (f=18",z,=33) to determine the final values
xz =t 040andx, =0.53after drawing lincthrough Eina aimifarm.nnm::r asin Example 2.4 using

Fig 2.33.

L
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215 Internal Spur Gears

Jn aninternal gear, the teeth arecut on the insideof aring. Itisalsoknown as anannular gear
sincethe rim onwhich the gearis produced isinthe shapeof anannulus. The internal gearshave
many applications, the most frequent being the planctary gear systems.

The tooth space on an internal gear more or less comresponds 1o the tooth of the external gear
with which it mates, and the tooth of an internal gear comesponds o the tooth gap of its mating
external gear. The tooth and the tooth-space n?ar: internal gear can be proportioned like a
standard gear with the addendum gnd the dedendum in reversed positions, but this is not
generally done in order to alleviate the interference effects and also to improve tooth action.
Mormally. both the internal diameters of the internal gearand the outside diameterof the mating
pinion are made slightly larger than the size calculated according to the conventional tooth
proportions. Figure. 2.35shows the internal gear parameters. Usually, the pinion is the driver
and the internal gear is the driven one.

The undermentioned characteristics of the internal gears are to be noted vis-a-visthose of the

external pears.
1. Sincethecentre distance 15 small. areductian gearunithavinginternalgear arrangement

is more compact for any particular reduction ratio.

2. The tooth forms of internal gears are stronger than those of the corresponding external
gears.

3. The action of tooth during operation is much smoother than that of the conventional
external gear drives,

4. The sense of direction of tooth travel 15 the same for the two members comprising an
internal set. This results in reduced sliding, low wear and greater efficiency.

Fig.2.35 Paramatersof internal gear drive
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§. The tooth profile of an internal gear more or less wraps around the tooth profile of the
external tooth of the pinion. This aspect has several advantages. namely, the contact ratio is
greater, load transfer from tooth 1o tooth is gradual, running is quieter, and most important,
since the actual surface in contact is increased because of this wrapping action between the two
curved surfaces, a greater load can be taken by the system for the same surface stress and life,
orconversely, the surface stressismuch lessforthe same corresponding load. (Inthis connection
see Bee, 2.230n contact stress, )

6. Due to longer line of action, comparatively more teeth are in contact simultaneously.
Consequently, the load-intensity on any one tooth is comespondingly decreased. thus increasing
the life of gears.

7. Asaconsequence of decreased load on onetooth, the impact force atthe beginning of tooth
engagement is much reduced, resulting in quieter running.

8. Sincethe shapeofaninternal gear drive forms asort of natural guard over the meshing
tecth, it is advantageous for some kinds of machines.

In an internal gear drive, two types of interference may take place. Firstisthe usoal kind,
thatis, the mating of involute profile of one member with the non-involute portion of the other
member.

The tip circle of the (driven )internal gear does not cut the line of action as the top of the tooth
extends inside the base circle where obviously there is no involute profile. Consequently, the part
insidethe base circle will cause interference which can be avoided by modifying the teeth sothat
no contact occurstill the *interference point™ isreached. The modified internal gear 1sshown in
Fig. 2.36.

4

Fig. 2.37 Fouling ininternal gear
Based on Grundzuegeder Vesorahnung. Thomas, 1957 edition.
Fig. No.11.7, @, 233, Carl Hanser Yerlag. Munich
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The second type of interference iscalled"fouling®. This type of interference is peculiar to the
internal gearsystem only. The principal limitingfactor underlying the design of aninternal gear
system is the difference between the numbers of tecth z andz of the mating members. When
this differcnce is too small and the detrimental effect 15 not taken care of by suitable comective
measures, foulingor tip interference may occur. Thatis, foulingmay take placebetween the tips
of the pinion and the internal gear in the region where their respective tip circles cross as shown
in Fig. 2.37.

The tooth profile of an internal gear is concave instead of convex as in the case of external
gears. Becauseof thisshape, the fouling type ofinterference occurs between the inactive profiles
asthetecth ofthematingmembers go in and outgfmegh, Foulingoccurs whenthepinionis large
compared to the internal gear.

Fouling can be avoided 1if a minimum difference in tooth numbers between the gear and the
pinion s maintained. Thisis 12 tecth for 14.5° full-depth system, 10for 207 full-depth system
and 8 for 20" stubtooth system. As a general rule, the pinion diameter should not be larger than
about two-thirds of the pitch diameter of the internal gear for 20° full-depth teeth. The following
general rule applicable for gears at standard centre distance 15 also used by some designers.

(2,-2z)= 10 + Zl
3

In each case. however, modifications in the teeth profiles may be necessary, When such
madifications are undesirable for any reason, then the difference in tooth numbers has to be
greater. Another method ofavoidingfoulingisto generatethe internal gearwith a Fellowscutter
having two tecth lessthan the namber of teeth of the gear. This automatically relieves the tips
of the internal gear tecth to prevent fouling.

Forinternal gear drives, the standard 20" involute full-depth form ismostly used. Inprinciple
design technique of an internal gear is the same asused for external gears. The basic rack forms
are the same in both the cases. Measures, however, are to be taken while ascertaining the
dimensional parameters ofaninternal gear drive system in order to ensure effective tooth action
by avoiding various types of imterferences.

Theprocessesavailable formanufacturing internal pear teeth are limited; &g, casting, shap-
ing or milling with formed tooth or cutters. An internal gear cannot be hobbed. Howewver, for
accurate pruduclmn of internal gear teeth, only the generation method using a pinion-type or
Fellows cutter is employed. But this process teo has its limitations as regards the cutter size.
Internal gears of small size can be produced by broaching.

Toavoidinterference and to ensure free and smooth movement ofincomingand outgoing teeth
of the meshing pair, two methods are generally employed. The first method involves the
enlargement of internal (addendum circle or tip circle) diameter of the internal gear as well as
af the tip circle diameter of the mating external pinion. For this, the following formula may be
used.

Internal diameter of the internal geard _ =mz. - 1.2 m

Tip dismeter of the external piniond | =2mz +2.5m

Mote thatin both the cases, the diameters are somewhatlarger than the normal valoes given

h}"
— =
dm_d!+2m m.z1+.?.ln
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Table 2.9 I:II-munl.Innm!imnﬂlpurgwdmﬂ[nrﬂ‘mndgm

Pitchoircle dismeler d =zm o, = Zm
Tip circle diameler dn:ﬁ. +&m + ?_rl m n'__: dx = fm + 2xm
Rool circle dameaier dﬂ =|:I'|--2 f1.25= .r_I]r:n d.,:dz* 2(1.28%x,)m
Ceniredistnce i dy . ody _ X z - 2
. 2z
Taoth thickress on .11-£*El:'..'1'||='1l1 S_Enﬂ-zﬁmlnnﬂ
ihe pitchainche k3 z

Table 290 Dimensicnsal internal spur gear drive for 5 -cormected gears

Pitch circle diameter o, =Z,m dy=z,m
Tipoinche digmaler g, = d = 2fa=m— g m) dgy=d + 38 -m- xm)
Rootcircle dinmeler d=-8-2(1.2-5m d,=d, T 2125 . x)m
o= F, COS&
Centredisianca g =m=—" ——
F OO a,,
Wharking pressursanghe ime g, - E_E_.II i tan @ + v a
. Zy = Ij
Tounth thickness on B £
— + - -
the pilch circla &y Ej:"I'"';I fan a 5y = Ex,m an @
dy - de = 4
Topdsarance G:M—E=£Tn—ﬂ
2

216 [Practical Design Criteriafor Gear Dimensions

In solving any gear design problem, the wsual practice for the designer is to make a rough,
preliminary draft design before procecding o finalize the design data consisting of the finer
aspects of the art of gear design. At the preliminary stage, the design involves such considera-
tions as the types and magnitudes of stresses which the gear is likely 1o be subjected 1o, an
cstimateofthe approximane gear sizekeeping the space and weight restrictions inmind, arough
idea abowt the power rating to meet the requirements in caseit is not initially known and other
cperational parameters.

Though no dogmatic rules can be given which will enablethe designer to make a perfect job,
some generalisations can be drawn and guidelines given to determinethe praciical dimensional
and other gear data. In Chap., Iwe have discussed about the gear drive requirements asto the
type ol gearing, speed, axisorientationand the number of stages. Inthis section design criteria
for gear dimenzions and allied aspects will be dealt with.

The geometrical proportions of a gear will depend on several factors. Normally, the following
parameters are given from which the designer has 10 proceed in his task,

1. The owtput power or the torque required.

2, Thetransmission ratio.

3. Theinputspeed or the required output speed.

d. The anticipated life of the gear set.

5. The duty of the service conditions.
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B, Thenature of load which the gear setis expected to encounter during 1tsoperational life

7. Other special conditions, such as, space requirements, pre-specified centre distance and
price limitations.

We will now take up the individual data of gear parameters for proper design.

Material

Selection of proper material has aleeady been discussed in detail in Sge, L.8and atotherplaces
in this book. Besides strength considerations, the choice of material mainly depends on the
requirementsofspaceand weightand the overall price of the geardrive, Castironisgood enough
forordinary purposes. Steeland cast steel offer better strength. Pinion of synthetic material is

quiet running and vibration damping. Phosphor bronze and similar materials are vsed 1o
alleviatethe loss due to sliding,

MNumbear of Teath

The number of teeth of the pinion and the gear are to be o chosen that a minimom value of 1.1
forcontactratioisassured. Forfastmoving set, it shouldbe greaterthan 1.5 Thetransmission
ratioshould not preferably be a whole number to ensurehunting tooth actien. Guidelinesforthe
gelection of minimuwm number of teeth of pinion are given in Table 2.11. When the number of
teeth is below the minimum specified in See, 2.10, then obviously the pinion is to be positively
corfecied,

Tablez211 Minimumnumberof pinionteeth

Type ol sarvies Minimm namber of feath
Heavy duty and high speed 16
Medium speed 12
Lighlduty and Low speed 11}

Forthe sum (ordifference)of number of teeth of pinjionand gear, the following rule holds good
For external gearingz, 2 2 24 and for internal gearingz, — 2,2 10

Transmission Ratio

Ifthe transmission ratio 15high, amulti-stage gear setis used to avoid unnecessarily big gears.
In general, the transmission ratio per stage is given by

I = 7 forgeneral purpose drive
= 1for maximum value in special cases
e 4 formaximuom value for change-gear seis

Ifthe given transmission ratio cannot be strictly adhered wo for some technical ground, the
following deviations are allowed:

For all ivpes of drives excluding worm-drive when i 2230, the allowable deviation = % g
Forall types of drives including worm-drive when £ 2 250, the allowable deviation = = 5%,
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Pitch Circle Diameater

The final value of pitch circle diameter will depend on many and different factors. Only broad
outlines can be given for initial caleulations. These are
d,z21.5xghaft diameter in case of a pinion shaft,{ ¢, when the pinion and the shaft are made
from one stock

2 2 x shaft diameter in case of key-fitted or shrink-fitted pinion
MNeglecting the effect of bending and considering torsion only, we can arrive at a rough, initial

value ofd,, using the well-known formula from mechanics: torque T = i d? T and

inserting a conservative value of the allowable torsional stress 1= 12M 'mm?

Shaftdia = dimm) = |.[1'g]1|_FI (kW) (2.43)
my(rpm)

In selecting the width, the type and the quaiity of bearing are the deciding factors, among other
considerations. The following guiding values can be given:
Straddle mounted., i.e, bearing on both sides

Width of Tooth

bld, < 1.2 (2.44)
Owerhung, 1.e. bearing on one side only
bld, <0.75 (2.45)

Putting b= Am, Table 2.12 shows the relation between the tooth width and the module.

Table2.12 Factor i, for differentservice condltlons

Toarisurface cardition Type of beaving a8
Castclean and smoath " Beanngfitledan steelconsiruclions 10
Beannpfiiied on sieel n:rm‘l:Lru:Ih:n:,ﬂ_g,buam: e 15
Mlachinesd Baearngwith avefiung pinian 15
smaathor Bearingfilled in gear box casingsand similar cases 25
o Anb-ricbanbearings or joumal bearnps itled on
rigid bass and using shafls of sufficient stifinass an

MNormally, the width of pinion is made 3 to 4 mm greater than that of the gear to ensure

completeengagement during service, sothai the effectsof strayingof gearsonthe shafisand mis-
alignment arc averted.

Module

Selectionof propermodule will, of course, depend on the strength considerations. Small modules
permit nodseless running. The limitingfactorscomprise strength of tooth root, quality ofbearing
and manufacturing constramts onthe lower side, and the PCD and number ofteeth onthehigher
side.
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Therelevant relations are:

b
= = A6
m 1 (2.46)

PCD of pinion
Minimum number of pinion teeth

(2.47)

mn

21T Types of Gear-body Construction

Depending upon the size, material, type of application, cost and sther deciding factors, such as

nticipated steess conditions and operational parameters, the gears may have different con-
structional designs and shapes. Gearblanks may be machined feom a solid raw-stock ormay be
manufactured by casting, forging and Fabricating by welded construction, Oftenthedesignerhas
o reckon with such considerations as machining facility and availability of heat-treatment
Mmecasures,

Small pinions are often made integral with the shaft. In sueh a design, which s normally
referred to as a pinion shafi, the key is dispensed with and the provision of an axial-locating
device 15 also eliminated.

Gearsarealsemade by drop-forging and die-casting. Stcelgearswith diametersupto500mm
areusually made full without recess. Large gears are generally of cast construction. Yery large
and wide gears are usually of two-walled varieiy and are either of casior welded construction.,
For saving costly materials, composite designs of gears are sometimes resorted 1o, [n such
designs, the gear vim of quality steel is press-fitted or shrink-fitted on to the gear-hub which 1s
made of comparatively inferiormaterial. Grub screwsare sometimes fitted berween the rim and
the hub for extra securing. To avoeid fatigue failure, gear teeth are offen chamferred sideways
of are rounded off laterally.

To effect reduction in weight, the gear crown or the rim may be joined to the central hub
through arms or spokes. The following dimensional guidelines are given for cast gear bodies.

Rim thickness (excloding teoth height) = 1obto 2m
Hubthickness = (0.4 shaft diameter) * | 0mm, for cast iron
={).3x shaft diameter) * 10mm, for steel casting

Hub length 2 1.5x shafidiameter

Number ofarms = 1/Ttol/8 of ‘u' pitch circle diametar in mm = 4 to B (generally)
Arm thickness = 1.6m

Arm widih =8 m to 10 m acar the hub, tapering 1o 6.5 m to 9m at the rim

The designed gear blank must be rigid and the hub must be of enough thickness for the
maintenance of the proper fit, for the provision of the keyway of standard dimensions and for
proper torgue transmission. [Mtwokeys oraplines arce used, the hub thickness should be decided
upon accordingly,

Ciears are sometimes made in two halves, Thisway itis possible to assemble the two halves
without pushing the gear alongthe shaft from oneend till 1treaches the desired position on the
shafi. Large geoars are also made in two halves to alleviate casting difficulties orto facilitate
despatch. These aplit gears have even number of teeth and the parting planc always passcs
through the tooth-gaps sothat the teeth are not weakened. The size and positions of the bolis
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connecting the two halves are especially calculated. Forsplitgears, the ultimate alignment 15
of vital importance.

When the pitch line velocity is high, the resulting bending stress induced in the nm may be
considerable. For steel gears, this stress may not pose a serious problem, but when the gear
material is cast iron, the rim may be vulnerable to bursting. Hence itis prudent to check this
stressin case of castiron gears. This involves complicated calculations, but approximate value
can be arrived at by making a few assumptions to simplify the procedure.

We canconsiderthat the portion of nm between two arms is a uniformly loaded beam fixed
attheendsby thearms. Thelengthofthis portionisthemean length ofthe arccontained between
the two arms. Then, neglecting the effects of curvature of the rim and other factors, the total
bending load effective in that sector of the rim is given by

FiN) = m Lv™ = A{ul (2.48)
r

where
F =Foree, N
m_=Mass of unit length of rim, kg/mm
L = Developed length of the sector, mm
M =Total mass=m_L kg
v =Pich line velocity mfsec
r = Mean radius of rim, m
From mechanics, we can write the following formula for uniformly loaded beam fixed at the

ends .
Maximum bending moment, B_,, = };1'21— {2.49)
The stress induced may then be calculated by using the formula
B__=aZ

whereZ i5 the modulus of section of the rim cross-sectional area. The induced stressean then
be compared with the allowable stress o, for checking.

Theloading patterngfthearm isalso very complicated and the stress calculations thereofare
quite involved. Acombination of forcesacts onthe arms. These are the bendingforce due tothe
transmitted torgue, the centrifugal force on the rim which in turn produces bending and tension,
and a vibrating bending force created by the dynamic load. By neglecting all the factors except

bending by the transmitted torque, an approximate formula for the stress can be obtained as
explained below.

Itis assumed thatonly one-fourth s€all the arms take part in the transmission of load. Tak-
ing F, as the tangential force acting on the tooth surface at the pitch circle and Z as the section
modulus of the cross-section of the arm, we have the bending moment

B=FL (2.50)

where

L = Effective length of the arm, that is, the length from hub to rim. Equating for
stress, we have

— Numhe;ufu:rms X ZX 0, (251
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where 15 the bending stress produced, the allowable values for which are given by

a0, = 30 Nimm? for cast iron
= GIN/mme for steel casting

Large gears are often made of welded construction. Welded design is resorted to for the
undermentioned reasons.
. Itis cheaperthan the cast design.

2. For cast items, patterns are to be made. T the number reguired is not large, then the
pattern making for a few picces is not economically viable, Hence, welded design is more
cconomical.

3, Thetotal time required is less.

4. Welded construction is lighter in weight.

5. Forthe same load carrying capacity, material required is less.

Examples of differentdesignsof large gearshave been illustrated in Figs 2.38w0 2.40.[n cach

of these figures, the lefidesign is of castivpe and the right design is of welded or fabricated type.

218 Force Analysis for Spur Gears

Oneolihe fundamental parameters to hccunﬂidfmd,ann]ysedanrl-u:]'l.n:r:l.:q:d for designinga gear
gyatem is the load-transmitting capability of gear teeth. For this the circumferential force
effective on the tooth at the pitch circle of the gear when in mesh, must be known.

Depending on the given data, this force P, known asthe tangential force ortransmitied load,
can be derived from the following standard equations

E
- 2000T  191x10"xF _ 1000P (2.52)
of dxn 7]
where
.F: = Tangential foree in newtons
T = Transmitied torgue in newion meires
d = Pitch circle diameter in millimeire
P = Power in kilowatis
n = Speedinrpm
v = Circumfberential velocity in metres per second

lerespective of the value of the contact ratio, for calculation the total gear forcesare taken to
be effective on a single pair of teeth in mesh. Referring to Fig., 2.41 normal fn:I'EL‘F":l-EtE along
the pressure line, The normal force due to the pinien produces an equal and opposite reaction
atthe gear tooth as shown in the figure. Since the pinien is mounted on its shaft, force R acts
atthe centreofthe shafiwhich is equal in magnitude but opposite in divection to FH" The same
thing happens in case of the gear.

Normal foree Figresolved into two mmpunent.gJ“ in the tangential direction and .F" inthe
radial direction. ‘Eln farasthe transmission of power is concerned, component F_plays no part.
The driving component iEF,. The tangential component of shaft reaction & and F"cnn.nitjlulc-a
couple which produces the torque onthe pinion which in turndrivesthe gear set. Themagnitudes
of the componenis of the normal foree .F'H are given by



Fig. 2.38 Types of gear body construction
Basedon M u:“:hin-urrulem-unhl.HiurnInn,m;ﬂEI |, 1985
edition. Fig T2, p. 72 Springeredag, Heidelherg

Fhh i
—r— —

ig. 240 Types of gear body nnnﬂlru
FJ=F”|::|5:—] (2.53
F.I_:F"_!'ii.l'l.i-l'zf'; tam @ (2.54)

whereafs the pressure angle. Incase of correctedgears with non-standard centre distances, the
working pressure angle o should be inserted in the above equations instead of o.
If the metric technical system of units is nsed, the following relations are of relevance.
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Fig.2.41 Forcediagram of spur gears " = A
= Force imposed on tooth of defeen gear
= Tangentialdriving force (Transmitted load)
= Radialcomponent [Separating farce)
= Rpaction of shaft 1o force exerted by the drfving goar

T

F{kW) PikW) Pimetric HP)
—_— = 195 10 = T6
v im / sec) = d (em) = n (rpm) v (m / sec)

F, (kgf)=102

P{metric HP) (2.25)
d (cm) x o (rpm)

=148x10°

Circumferential velocity

d{em)xn (rpm) (2 56)
19710

vim /8] =
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The above force analysis is, of course, a simplified one. In actual practice, dynamic forces (as
discussed later inSee, 2,22, deflection of shaft due to the action of the radial forceF . power losses
due to bearing and shaft-seal friction, lubrication eftects, etc., are also to be taken into
consideration for precise calculations. Distribution of gear forces on shafts for different
orientation of the driving and driven gears has been illustrated in Fig. 2.42,

Fu e

DRIVER = ) F, ( Oy

i

DAIYER

RESULTANT FORCEAT Oy =10

Fig. 2.42 Distributionof forces fon shafts
Basadan Die Traglaehig keil der Zahnraedar, Thomas and
Charchud, Tih edition, 1971, Fig. o . 7.8 & 8, p. 34 & 35.

Cad Hanser Verlag, Munich

219 Spur Gear Bearing Loads

(iears impose loads on bearings on which the shafts carrving the gears are mounted. Depend-
ing on the arrangement of the gear drive, the magnitude of the gear-tooth drivingforce and the
direction, the bearing loads are distributed on the individual bearings accordingly. Inthe case
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of helical pears, apart from the resultant radial forces acting on the bearings, thrust forces
axially along the shafts are also created, as will be discussed in Chap. 3 on helical gears, For
selection of the type of bearing, that is, journal or anti-friction bearing, ball, roller or thrust
bearings, etc., and determination of its size will depend, among other factors, on the load it has
to carry. In case of anti-friction bearings, the catalogues and manuals of the standard bearing
manufacturers give details about the load carryingeapacities of these types ofbearings and their
selectionprocedures, sothatthe selection ofthemostproper and suitabletype and sizeofbearing
poses no problem once the bearing loads are known. In case of journal bearings, however, a
proper bearing hasto be designedafter consideringbearingloads, material of bearing, allowable
stress, type of lubrication, etc. In any case, a complete load analysis is required before the right
type and size of bearing is selected or designed, as the case may be. For anti-friction bearings,
load ratings and life required by design calculations should correspond with those given in the
manufacturer's catalogues. For reduction gear units in general, a service life of 20,000 hours is
the usual criterion.

It hasbeen shown in See, 2,18 that lhn:eF” which 1s normal to the tooth curve snd which acts
along the line of action can be resolved into two components F which is tangential to the pitch
circle of the gear and which is actually the driving force, and F which is the radial component
directed towards the axis of the gear and as such, serves no useful purpose.

Inthe followingdiagrams, bearings loads in several cases ofgear-drive onentations are shown
with their respective values in terms of known forces. In all cases subscript B stands for the
ultimate load on the bearing, letter £ with appropriate subscripts, such as 1, IT, etc., stands for
the respective distances, and subseripts &, ¢ and r-have the usvual meanings as given before. In
each case the resultant load on a bearing is the vector sum of all the individual force components
acting on that bearing.

Straddle Mounted

The straddle mounted type of arrangement is shown in Fig. 2.43(a), The resultant force acting
on bearing B and BIT are given by

Fg, = Theresultantforceon bearing Bl ="|!r(F.EJ'l:'i + {Fﬂf (2.57)

er = The resultant force on bearing BEE = J{th}l’ + I:FHM_}IE [2.58)

F., and F_ arethe tangential and the radial components of the main gear force F, acting
on bearing 2 Their counterparts on bearing ZZ areF_ and F

The magnitudes of the two resultant bearing forces will dl:pn:m:l upon the position ofthe pear
as it 1s mounted on the shaft, and are oiven by

Fy = Pl (2.59)
L
L (2.60)
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Fael
{a) STRADDLEMOUNTED — OME GEAR i8] OVERHUNG— ONEGEAR

i
oy, B

lss =
'-F-r.: = Bl
F

B

Pz "Bty Fp

(e] STRADDLE MOUMNTED —TWO GEARS (dy OVERHUNGE STRADDLE MOUNTED

= TWOGEARS

Fig. 243 Distribution of gear forces on bearings
Basadaon Die Tragfaehigheitder Zahnreader. Thomas and Charchul 7t edition.
1871, Fig. Mo, 11,12, 13. & 12, p. 35 & 36, Corl Hanser Yerag. Munich

Overhung

Figure 2.43(b) shows the overhung type of arrangement. In this case Eqs .57 to 2.60 are also
applicable. 1t is recommended that the following relations in distances are adhered to

L (min) = 2.5 x Pitch diameter of 22.5= L, (261

Two Gears Mounted cn the Same Shaft

When two gears are mounted on the same shaft, the orientation of the different forces shown in

Figs 2.43(c) and 2.43(d).

For Fig. 2.43(c)

F Ly + F, Ly
L

Fi, Ly + Fr, Ly
L

(2.62)

Foy = qu, s Fan, x

Fy, = Fay - Fy, =

(2.63)
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F, Ly + F, Ly
L

F L -F Ly

For Fig, 2.43 {d) 5

In this case the equations for bearing | (Eqs 2.62 and 2.63) are applicable. Equations for
bearing IT are different and are piven by

(2.64)

Fa = aiy, * Farn, =

{2.85)

Fmr = Farm._ Fl.lr.n, =

F. L,-F I

Fﬂm = F.I!I'I'ﬂ, - F'm,n_l = 7 (2.66)

F L+ F L 267

F"Ir 3 Fm " Fmi 3 "y ] ry L { }
: L

After ascertaining thetangential and theradial components, theresultant forcesactingonthe

bearings can be found by using the general equations 2.57 and 2.58, which are the vector sums
of the components forces.

Example 2.6 Given : Straddle mounted corrected pinion of a S-gearing system with the
followingdata
P, = 150kW, n, = 1450 rpm. 2, =23, m = 5, working pressure angle o =24°41°,

distance between bearings = 200 mm, pinion is situated at 70 mm from one end.
T find the bearing loads and the maximum bending moment.

Solution:  From See, 213, we hove therelation
Working circle diameter

cos a cog a oy 20%

d, = d = m Z S —— = 118,83 mm
cos a, cos &, cos 247 41
Torgue
T,=9550xﬂ=5550x—1§'g"-ﬂﬂﬂh'm
ny 1450

Circumferential force on the pinion

2x 0 2 » 988

F =
' d.,  0.11893

= 166156 N

Narmal force on the tooth profile

FH==——FL—= 18286 ™
cos A&,

Referring to Fig. 2.43 (a)and using Hgs 2.59 and 2.60, we get

F..=5£'I‘-‘ﬂ-1msx 130/ 200= 11886 N
Fen =!th‘%£= 18286x 70/ 200=6400 N
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Maximum bending moment

,E'__: FHI LI= [1E86x TO=832 N m

Journal bearings: Forthe purpose of designingjournal bearings. the allowable bearing loads
are to be known according 1o the material used. Besides, the followmgdata are of relevance in
this confext:

L= ‘U.Etﬂ 1.2d

where L is the length of the bearing and d is the diameter of the journal portion of the shaft.
Bearing pressure p = _Bearing load _ F,

(2.68)
Projected arca gL

The allowable bearing pressure values for common bearing materials for different velocities
are given in table 2.13.

Table 213 Allowable bearing pressureon journal bearings

Circumferentiabelocity of journal winm's

Bearng 3 {max) 40 0 a0 10 5 2
maierial
Permissiblebearing pressureg, inMicm?
Castiron S0to 104
Bronze or white matal 50 75 ] 150 200 g

2.20 Journal and Journal Bearing

Ajournal is defined as that portion of the shaft which is encased inside a bearing. To determine
the sizeof thejournal, the diameter is first calculated on the basis of the bearing forcein question
andthenitischecked against the bending stress produced. The forceto be carmied by the bearing
15 given by

F,N) =dLp (2.69)

where & is the diameter of bearing in mm, L is the length of the bearing in mm, and p is the

specifichearing pressure produced inN/mm®, The expressiond L represents the projected arca
of the loaded journal.

For safe working, p must be equal to or less than the allowablebearing pressurep . The value
of p depends on the service conditions, circumferential velocity of the shaft, ‘duration of
np:igal.iun, material and type of lubrication and cooling. Estimation ofthe dynamic load carrying
capacityisrather involved. For simplified calculations, the values of allowable bearing pressure
for common bearing materials at different velocities given in Table 2.13 can be used.

Journals may be mounted on anti-friction bearings or on radial bearings known as sleeve
bearings or journal bearings. For the proper selection of anti-friction bearings, the reader may
refer to catalogues of standard bearing manufacturing companies. In this section only journal
bearings will be discussed.
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Journal bearings aresimple in construction, easy [0 instal, cheaper in cost, reguire less space
and nnrmul]],' noize-free and impact damping. However, the startin gfr:i{'!.inn isvery high and the
system requires considerably more lubricant. Modern design practice calls for shorterjournal

bearings having length to diameter ratio{L :d) between (), 40,8 and 1,0-1.2, Though u:lcn!l:,. L
should be equal toor less than d, this condition may not be possible to adhere to because of the
specificbearing pressure p produced in case of differentbearing materials, Shattbeingmade of
steel, the following relations can be used for different materials.

L =1.1.8d for bronze or gun metal
=1.5.2d for white metal
= 2-3d for cast iron

Example 2.7 Given: Hearing load = 20{00 N, speed = 1500rpm. To determine the relevant
parameters for the bearing.

Solution; The following tentative selections are made with the help of Table 2.13.

Material: shatt — Fe 480, beaning — white metal.
L:d=2orLl=2d,p, = 0 Niem® Fy=dLp, or 20000 = dx 2d x 100, d = [0cm

v (m's) = mdn/60x 100= 3.24x 10 = 1500/60x 100 8.

Thisvelocity 1swell within the value specified 1n the table. The bending moment within the
journal portion is given by

B = FE[nl'E = 000 e 2002 = 200000 Mlem =Eg:|r!| =01 xgd¥x a,
ar
2000 = 0.1x 10%x g, whenee g,, = 2000 Nfem?® = 20 N/mm?

his stress value is also within the normal permissible value for steel selected. Hence, the
dimensions and the materials selected are acceptable.

2.21 Shaft Design

Inorderto designithe shaftonwhichthe gearismounted, many diverse factorshave tobe taken
into account. Stressconcentration is amajor tactor for which the reader may refer o standard
backs on mechanics where this aspect is dealt with in detail. In Appendices M and N, the
standardised values of shaft diameters and the fillet radii in case of stepped shafts have been
given. These data should be made use of while fixing the shaft dimensions.

By and large the main determining factors for theealeulationof the diameter ofthe shaftare
the maximum bending moment and the torque to which it is subjected. The determination of
bending moment has been dealt with in8gg, 2.19 for spur gears and in Sec.3.13forhelical gears.
Expression for torque has been given in Sge, 2.25 and at other places.

Thenextstepistocalculatethe equivalentbending moment for the combimned effectofbending

and torsion. Thisis given by
B,=.‘|E’+3 (o T <a, Z (.70
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where # and Tare the maximum values of bending moment and torque respectively. Equation
2.70isbased onthe maximum distortion-energy theory, whichis alsoknown asthe shear-energy
theory orthe von Mises-Hencky theory, and thistheory isnormally applicable formaterialsused

for shafis.

Section modulus Z = 00,147 for a solid shaft of diameter d and 315 a stress relations factor
given by

e 2.71

“17ar, gk

whered, = Permissiblebending stress, and T = Permissible torsional shear stress. The following
allowable values can be taken for shaft matérials

40 o 60 N/mm?® for Fe 490
60 to 100 M/mm? for Fe 620 and alloy steels

T

As arough guideline, @ can be taken as 20%of the endurance limit of the shaft material in
reversed bending.
T, = 40 to 80 N/mm?® for stecl having ultimate tensile strength less than 300 N/mm?®.
= &) to 100M/mm? for steel of UTS greater than 500 N/mm?,
The corresponding equivalent stress is given by

g, =o' +3ar) (2.72)

where oand 1 are the bending and the torsional stresses produced respectively. The diameter
of the shaft is given by
| B

d Z Efm [2.T3)

Besides strength considerations, shafis are sometimes checked for stiffness, deflection and
critical speed. For longshafts, acertain angle of twist must not be exceeded. For such cases this
is the deciding factor for the ultimate selection of the shaft diameter.

The angle of twist 15 given by

& (radian) = 1 (2.74)

G

where T=Torgue (Nem), L = Length of shaft (em), I Polarmoment of inertia of the shafi cross-
section (em*), and G = modulus of rigidiy I:M'cm’]l
Eor circular shafts

f,.: w32 G for steel is sround % x 105 N/em?.

Expressing g in degrees, the angle of twist per meter length is given by

g, o JOOOT e gt = 155" TG0

il

n

Normally, the permissible value of @ i= 1/4%/m, This gives
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dicm)= 04125 x 4fp (2.78)

Shaftswhich have to withstand bendingforces caused by machine elementsmounted onthem
should be checked against the deflection which results from such leadings. Elements carried by
the shaftshould be mounted close to the bearings to reduce deflection, The maximum deflection
mustbe kept within the allowable limit which iz normally 0.001to 0.003times the span, i.e. the
distance between the bearings.

In case of high speed shafts (withp greater than 1500rpm) of certain types of machines, the
critical speed should be checked. Imbalance in the system causes vibration. The vibration
amplitude may reach such values as to cause ultimate failure of the shaft. Resonance occurs
when at a critical shaftvelocity, the frequency of vibration of external forces and of the shaft
system coincide. The speed at which resonance setsinis called the “critical speed™. To avoid the
disturbance caused by this phenomenon, the operating speed must be widely away frism the
critical speedwhich should lie atleast 10%above or sometimes w wlely below the operating speed.

The reason for resonance vibrations lies mainly in the centrifugal force which is caused by
improper balancing and deflection of the shaft. Arriving mathematically, the critical speed is
given by

n_(rpm) =300 1Lf 2.76)

where f = the maximum static deflection(in ¢m) of the total rotating and vibrating masses.

An indication of the impending failure of the shaft is its excessive vibration. However, the
shaft does not fail all of a sudden. Proper balancing, therefore, is of utmost importance for high
speed shafts together with the machine elements mounted on them.

222 Dynamic Loads on Gear Teath

The forces acting on gear teeth are normally determined from parameters like power and speed.
These forces which are known as transmitted loads, however, give only the theoretical values.
In actual practice, these forces may be exceeded considerably because of effects due to moving
and swingingmasses, machiningerrors of teeth caused by cuttinginaccuracies, deformationand
deflection ofteeth under load causingperiods of acceleration and deceleration of short durations
during the course of action, inertia forces required 1o change the velocity of the inertial-masses
of the meshing gears, shaft misalignment and impact loads. These additional forces which are
superimposed on a steady (transmitted ) load are generally termed as “dynamic loads”,

Although considerable research has been cammied out by experts in the field viz. Erle
Buckingham, (. Miemann and others, the dynamic load remains as one of the leastunderstood
phenomena of gearteeth in action. The vibration characteristicsinduced by the dynamic loads
are so complex that no completely satisfactory methods of computation of such forces have
evolved, and calculations based on considerations of rigid bodies lead to inaccurate results.

Considering the practical aspect, therefore, the gear transmission phenomenon is far from
what one concludes from the conventional formulae. ‘What actually happens when gear teeth
come in contact depends on diverse factors. Briefly, these may be described as follows: Geear
tecth in mesh have a number of imperfections, namely, the tooth profiles are never perfect
mvolutes, the tooth spacings are never uniform; kinematic perfection is never attained becanse
tecth deflectunder load; the shaft and mountings also deflectunder load: the tooth elements are
not perfectly parallel to the axis in case of spur gears; and uniform distribution of load never
takes place across the face and flank of tecth, The result of all these defects and errors isthe
dynamic load which 15 1n addition to the load derived from the usual formulae.
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Dynamic load gives rise to shock and impact. Research has shown thatthe worsteffectoceurs
when the load is transferred from one mating pair of teeth to the next pair. They bounce apart
and mesh again with animpact. The dynamic load is momentarily at the maximum peak at the
instant of impact. Though perfect determination of the amount of the dynamic loads is not

ssible, approximate values can be denved, the magnitude depending upon the moment of
mertia of the rotating masses, the composite error in spacing and profiles of teeth, speed and

material of gears.

Pattern of the Dynamic Load

Rigorous analysis of dynamic load is extremely difficult and uneconomical for common design
purposes. (Often a more or less satisfactory method of proper selection of gear class is based on
the desired noise level. A gear set will never run without producing some notse, but since the
magnitude of the noise generated is directly related to the accuracy with which the gearshave
been cut, noise can be reasonably taken as a criterion or indicating factor of the accuracy of the
gear set. Obviously noise can be reduced by exercising greater accuracy.

0 E
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Fig. 244 Tooth loadversus time characteristics
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Figure 2. 44 shows the load wa. time relation of a pair ef meshing gears. During the course of
teeth engagement, there will be a period when the applied load is carried by two pairs of teeth,
atother peried the entire load is on ore pair only. Thisaspecthas already been discussed in Becs
2.5and 2. 7T Figure 2.44(a) shows an idealised representation of the load—time characteristics
incase of @ spurgearpair running atlow specd. Recalling Secs 2.5and 2.7 a pair oftooth comes
incontactandinstantly thispairtakesthe load represented by theline AR . Sinceatithatinstant,
one previouws pair is stillin mesh, the new pairshares about half of the total load while the older
pairtakes the remainder of it. *“Thiscontinues tll point C is reached whercupon the load onthe
mew pair is suddenly increased by CI, At this stage the older pairhas gone out of engagement
and the mew pair takes the full load. Thisisrepresented by the line DE. AvE thereisasudden
reduction in load-careying because another new pair has come into mesh inthe meantime. The
rest of the load sequence is a reversal of the initial one. A more realistic picture of load —time
curve is shown in Fig. 2. 48(b) where the clasticity of the teeth and their convex profiles modify
the vertical lines and round off the corners. Athigh speed the curve takes the form as shownin
Fig. 2.44(¢), Here the most important feature is point I} where the load overshoots and the
maximum force on the woth becomes greater than the force which corresponds to the nominal
forque.

Theforegoing case deals with teeth which are properly cutas regards tooth profile and spacing.
This, howewer, is not the case in practice as pointed out before, and consequently the angular
velocity ratio never remains constant throughout the period of engagement. All types of errors
mike aconsiderable difference in the load—time characteristics. Oscillographrecordsshow large
variations from the idealised woth-foree curves. The lead—time curve may take a shape as
depicted inFig. 2.44d), ltmay be seen from this figure that for a short peried the teeth remain
outofengagement due to acceleration or deceleration of therotatingmasses and then they again
come in contact with considerable impact, shooting to a8 maximum momentary foree. It is this
excessofmaximum transicnt lpadoverthe nominal load which guantifics the dynamicload. “his
has also been termed as “dyvnamic increment™ by some anthors.

Since noclear-cut or wholly satisfactory methodbas been evolved sofar, the undermentioned
procedures can be adopted for deriving approximate results on the dynamic load aspecis:

Peak Loads

In case of big pear boxes with considerable self weights of moving paris, Failure may occur
during starting or sudden braking of the aystem givingrise to instantancous peak loads. Incase
of direet coupling of electric motors, the starting torque can amount to a lot more than the
nominal torgue. In hoisting mechaniams, o sudden actuation of the main coupling may result
in & torgue reaching around 2 to 4 times the nominal torgue of the motor, It is, therefore,
imperative that in such cases a thorough caleulation showld be made, taking into account such
factors asthe starting, braking as well as any special and critical service conditions which the
gear boxes may be subjected o,

[n cranes, hoisting devicesand similarapplications, the acceleration torque is calculated and
added to the nominal torque for the determination of maximuom bending and contact stresses,

The acecleration torque is given by

LT
T, = I, = 1. f (277

The expression for T_ can be expanded as follows



ZpurGears 287

2rn (min™) W (N} D? (m*) _  2x314xn (s WNID'(m?)
4 gpime?) t (5] Bl=4=9.81 (ms™) £ (5)

T (Nml=

More conveniently :
o e, Win 2.78
T, (Nmj = e (2.78}
Here,
= Acceleration torgue in N m

WD = Anexpression which hasbeen termed asthe *fly-wheel moment or *moment
of gyration™ of moving masses in Wm® Some authors and manofacturers

of motors and couplings use the German expression G0F

Wiordd) = Weightofthe rotating masses in N

D = Diameter of gyration of rotating masses inm = 2 x § {radivsof gyration)

We have the following relation

o wh 2.79)
; g

where

Mass moment of inertia jn newion metre secomnds squared
Acceleration due to gravity in meters per second sguared
Angular velocity in radians per sccond
Angular acceleration in radians per sceond squared
Starting or braking time in seconds
Speedinrpm
Values uf'fmand]] for common geometrical solids can be found in standard books of mechanics.
The W D values of motors and couplings of standard make are normally given in thecatalopues

of the manufacturers of those items.
For proper selection of the motor torgue in actual working conditions, it is necessary to add

the aceelerationtorque to the rated torque ofthe motor. Toachievethia the equivalentfly-wheel
moment of the whole rotating system is o be calculated with respect to the motor shaft, Thisis
done by wsing the following equation

B R E®Ey
i

] r]
WD) = (WD), x 5] + (Woh, « | B+ wDh, x (B 4. (280
m m m

where (WEF), isthe fly-wheel moment of the motor or of the motor plus the coupling, and ['H-"IJ’J”,

(WDE),,, ete..and i i, ete., are the WIF¥ values and the speeds of the other rotating masses of
the system respectively, gz, pinion shafts, gears, other shafts, other couplings, rotatingparts of
the driven machine and any otherrotatinginertial mass thathas to be accelerated to bring the

swatem b the required speed,

When elaborate caleulation is not possible or necessary, the design torgque can be taken o be
around T0io 25% higher than the rated torgue of the motor. The value of the torgue found from
the rated power and speed by using the conventional foymulae plus the acceleration torque
determines oneofthedesign eriteriaby which the proper moter isselected. Thereader isadvised
to refer to See, 2.26in this connection.
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Different Aspects of Dynamic Load

The dynamic load, which has been defined as the maximum instantaneous load acting on the
meshing teeth of gears during action, may be created due to outside factors like service
conditions, number of starts, nature of duty, tvpe of drive, and also due to internal factors, such
as different types of tooth errors which lead to speed fluctuations which in turn give rise ¢
additional forces due to momentary acceleration ordeceleration and deformation of teeth under
lond. Besides, as each gear is a rotating mass and, therefore, possesses imertia, it follows that
the mass requires the application of force to change its velocity. Both external and internal
factors influence the magnitude of dynamic losds.

External factors :  Thesefactorscanbetaken care ofbyusing the values givenin Table 2.16. The
values of the service factor @ have been arrived at by experience, taking into consideration the
type of driving machine, starting and running conditions, nature of duty and other operational
parameters. The maximum tooth load will occur when

T, =T_ ¢ (2.81)

where T and T arethe maximum and the rated torque parameters respectively., and (@is
the service factor.

Internalfactors © Thescfactors are so complex that to arrive at a reasonably accurate value of
the additional load due to the dynamic forces acting on the tooth profiles, a large number of
complicated calculations areto be made. Thisisjustified when call::u]:atlnnsfnr master gearsare
involved. Moreover, in case of comparatively smaller speed ranges, the effects of tooth errors,
and other detrimental factors are less pronounced than those in case of high specd gears.

Mon-uniform andjerky operation of a gear is the effect of tooth errors, such as profile error,
or pitch error, which are caused by faulty manutacture. Teeth also deform under load as stated
earlier. Thegearratiof may be considered to be of constant magnitude duringone complete cyele,
butin actual practice instantaneous values of this ratio remain changing all the time resulting
innon-uniform rotation of the drivengear. This givesrise to angular accelerations which inturn
produce ahammering effect during engagement causing additional dynamic load. Noise and
vibration are created, and smooth and useful transmission of energy is impaired. Obviously, a
larger dynamic load will be created if the machining accuracy is low, velocity is high and the
rotating masses arc comparatively greater.

In majority of the cases, the approximate method developed by Prof. G. Miemann is sufficient
to calculate the dynamic forces.

Based on experimental research work, the followingrelation has been denived

Ft, =K K bv (2.82)
where,
Fiy.r = Additional tangential force on the tooth caused by dynamic loads, N
ﬂ‘n = Factor taking into account the amount of load in relation to the effective tooth
EITOrs, Newtons per centimetre

K, = Factor taking care of the influence of the circumiferential velocity, seconds per
metre
b = Face width of tooth, centimetres
v = Circumferential velocity, metres per second

Kﬂ t5 determined from the relation:
K =Exg+26r
b (2.83)
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where

F = Tangential force on the tooth, N
The numerical value (expressed in micrometers)of the largest existing tooth error
e_g__l""}"‘f etc. asthe case may be.

After nm:l:rtaimnb';h‘:, the value of K is read off from Table 2.14

Table 214 FactorK in relation 1o facior K, and welocity w

winmg

K n 1 2 4 ] ] 10 12 1 16 18 ]

kem
K «10-?insm

500 ET fif fif 48 ad 28 2h 21 18 18 16
000 0 49 48 41 a4 an 27 24 21 18 18
2000 A ar¥ a2 a0 ar a5 24 2% a2z 21 20
000 33 11 5 2 23 2% 23 22 22 R 21
4000 a1 29 25 23 23 a5 23 22 22 a2 22
E000 50 29 25 a5 a5 o5 23 a5 24 24 23
10000 o 29 24 a5 2% a5 25 23 | 23 23
12000 20 28 24 23 23 23 23 23 23 23 23

Busced om Ve Tragihehipkeit der febnracder. Thomas and Chorchoi, Tih Edition, 1971, able nod, p. 30 Card Honser
Verlag, Muonich.

To calculate the gear parameters when the dynamic load is considered, the total tangential
force and the total torque are 10 be determined. These are given by

F, (N)=F, x¢+F,, (2.84)

d d
T Bkt g 4 R sl oG wes 180

gi

b | R

“Fx ¢+ Fu)xSap, x2

where | and T are the total tangential Ibrfranglhtlntal ’c.nr:?ua respectively, and d'1s the
pitch circle digmeter in cm,

In Table 2.15the values of allowable circumferential velocity in relation to manufacturing
processes and quality or grade has been shown. These are guiding values only and are given to
facilitate gear calculations for general engineering applications. The value of the maximum
tooth error 18 to be calculated on the basis of Table 2.23 given in Sec, 2.27.

Table2.15 Allowabde circumferentialvelocity of gears inrelationto the
manufacturingarocessesandquality

Wm/Eac Mamnufaciurimg process Churadity
=08 Cast, coarse cul, gas cul, lame cut 10=12
.84 Smoothfinished 819
412 Grownd (]

12-60 Scraped, shaved, lire grounsd 45
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The effect of the additional lead due to dynamic causes can be neglected in case of small
circumferential velocity v lessthan Im/sec. Normally, a linear relationship exists between the
magnitude of the dynamic load caused by the inner factors and the velocity up to around
v = 50ms, Bevond this value the increase in dynamic load 15 only marginal. The dynamic load
in case of a helical gear can be taken as about 75% that of the spur gears for calculation. Table
2.16 gives the service factors for different service conditions.

TabieF.18 Service facior for different service conditions

ORIVE &Y FREOUENCY T¥YPE OF DuTY |wiie NERABILITY
OF il
STAR TING
[FT} -
& =3 3
o Q - 15
g F I 2 |%os
=l - et : * :
T _ L% 3 S = |3 »
E = = ﬂ oo T o
i o g & 30
[ ¥ = = &
L7 B = & E. o E @
i ~ o
& = B 2 - o
el E © R = o
1’
T z 'é" -3 L 2%
COMBUSTIgy | © = d
ENGINES = o1 =
b &
- (=]
™ L]
=

L CYLINDER =

S\
[[]V7/72Z

2 EFLINDER - v f] o i 1.5
—r=

& CYLINDER
ITEAM ENGINE — s
MATE & TURBIMNE]

*8
WS TURBINE |
TLEL MOTOR

Based om mngBfughiEkg-iq_-der..tlhnrudrr, Thoemas and Cherchuor, Tih Editjon. 1971, taklene. £, p. 29 Corl Hasser
Virlag,Munlch.

Example28 A mixing drum is operated by an electric motor through a one-stage gear drive.
[he pinion is keved to the shaft and is mounted at the end of the shaft of dismeter 45 mm.
[he Fn-lluw:inﬁduta are given: rated power = 10kW, speed of pinion = 500 rpm, reduction ratio
= around 4, drive is medium, impact-free full load and normal vulnerability to tooth failure.
The system is subjected to dynamic loading. Find the total power required for the system

disregarding the acceleration torque required for startingor braking. Take pinion matefial as
G0 C 4.
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Solution: For imitial caleulation of a normal gear dnve, the following relation holds
ﬂ!l_ =2 % Shaft diameter =z 22 45 = 9 mm, p :dh[cm]xnl (rpm)1810 = (% x 50001910
=2.36m/s.

From the given service conditions, the service factor ¢ = 1.41s selected from Table 2.16.

FMNi=2xT (Nem¥d, (cm)=2x T [9=T /4.5

Also T, =P (kW) x 955000/n, (rpm)= 10x 955000/500 = 19100 N cm
_ 10100 | aua
" R =

Referring tothe simplified caleulation of strength given in Sec, 2.25, a rough estimate 15 now
made about the value of the module as follows:

To avold undercutting, z, is first assumed 10 be 15 Next, using Bg.2.111, we get,

Cat g 2 = 955000 F
# Z;den,

c=c KK K, c = 3000/2.36 + 10) = 243

The following values of the coefficients are selected:
K =3,K=08 K=
c =243x 3% 08 x 1= 583
A = 3selected for machined teeth)
F i |U1-‘.W,.'rll =500 rpmandd, =90 mmA=%m=009m

Inserting the relevant values, we get

=342 w3, 14 = O55000 = 10 =166 em = 16.6 mm

15x 3 x 583 = 500

p o= = 166 mm

mo=18.6/3.14= 528 mm
[h: nearest standard module 5.5 is taken from Appendix D.

Takingz = 17 for greater safety against undercutting and recalculating, we get
d=mxz, =55x17=935mm

Taking quality = 8 which is commensurate with the velocity range as per Table 2.15, and
consulting the various tables given for different kinds of error in See¢, 2.27, we find for m = 5.5,
dl = 93.5 and guality = 8, the error £ = 36 pm.

Mow Azhipm,orh = 10x55=35mm =55cm

MNew value of tagential force is given by

9.35




282 Handbook of Gear Design

From Bg. 2.83 ,we have,
K, = £x¢+26f= E‘xi.i}ﬂﬁhﬂ& 1976 N / em
b (5.5
v=dn 1910 = 9.35x 500/1910 = 2.44m/s
The new value of y makes marginal difference in the value ofe . Hence, m = 5.5is kept.
K =3.6x10%s'm, found by interpolation from Table 2.14.
F m=KK bu=1976x 0.036x 5.5x 2.44= 955N
The final values are
F  =Fxg +F 1%
= (4086x 1.4+ 955)x 0.98
= 6542 H (assuming 38% cfficiency)

4
T, = Fix— = 6542x 9.3512 = 30584 Ncm = 305.84Nm

i 2
['herefore

Torque (Nm) = Speed{rpm)
9550

- 305.84 x 500/ 550

- 16 kW

Total power required =

2.23 Contact Stress and Surface Durability

When gears mesh, the region of contact is theoretically a line. The curvaturesofthe individual
mating surfaces at the points of contact will vary according to the given dimensions of the tooth
profile of the mating gears as well asto the instantancous positions of the pointof contactonthe
line of action as the geartooth surfacesroll and shide duringthe course of action. The nature of
contact is, therefore, analogous to that of two contacting cylinders of constantly changingradii
of curvature. In the case of external gears, both the surfaces in contact are convex while for
internal gears they are convex and concave.

Though theoretically itis aline contact, theline actually developsintoa band of certainwidth
alongthe length of the tecth due to mutual compressive pressure. As the tooth surfaces move
relative tocach otherwith a combination of rolling and sliding, this band isalso continuously on
the move. The stress pattern developed within this band is quite complicated. According o
Dudley, thisis whathappens when the gear tooth surfaces are in action —apoint of maximum
compressive stressis created in the centre of the hand of contact. Justbelow this point, amaxi-
mum subsurface shear stress develops. Due tothe mutual sliding motion coupled with friction,
additional stresses come into action. In the direction of sliding, each tooth surface develops a
subsurface compression towards the leading end of its moving contact band while a region of
tensile stress follows the trailing end.

Sincethe tooth surfacesundergo fluctuating, repeated and eyclicstresses of all kinds during
the course of action, fatigue failure of the surface ensues. Though various kinds of gear tooth
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failures are attributable to fatigue, pittingis quite common (seeSec. 1.8). The continuous stress
reversal plus its ever varying magnitude leads to fatipue which, augmented by heavy load,
results in cracks, plastic flow and ultimately roptare af the metal, Lubricants under pressure
enter these cracks, and in turn, help loosen bits of metal on the gear tooth surface, thereby
producing pits.

It has been observed that pitting mostly occurs in the vicinity of the pitch line, This may be
due to the fact that the direction of sliding velocity changes at the pitch line, making the effect
of the compressive stress more damaging around this region.  Also, this region sustains the
maximum dynamic load. Since the pinion is usually the driver which makes more revolutions
relatively, it is more vulnerable to pitting than the mating gear. Besides, the nature of sliding
motion also promotes pitting of the driving member of the gear pair.

The phenomenon of pitting, which is essentially a type of geat tooth surface failure due to
fatigue, 75 also generally known as wear. There isa considerable difference of opinion asto the
exactdefinition of wear. Some gear experts assign the term “wear ' exclusively to fatipue failure
by pitting caused by contact stress, and use the term *“abrasive wear” in case of the general
thinning of tooth caused by rubbing or engendered by fine particles carried in the lubricant or
embedded on the tooth surfaces. Others prefer to use the word wear in a general sense to
encompass all kinds of tooth demage and surface failure which include pitting, sconng, tooth
breakage duetofatigueand all kindsof abrasion. Still others restrict the term to denote removal
af tooth material, layer after layer, by abrasion and other means, and do not include pitting as
awear phenomenon. Inthe absence ofaprecise definition, we will use the nomenclature “wear™
in this book to indicate failure by pitting only, since this is the most common type of surface
fatigue fatlure. Other kinds of failures will be defined, described and discussed in Sge, 8.7.

The German physicist, Heinrich Hertz, developed expressions for the stresses which are
created when two curved surfaces are in contact. These surface stresses are universally known
ascontact stressesor Hertz stressesor Hertzian stresses. The symbolto denote the contact stress
orpressure isp, while aisusedfor bendingstress. Both the symbolsp and arearrythe appropriate
subscripts to conform to the expressions or equations which are relevant to the context. For
exampleF, stands forthe surfacefatigue strength and its values for common gear materials are
givenin Appendix E, F, denotes contact stressinganeral, Gy stands for permissible contact stress
and Pris the contact stress developed at the pitch point P af two mating gear tooth profiles.

Contact stress is generally the deciding factor for the determination of the requisite dimen-
sionsof gears whose tooth surfacesare nothardened. Research on gear action has confirmed the
fact that beside contact pressure, shiding velocity and viscosity of lubricant as well as other
factors like frictional forces also influence the formation of pits on the tooth surface. However,
sufficientinformation and experimental dataare lacking to take all these design parameters into
scoount while making the calculations. Hence, the caleulations are mainly based on Hertzian
equations,

In machine design. problems frequently occurs when two members with curved surfaces are
deformed when pressed against one another giving rise to an area of contact under compressive
stresses. Of particular interestio the gear designer s the case where the curved surfaces are of
cylindrical shape because they closely resemble gear tooth surfaces.

InFig. 2.45 (a)two cylinders are shownin contact under compression. InFig. 2.45(h)two gear
tecth are shown in mating condition at the pitch point. Referring to Fig.2.45 (a), the arca of
contact under load is a narrow rectangle ofwidh 8 andlength L. The stress distribution pattern
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The valucofy, is 1.76for uncorrected and 8 -corrected geanng. Fory_ seetable 2. 17for pairing
of common gear materials.

Table 217  Materialcoefficienty {or pairing of common gear materials

Piniian Gear
Material E, E, ¥
Nimm? Material Mimen? ST
Steel H0E, 000 268
Cast stewk:
Grade 30=57 204,000 26T
Grvde 26=52 201,000 267
Steel 206,000 Cast ironwith
spheroidalgraphite 173,000 257
S5 50017
Bronza 103,000 219
Cast iron:
FiG 260 126,000 204
FG 200 118,00 220
Grade 25=52 201,000 265
Cast steel
Grade :30=57 201,000 SEEO0ST 173,000 255
FG 208 18,000 prili
5G 50017 173,600 FZ 300 118,000 222
Fi5 200 126,000 Fiz 300 207
FG 200 118,000 118,000 203

Based on Zahnraeder, Zirpke, 11 edition, {980, table no. 31, p, 387 VEB Fachbuchweriag. Leipzig.

Recalling Sec, 1.8.the surface durability is the property which determines the ability of the
pear surface to resist fatipue type of tooth surface failure cavsed by contact pressure. For
satisfactory service and life. the gears are to be designed in such a way that the surface stresses
lic well within the surface endurance limit of the material used. Appendix E givesthe valuesof
the surface fatigue strength of common gear materials. In See, 1.8 the importance of the
compressive strength and hardness of thetooth surface has been emphasised. The power rating
of modern industrial gears is primarily based on the surface strength and not on the beam
strength. The safe limit of contact stress should, therefore, be carefully chosen, and this limit
should never be exceeded to avoid surface failure. Guidelines for selecting the proper design
stress are detailed in Sec. 2.25 on strength caleulation.
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2.24 Stress Concentration

From mechanics, we know that stress concentration plays a major role when amachine member
is subjected to fatigue type of loading. As gear teeth haveto withstand repeated and fluctuating
types of load, their failure is essentially attributable to fatigue phenomenon. Studies through
photoelasticity have revealed that stressconcentration occurs mainly at the pointof loading and
at the root fillets. The magnitude of stress concentration at the root fillet depends on the
minimum radius of the fllet and also on the general confipuration of the part. Generating
methods of gear cutting produce fillets which are actually trochoids and not ares of circles.

The cutter tips produce these fillets and there is no single standard for the curvature of the
tips which will give the best result as far as the avoidance of stress concentration is concerned.
For precise calculations, stress concentration should alsobe taken into sccount. A part from fillet
radius and pressure angle, stress concentration factor 15 a function of material, root thickness
of tooth, load position on the tooth, and other parameters.

Employing photoclastic studies. the following empirical relation for gears with 20° pressure
angle has been derived by Dolan and Broghamer*®

K, = 0.18+ [[l]t o [i]ﬂ ﬂ] (2.94)
F

where K 15 the theoretical stress concentration factor, Fis the minimum fillet radivus, bisthe
height ué.‘lpplu:d lond abowve the weakest section, and ¢ 15 the thickness of tooth at the weakest
section.

[his theoretical value should be modified by the notch sensitivity factorg, the detatlsaf which
may be found in any standard book on mechanics. The value of g will depend upon the fillet
radius, material and otherfactors. For hardened teeth, the value ofg ispractically unity, sothat
the theoretical value holds good. Calling the modified or actual stress concentration factor asﬂ"”
the stress produced at the tooth root should be amived at after multiplying the stress value
{calculated on the basis of the transmitted load or tangential farce FI} h}rﬂ"randth:n proceeding

Fig. 2,46 Pattern of stress distribution
[Photoelastic method)
Areas of stress concentration are
indicaied by arrows

* T.J. Dolan and E.L Broghamer: A photoslasts studyol the stresses |y geav footh filgls, Univ. ||| Eng. Expt.Sta. Bull
1842 335,
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Ifat the intersection of the line of action and the present centre line of the tooth, this foreeF,
is resolved, then we get

the radial component = Fsin
the tangential component = F, cos @',

From Fig. 247 we can casily see that the followingindividual stressesare created.

Bending stress o, = Bending moment _ Fycosalh,  6F, cose, (2.95)

Section modulus _& bS? & 8

Compressive stress
_ Fy sina, (2.96)

T, _.fl_Su

A\TFE.;I"."'E shear stress

£, = Fy cosa, (2.97)
b 8
where 815 the thickness of the weakest portion at the root of tooth.

Research work in this field has established the fact that for calculation of practical strength
the compressive and the shear stresses can be neglected since their effects are marginal. Only
the bending stress, therefore, is taken as the determining factor with sufficient accuracy.

Now ,the tangential force or the transmitted load is given by

F.-=F.w cos &

MNormally in solving a gear problem, the power and the speed are given, The fellowingformulae
are recalled

2T, (Nm)

F M) = 2m,
¢ () d,(mm) * 1000
lorque B %
T = 9550 k10 (M) w074 x LW )
n, (rpm) m, (rpm)
= 162 x DL MEUICHD) o o)

Crircumferential velocity n, (rpm)
d, (mm) > n, (rpm)

vimis)=xdn, = e

Alsp
F, = 1000 x L5 00y o 108 x LW gy o 95, Fi (metrichp) o0
vim/s) v (m /s ¢ {m/g)

Sub ﬁtilutingFr.n'.:ng. aIE"anHi n Eq. 2.95 multiplying the denominator and numerator by m, and
after rearranging, we have.
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i m cos gl = =B
d, = EE;“?‘L-— . Th (2.98)

cos 3
]
The expression

6 om b ocosg’

g, = —'EJ_S = (299,

' cos

is used 10 derive the form factorg, the values of which have been computed and are presented
inFigs2 48 and2 49T hrwﬁgurgscanb:uwd forspur, helical, uncorrected and correctedgears.
I he mugmludc of the module has no influence on the form factor sinceh_and 8 also increase

portion to m. The effect of topping on the value of §, 15 also neghgible.

esides g, the equation forthe bending stressisto be modified by taking into account another
factor td!icd‘lh: overlap factor or the contact ratio factorg.. I:quzltmn 2.95is based on load taken
by one pair of mating teeth only. Factorg isused to make allowancefor the reduced load carricd
atthe tooth tip due totwo pairs of teeth mak:ng simultaneous contact and thuuﬁhurlnhthr load.
With sufficient accuracy, g can be taken to be equal ta the reciprocal of the contact ratio (CR).
That is

q = --nl—|
¥
The contact ratio can be calculated by using Eqs 2.12 and 2.13given in Sege, 2.7.However, as
the circumferential force does not distribute itself on the tooth pairs as it ideally should due to
inaccuracy in toothing or low load, the value ofg can be taken as 1.
We can now finally write the bending stress equation as

F
% = 3 J'“qr* q, {2.100)

Since the number of teeth as well as the materials of the pinion and the gear are usually
different. it Is advisable to check the bending stress for both the members of the gear set.

Equation 2, 1(#) for bending stressisto be checked against the allowable bending stressof the
material. This working stress can be found in different ways and its selection depends on the
discretion of the gear designer. Some guidelines are discussed here in this regard.

Permissible bending stress g, can be directly taken from Appendix E which shows strength
characteristics of common gear materials. It can also be found by using the relation.

s g, =’ (2.101)
bp Factor of safety 2103

Ithasbeen emphasised beforethat gearteethsubjectedto bendingisactually a manifestation
of gear fatigue. Moreover, the teeth may be subjected to continuously reversible drives. Keeping
all these factors in mind, some designers prefer to select the maximum permissible tooth bending
stress according to the number of stress cycles the gear is expected o undergo during its
operational life. Such maximum allowable stress values as a function of the number of stress
cyclesfor different materials can be obtained from Fig, 2.50.1fthe stressconditions of adriveare
known with sufficient accuracy, reliable gear design can be made with a minimum factor of
safety.
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i =137/45=304. The devistion of i s within + 3% which 1sthe usual allowable limit in
this case.

50
= e o — = 1645
2 = 4.04 404 P
. i P 2
Nominaltorqueatthe pinion shaft = 9550 = F} = 9550 = = = 182 Nm

Since the load is of impact nature, an impact factor of 1.5 is taken. Hence, the actual torque is

given by
1, =382% 1.5=573 lm
From Appendix E. we get

Oy = 200 N/mm?, o, = 180 N/mm’, py = 1520 _ 1080 N /mm?,

15
1640

—— _ 1093 N/ mm®
L5

frpd =

L1

34 4000 x 578 | 5081 m = 95 mm (taken)

45 x 0.5 x 200
45 % 9.5 = 1125 mm, dz = 137 x 25 = 3425 mm

d,

b 05x 1125 = 5625 mm = 56 mm (taken)
Check @ Referring to See, 2,16, we have

b._=-1m = 25 x 25 =625 mm » 58 mm
mﬂ"=h"l= 5625 =224 mm < 25 mm

[he above value are, therefore, within the specified limits.

2000 = 573 1125 = 50
e — — 10187 N,v = ——————— = 0.3 m/
' nz5 £ 19,100 i
In accordance with the velocity, quality 10is chosen.
Centre distance a= d, ; d; = 12 ; ST - 297 & T

The nearest higher standard centre distance is 250 mm  as per Table 25 of Sac. 213. The
reader is advised to recalculate and determine the appropriate correction factors as well asthe
changed values ofd  andd , with the help of scctions dealing with correction, keeping in mind
the limitations imposed by oo high a comrection factor.

From Fig.2.49q, = 24 forz, =45. Since z,= 135, we get the value g, = 2.15 by interpolation.
['hercfore

o o = 10,187 o 34 x 1= 175 (N /mm% (g, = 1 taken)

) 56 x 25
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F. 10,187 -
Tyg = .E_l; Gy, = e x 215 x 1 = 186 (N/mm®

¥, = 268 for steel on steel from Table 2.17
¥p= 1.76 for uncorrected gearing.

From Bg. 2.91(2gc. 2.23)

BT 5610 BT o, 308+ 1 = 694 (N/mm?)
= 269 176 mim

Po = Im %\ g* i 86 x 1125 3.0

Hence, both the bending stresses and the surface stresses are within allowable limits as given

carlier.

Simplified Method of Strength Calculation

In case where enoughdata arenot available or where approximate values will serve the purpose,

the following simplified method of strengthcalculationmay be adopted. Assuming thatonetooth
only carries the total foree at a time, we get the following relation

F{N)=bpc (2.110)
where

b = Tooth widthfem),p = Circular pitch {em)=gm, ande = Load factor (Mem?), Factor { can
be expressed as

¢ =c K K K,
Here ¢, =, I3 where = A factor which d:p:n-:l: on the type of toothing, meshing relations
and the number of teeth; g = 5.5 to 2.5 with increasing number of teeth. Takingthe value of ¢,

forcastiron({Q0) as the basis for caloulation and considerning the effects of velocityy and thn::n:l:l],.
of wear, we get a modified expression of ¢,

%rmx 10 = 300 x 10
Ir g+ 10 v+ 10

where =/ is taken as 3000 N/em? for CI and the average value of ) is taken as 3. The

circumferential velocity p at the pitch line iz calculated after assuming a value ford .
Thus

— = {Nem®

rrd'rl

i {m}ﬂ

FactorK givesthe relation betwenthe strength of castiron yig-g-vig that of other materials.

Thus
K, = 1forCl
= 1.Bto 2.5 for cast steel (average =2)
= 2810 3.3for Fe 490,Fe 410, Fe 620 (average = 3)
= &to 9foralloy steels and hardened steels
= 1.Tor f:hmphur bronze
= {18 to 1for pressed syntheticmaterials
Factor K, takes care of the type and duration of service to which the gear drive is subjected.
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0.8 to 1€or normal service conditions

(.6 to 0.7for heavy duty

0.5 for heavy duty and shock loads

Factor K, is for other influcnces e, g, tooth form, lubncation, contact ratio,
K, = 0.3 forunmachined straighticeth

1 for machined straight teeth

I.1to 1.3 for machined helical teeth

1.5 for ground helical teeth

K

2

Let 4 = _['::nmhwiu_ilh W S -
Circular pitch p am

Its value can be tuken as indicated below
A 2 to 3 for cast tecth
2 to 5 for unground, hardened teeth
3to 6for machined tecth
1o 13 tor fine-machined teeth flanks, #, £3.000rpm
13to 27 for teeth with best surface quality. high accuracy of toothing,
mounted on rigid bearings, and n, 2 3000 rpm
Circumferential force is given by

ir .27 §T »

F (M) = o = = bpc = A ppc
d mz z
Here torque Tis in N cm, and d and m are both in cm. By transposing, we get
pi:m]::izﬂT {2.11)
2 A e
Putting
T - 955,000 x £ (KW
n (rpm)

we can find the value ofp from Eq. 2.111 and thereby the required module m.
Calculations in case of helical pears can be made in a similar manner with the value nfﬂk
taken as 20 to #40% higher than that of spur gears.

Exampluz 10 Anclectricmotor of 2.5 kW drivesa shaft through a single reduction unit. Motor
pmion data z = 14,1, = 1000rpm, Driven gear z, = 70.

To find () '1 ced d'-élrw en shaft, (I module u.n-:l the width of the gears made of Cl with milled
teeth, and IZIE.II_‘.I diameter of the driven shaft, material: 45 C 5.

m oz _ 1000 x 14

Sofution: (f) nE = M. 2. -~ = = 200 rpm
E (i) nyz g =a fiy 2 70 rp
3 10
(i1 EtﬂnEuxaxavﬂu=3mlp+m
Assumed, = 100mm = 0.1m sLN= adym = S.14 % Glx 1000 = 5.2m/s
10 G0 G0
c, = 300 x —_— = 200M/emt H|= 1 for Cl. ;=1 for normal service, K; = 1for

52+ 10
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milled teeth Loz 200x 1x 1x 1= 200M/em?
A = £18 = 3 (sclected)
F
| 27 Q55000 x 2.5
= = 121
S T Tk T e

121mm = 7x 385 . m = 385 = 4 mm (taken)
o, m2, = 4x 4 =5 mnd, = mz = 4x TO = 280 mm,
h P A=gd x 3 = 40 mm

(£i6) Taking allowable torsional stress to be 2000 N/em? for the shaft material, we have

Torgue _ B 2.5 (kW) 2 25
T(Nm) = 9550 X e irom) Fo] a55 000 x 260 {N c¢m)

Also
TiMem) =2 (section modulus) x L {permissible shear stress)

T | -
= —x g° x 200
16

whence the diameter of the driven shaft

d=3lecm=31 mme=35 mm {iaken}

Mathod for Rating of Machine Cut Gears as per 1S: 4460

Method for rating spur and helical power transmitting gears connecting parallel shafts and
meant for general engineeringapplicationshas been specified in 15:4460. The method primarily
deals with checking of power transmitting capabilities of a gear set when the relevant
parameters, such as material, gear dimensions, speed, are known so as to ensure whether the
particular drive meets with the requirements. For this purpose, a setofformulac along with the
valuesofthebasic stressfactors forcommengearmaterials as wellasotherrelevant factors, .8
speed factors, zone factors, pitch factors, has been specified. The stress factors in tabular form
and other factorsin graphical form are given atthe end of this sub-section (Table 2.18 and Figs
2.51-2.56).In15:4460, the conventional metricsystem has beenused. Assuch theunitsarck e p
unaltered. The reader can refer to Appendix T for conversion into S1 units. The symbaols for
materials are also left as given in I5: 4460, For new symbols see Appendix E.

In thia sub-section horse power alwavs means metric horse power only (denoted by the
German symbol PS)which is equal to about 0.736kW, as distinet from the British horse pawer
(HP) which is equal to about 0.746 KW,

The powerrating of spur and helic gears is divided into () horse power for strength, and (§{)
horse power for wear. These are given by

Horse power for strength

(P8} = X Y8, bm®nz 1774

X
25, 4 108

(2.112)

Horse power for wear

(PS) - X, Y,Sfirmuz i 1774

= o (2.113)
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The 5tandard also specifics formulae for allowable tangential loads with respect 1o strength
and wear, and these formulae can be used for checking purposes when the tangential load of a
gear drive is calculated from the given power, speed and gear dimensions. These are given by.

Allowable tangential load (kgffmm of tooth width)

=X.¥YS,m forstrength (2.114)

i @ ¥ 254  forwear (2.115)

where

Speed factor for strength

Speed factor for wear

Strength factor. Sec Fig. 253 for spur gears and helical gears with 30° helix angle.
For other helix angles, the Htmngllﬁ factors obtained from Fig. 2.53 shall be multi-
plied by 1.33 cos®* 8

¥ = Zone factor. See Fig. 2.54 forspur gears and Fig. 2.55 forhelical gears with 30" helix
angle. For other helix angles, the zone factor obtained from Fig. 255 shall be
multiplied by 0.75 x sec® §

b

K. = Pitch factor
S.'. = Bending stress factor, this depends on the tensile strength of the material
& = Burface stress factor, this depends on the hardness of the material

Other f;u.'tnni, such as b, m, z and fhave same meaning as before. The normal rating of a gear
is the allowable continuous load for 12 hours running time per day.
The following examples will illustrate the use of the above formulae, tables and graphs.

Example211 Apair of spurgearsisrequired to reduce the speed from 500t | 0rpm working
continuously for 12hours running time. The pinton is of 0.40% carbon steel, is normalised, and
has 20 teeth. The gear is of cast iron, grade 20, 15: 210, and has 100teeth, m =% b= 100mm,
a=20". The allowable horse power of the pair 15 to be determined.

Solution: From Eq. 2112 horse power for strength (PS) =:-'E; }"SLE: m*uEx 177425 4 = 108,
For pinion, we get the following values

Iﬁ = 0.3175 from Fig. 2.51
Y = 072 from Fig. 2.53
5. = 1405 from Table 2.18

Hence PS for pinion =0.3175 x 0.72 x 14.05 x 100 x 64 x 500 x 20 x 1774425.4 x 10%) = 143
Similarly P8 for gear=042 x 0615 x 4.22 x 100x 64 x 100%100x 17741254 = 10%) = 48.7.

From Eq. 2.113 horse power forwear (PS)=X ¥ 8§ bmnzx177T41K x10%). Using the relevant

tables and figures, we get the following values t’fr;inﬁrn:ng the appropriate data

PS5 for pinfon = 0.305 x 2.2 1. 125 % 100x B8 x 500 x 20 x 177T4X2.5 x 10%) = 42.8
PS for gear=0400 x 22 x 0.81x 100x 8x 100x 100x 1774425 x 10%)= 40.5

The allowable horse power rating of any pair of gear is the least ofthe four values calculated
for the pinion and the gear. Hence, in this case the allowable rating is 405 PS.

Example2.12 The long travel mechanism for a steel plant crane is equipped with a single
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stagehelical gearbox by the crane manufaciurer. The gears are to be checked for strength and
wear. Therelevant data are as follows.,

Crane duty class 3as per [5:4137; duration of service Shours/dayv;ambient iemperature 35
Copower rating of gearbox 29.5 kW at 720 rpm 1z, =200z, = 145 m =3 A= 10", a=20" tooth
widith b= 140mm; matcrial C 40 for pinion and © 30 for gear, both hardened and tempered.

Kolution: i:zé_l.z: = 145120=725 =0 /n. = T2Wn, whence g, =98.31rpm

Input lorque T, = 974 x 2051720 = 38.8'kgf m = 39.9 x 107kgf mm

Tangential load on pinion F: = 2T = 2x 39.‘911:}3 E'—] = % 39400 ( )

cos* f§

= 786k
Asper [15:4137 which classifies steel mill duty cranes, the duty factors for class 3crames are
as follows

for strength: 1.4 (whichtakes impact into account)
for wear: 0.6

Hence effective F for strength = 1.4 x 786 = 1100kgf, and for wear =06 x 786 = 472 kpf.
Check for strength: As per Eq. 2114,

Allowable tangential load (kgf) =X Y8 mb

=032 x (0735 2 1. 33 e 10 2 148 x 5 x 140=3149 for pinion
=046 x (0625 % 1.33 K52 10" = 148 2 5 x 140= 3860 for gear

Both these values are greater than 1 100 kgl
Check for wear: As per eg. 2115

Allowable tangential load (kgf) = .EL;;_Sr % 25 4 wh

036X (313070 gect 100 & 144 x 254 x 140137 = 1208 for pinion
052 % (313 x 075 xsec? 10" % 1.125x 254 x 140137 = 1361 for gear

Asboth of these values are greater than 472 kgf,the gear pair is safe from strength and wear
pavint of view,

Example 213 In a non-reversing tyvpe rolling mill drive a gear isdesigned to run 24 howrs
per day, tranamitting power in the following manner

[ 500 PS normally
BOOD PS for 3 seconds, GO0 times per day
000 PS maximum momentary peak load

all at a constant speed of 40 rpm.
Thisdrive is required to be checked for wear and strength.

« Sofation:  loaproblem of thignature where the load is notuniform, it is necessary tocaleulate
firstithe equivalent running time ata uniform load which have the same effect on the gears.
We use symbol M to represent power in PS in such a case of varving amounis of power at
different phases during operation. These powers are defined as follows
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Table2 18 (comd.)
Carbonmanganesasieel
Carbanmanpanesesteal [ 27 KMn 2}
Carbon manganese stasl (2 TMA2}

Carbonmanganese steal {2 7hn2 }

Carbonmanganese steal (3TKMn2)
Carbanmanpanesestasl | 3T MnZ)

Maganesemalybdenumsiael

Manganesemolybdenemsbee
(35 Mni 2 Ma 28)

Manganesemalybdenumsbae
(35Mn 2 Mo 2K)

Manganesemalybdenuemsbeel
[35Km2 Ma 25

Manganasemolybdenumsieel
135 Mn 2 Mo as)

Chmomium molybdenumsies

| percentchramivm molybdenumsieal
(40 Cr | Mo 24}

1 percentchramiem malybdenemsieal
140Cs | Mo24)

1 per cenlchromium molybdenemsies|
(40 Cr 1 Mo 28)

1 percentchramivm malybdenemsieal
(4 Cr 1 Mo 25)

1 peraentchramisem mokbdenum sies
(4B Cr 1 Mo sk

| perceni chramium molybdenum siee|
140 Cr 1 Mok

3 peroent chmamium molybdenumstesl
(14 Crd Ma55 and 25 Cr Mo 55)

i pereentchramiem molybdenum sieel
(13Crd Ma 85 and 23 Cr3 Mo 35)

Nicks) staal

Apercenlnicke! sbasl (40 M3

3 percent nickel steal (40Rj3)

Mickslchromium skas|
4& perocentnickelchromium
sieal (30 M4 Cr 1)

Mickelchromium sbasl

14 pergent nickeichromium maly.
bdenum stecl {240 Hi2 Cr 1 Mo 2x)

il percentnickelchromium
molybdenumsisel
{42 Cr | Mo 24)

:Eh percend micksl chromm
molybdenum sleel
[meadium carbon)
{31 Mi3 Cras Ma B5)

Marmalmad
Hardenedand
iempered
Hardenedand
lempered

Hardenedamnd
iermpered
Hardenedand
lempered
Hardenedand
lempered

Hardenedand

lempered

Hardensdand
lempered
Hyrdenedand
lempered
Hardensdand
lempered
Hardensdand
lErmnpensd
Hardenadand
i res s
Hardenadand
bEmpenedl
Hardenadand
e ned
Hardens=dand
e e

Hardenadand

temipened
Hardemadand

IEsrmipenad

Hardenadand
e ned

Hardenadand

tempened
Hardanedand
fampered

Hardanedand
e e rrd

Al

124
G}

4]

155

adl

L

L1

155

Sk

17 min
2l min
20 idm
2240 min
21kl min
1349 min
2 rrin

2135 min

3151 min
220 rpin
253 min
IHA min
245 min
29X min
155 min

144 rmm

2204 min

2354 min

244 man

a5 min

444 min

245 rnin

SpurGears X1 156

L4l
L.ns

.04
.40

Lo

1.G0

2.0

1.518

1imE

AHT

134
14.H

Ih.Y

6y

19.7

15

9.9

9.5

[
)
[

1970

213

3.0

i3

E ke ]

(Conrd,|
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COMBINED SPEED FACTOR FOM STREMNGTH X,

COMBINED SPEED FACTOR FOR WEAR, X,
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Other Strength Factors

Apartfrom the bending stresses and the surface fatigue stresses discussed so far, there arcother
factors which must be considered while designing a gear, Design parameters will change
according to such factors as overloading or shock, errors, high starting torque and acceleration
torgue. Besides, the dynamicloadisof prime consideration in designingagear set. These aspects
have already been discussed in detail in See, 2.22.

Another important gear failure factor is sconng (or scuffing). This kind of failure appears in
the form of coarse ridges down the teeth surfaces from the tipto the pitch circle. Though opinion
differ, scoring is mainly considered as a result of [ubrication failure. Momentary local welding
of high spots of the tooth flanks takes place which 15 caused by high surface loads, high sliding

velocities, improper surface finish and the unsuitable characteristics of the lubricant applied.
Various other causes have also been postulated.

T check agearagainst fatlure by scoring, an empincal formula can be used. Thisisvalidwhen
straight mineral oil is used, that is, no extreme-pressure (EP) lubricant is used.
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Fig. 2.57 Scaoring factor
Based on MAAG Handbook of Mg, MaaG Zahrrasdar &G, Zurich, page 1249,

Referring to Fig. 2.57, the abscissa represents the sum 2 * z . The ordinate represents a
quotient given hy

8 =F, 4o {2.119)
Ja
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where,
F_(Nfmm) = Average load per unit length along the width of tooth
pimfel = Piich line velocity
a{mm) = Ceotre distance

In Fig. 2.57 lines have been drawn corresponding 1o the transmission ratio i IF the value of
&, lies below the line representingi which is relevant to the problem being investigated it may
be assumed that scoring will not eceur even when the full load is applicd to new gears.

Strength Calculation of Non-Metallic Gears

Properties of non-metals as gear meterials have been discussed in See, |.8.Synthetic material
likeplastic, syntheticrubber, and other materials like raw hide, rubber impregnated laminates
andpressed fibresareused ingeardrive mainly for their high damping properties and noise-free
operation. Such gears are normally paired with metallic gears. Lubrication should be copious.
From strength and other points of view, these gears are, comparable to cast iron gears.

The non-metallic gears are obviously not meant for heavy load and tough duty. Their load
currying capacity is limited by beam strength, temperature and permissible sliding, The
transmitted lead is given by

F (N} =K K, bp (2.120)
wlhere
K (M'mm® = Load factor as per Table 2.19; it depends upon the material and the
g velocity
K. = MNumber of teeth factor as per Table 2.20
.!llfmmﬁ = Tooth widith = 8to 10m
£ {imm) = Circular pitch = rm
Table 2.19 Load Mctor &,
Materials
Chrcumferaniial
wehocily v Wulcanised fitwe Raw hid'e Syntfrelic materiad Cast imon

mis K, (Mimm’|

5 (L] 1.8 5 27

1 as 1.6 23 26

z 0.7 1.4 2.2 z.3

4 0.6 1.1 1.7 1.0

g 05 1.0 1.3 1.7

B 04 aa 11 14
10 0.4 0.7 0.95 1.2
12 0.3 Ll 0Aa5 10
i5 03 0.8 Q.30 0

The data for cast iron are given in the above table for comparison purpases,
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Tatde 220 Mumber of teeth factor K,

I= 1l 15 20 a8 3 40 (4] 100

K= [ .85 10 1.08 114 1 127 1534

The following practical guidelines are of relevance in connection with the design and operation
involving non-metallic gears:

1. A non-metallic gear should always be paired with a metallic gear. However, in special
operational conditions, ¢.g., in acidic environments, both the gears can be non-metallic.
[Mmensions permitting, the larger gear of the pair should normally be the non-metalic one.
The width of the non-metallic gear should be somewhat smaller than that of its metallic
mating component. It should never exceed the width of the metallic gear. '

The tooth width, b, should not preferably be more than 10 m.

The teeth must lie at right angles to the direction of laminations.

The teeth of the mating metallic gear should be clean and polished.

Copious lubrication is indispensable for long life and noise-free dnve.

Before the beginning of first operation, application of a graphite paste on the non-metallic

gear is recommended. A smallamountofgraphite can glsobe added to the lubricatingoil from

time (0 time during the running of the gear pair.

% These gears can be fitted on the shaft through taper-seat (1;10to 1:220) or through feather
keys.

10. To facilitate better fastening with the shaft, metallic bushes with kevs-ways can be prese-
fitted inside the bore of the non-metallic gears. if other conditions permit.

b Ba

po -1 phin g

Example 2.13 a [n a spur gear drive, the following data are given: 7 =60, n = 300 rpm,

a=20° material of gear : synthetic material.
To caloulate the appropriate dimensions of the gear to transmit 1. 75kw.

Solution : From Eqs 2.52 and 2,120 we have
F vy = 1000 P (kw)
vim /sl

_ &dn _ mmazn
HO000 60000

where d is in mm. Takingb = 9m and p =mm, we get

= K, K, bp

3
Fo= M000X Px 60000 _ popog o
 mzn

From Table 2.20,K = 1.27.A value of K, = 2.2 is tentatively selected from Table 2.19.
Transposing the above equations, we have

100
_ o [1000x P x 60000 _ [ " x 175 x 60000 _ PR
s 3\‘ Yx*zn KK, Vor xB0x300x 2.2x 12"."_2'&5’ 5 mm {seieatod)
o 180 300

d=mz=3x60= 180 mm, s DR
mx X mm, = 283im.Ss
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F:l = 2.0 from Table 2.19 by interpolation, Hh=0m=9x 3 =27 mm.
F£=E'D: 127 x 2Fx dn =64 6N
P=F, xy/1000= 646 x 28311000 = 1.83kw> 1.75kw.

Hence, the above non-metallic gear is capable oo transmit the required power.

226 AccelerationTorgue and Motor Characteriztics

Wediscussed the various parameters concerningthe acceleration torque inSep. 2.22, and arrived
atthe i i
e following equation WD
T, (Nm) = =
J7ai
where T_ isthe acceleration torgue in newton metres, WIP is the fly-wheel moment in newion
metres sguared, fis speedin rpm and £ is the acceleration time in seconds. By transposing, we
gel 2
e MK, (2.121)
35T,

For proper selectionand subsequentoperational behaviour of the motor which drivesthe gear
box, the torgue curves of the driven machines as well asthe torgue characteristics of the motor
must be known, During acceleration {(starting) and deceleration (hraking), the difference
between these two torgues isthe measure of the acceleration {ordecelerationplorgue T° A typical

- . . a
motor drive has been shown in Fig. 2. 58 a.

InFig. 2.58 b(iandii), the four basic torque curves (representing the load torque} and power
curves of the various types of deiven machines commonly encountered are given. These are
shown as functions of speed, power and torque. The four basic curves for usual applications are
elaborated in the table below.

Cass Loasdiorgus Pawer Application|driven machne)
1.  Praclicaly constant Dirscty propofonal Cranes, reciprocalingpumps and compressars,
o spead mlling mill conveyors, machine ooks eic,

2 Direcllypropartionalio Fraportionallo square Glazingrallers
sped] af spead

3. Progodicnabs squane Praportionalo cube of Centrifugalpumps, blowers, eic,
of spesd speed

4. Inverselyproporicnalio Constani Some lypes of lathes and alled machine
Spaed lopds, coiler, shavingmachnes variasble

apeaddrives. alc.

The above four cases are represented by the curves Lto 4 in Fig. 2586 (f and i)

Acpart from the mechanical considerations, the acceleration time ¢ is of utmast imporiance
because this 15 a determining parameter for the selection of the right type of motor for the
following reasons-during starting and the period of acceleration, heat is generated due to
normal losses, Atemperature rise takes place during this time and also during serviceuntil the
normal operating temperature, relevant o the particular motor and service condition, 15
attained.

Itis, therefore, obviousthat since too much heat isdetrimental tothe windings and other paris
af the motor, and since the accelerationtime is a contributary factor in heat generation, alimit
has to be setas regards the duration of this time factor. However, no hard and fast rule can be
established asto this duration since it is a function of 50 many factor, It may range from a few
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Fig.2.58 Characteristics of an electric motor
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seconds to several seconds. Guiding values are: 2 to | 0seconds for normal duty, 2 to 5 seconds
for intermittent duty, and up to 20 seconds for heavy loads such asin the case of conling tower
fans, etc. Catalogues of motor manu Fnrturinjg companies and codes of practice give the values
ofthe maximum allowabletemperaturerise tor the windings which in turn is determined by the
temperature limits of the insulating materials. The UHIJB% practice Is to assume a reasonable
value for the acceleration time after consulting these codes and catalogues and then proceed
further to determine the acceleration torque from the formula given. As discussed in Sec. 2.22,
this acceleration torque is to be added to the rated torgue for eventual determinationof the gear-
drive data.

Itisto be noted that the instantaneous acceleration ime is a vartable factor as the machine
speeds up from rest to the normal running condition. 1t is truly given by

wD? J' 1
S —— | = dn
375 J T
where n1_is the normal running '1'|'.Ii.'.i:d i

Equation2.12lisan uppru:-'.lmal ion where T actually represents a mean-constant accelera-
tion torque. InFig. 2.58b(iiiithe torque characteristics of an asynchronous, squirrel-cage motor,
commonly used inindustries. are given. Characteristics of other types of motors can be obtained
from motor manufacturers catalogues.

Forallpractical purposes, the peak torque of a motor can be takentobe around 2.2to2.5times
its rated torque. [t can be seen from Fig. 2.58 b (fii) that

the acceleration torque atany instant =z motor torque at that instant —]pgd torque of the
driven machine at that instant

The mean acceleration torgue has been shown in Fig. 2.58 b (i), This can be arrived at by the
usual graphical methods or by integrating the area and then dividing this area by the base.

2.27 Quality Grades and Errors of Gears

Sinceitispractically impossible to produce any engineeringcomponent without manufacturing
errors, deviations from theoretically perfect dimensions u%lhc component have 1o be allowed.
Thesedeviationsare known astolerances orpermissible errors. For economicreasons, the values
of these tolerances should be selected as high and wide as possible since unnecessarily precise
tolerances make the products costlier. On the other hand, too coarse a tolerance may not serve
the purpose. [tis, therefore, imperative forthe pear designer to aocquire the necessary knowledge
and experience to enable him to select proper tolerances, keeping in mind the various factors
involved, such asservice conditions, availability ofeuttingmachines. durationof operatinghours
possibility of interchangeability if needed. and above all, techno-economics concerning the
coonomic viability of his design.

Theconditions which prevail forthe determination of the tolerances for a pair of matinggears
are quite differentfrom Ensr: incaseof theusual matingpartsin c-lhl:rcn_l;,m::rmgl:um ponents,
such asthe shaft and the mounting with the comresponding bore. Since kinematics are involved,
design considerations are more complicated for a pair of mating gears. Only with special
machines, manufacturing and testing of gears can be carried out.

On the basis of expenence in gear-drive design as well asfrom the theoretical considerations
and research work in the field, experts have laid down guidelines and codes forthe permissible
values ofthese tolerances and errors which may be applied incaseofgearsand gear-boxessothat
a reasonably good gear-drive for the purpose for which it is meant can be attained. These
guidelines also serve as the yardsticks for acceptance tests by the inspectors, customers and
competent authorities.
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As inthecase of limits, fits and tolerancesfor ordinary engineeringcomponents, a system has
been evolved for grades and tolerances of gear toothing. As per the requirements of Draft JS0
Recommendation No. 1328 *Accuracy of parallel involute gears”™ and the relevant Indian
Standard Specifications, .8, [5: 4702,4725 4058 and 4059, igl:nmhmn: been classified into [0
guality oraccuracy grades —from 3 (high-precision gears jto | 2{coarse-guality, low-speed gears).
Cualitics 1and 2 also exist in German practice, but these are mainly for master gears and are
Frmduc::d by extremely sophisticated machines. The quality numbers refer to the degree of
prec 15100 wuh whu:mgc gearteeth have been made. The quality of a gear depends on the limits
of tolerance for pitch, tooth profile and tooth alignment. The quality or grade assigned to any
particulargearisthe finest grade number selected for any of the abovethree elements. Mormally,
for a pair of mating gears, I:IFH: elements of the components belong to identical accuracy grades,
but these may also have different grades as per the agreement between the manufacturer and
the user.

Forcommonenginecringcomponents, the qualitiesusually in practice are from 5to 10, Many
factors influence the choice of quality grade, viz. available testing procedures for accuracy,
assembly requirements, backlash accuracy requirements, permissible noise level. Another very
important consideration is the additional dynamic forces caused by manufacturing errors of
toothing ( Dynamic forces have been discussed in See, 2.22). Obviously, the quality of operation
ofageardrive r;a-:llrcctfunctinnnﬂh:dc-gru ofthe quality oftoothing -higher the quality grade,
smoother the running, and lesser the error, lower the magnitude of the disturbing dynamic
forces. A direct relationship exists between the quality af toothing, circumferential velocity,
dynamic forces, and other lrttcnmmn_j., factors. This is shown in Table 2.21.

The usual qualitics which are used for toothing for different tvpes of application and
equipments are given in Table 2.22. These should act as guidelines for the designer for selection
of the requisite qualities.

Table 231 Relationshipof gear quality to other factors

Manulacirmg Process

Type casf, achined e Flne Finished by TrEeE

of precspd witfa foarm aneraded fivished rinding, of

paar forpod cufter sorapingelc. loadimg

Guality of gear
Wi 12 Gio 10 Beo 9 GioT 40 5
Maximum allowable velocity, misec

Spur o8 12 5 B 15 Maormal

Helical 10 2.5 15 25 100 Heawy

ani—?nm 10 25 15 25 Bl Impact

Straight bevel 0.5 LA 1 [ i Mormal

Epiralbevel s 20 B 1z p] Heavy to
Impact

Baged ondie Tragfzehigkeit der Enhnraeder, Thomass ad Charchud, Tih Edition, 157 1, tablena2 , p. 15, Corl Hanser,
Yerlag.Munieh.

Depending on the quality grades involved. gears have been classified as under by the Indian
Standard Specifiations

155 Number Quality Grade Memandatim
A2 Jand 4 High precisiongears
4725 Sand & isiongprars
4058 10, 11 and 14 Coarse guality, low spead gears

4059 T, Band & Medivm guality, medium speed gears
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Besidestheabove 15 Specifications, [5:4071 lays down requirementsfor master gears which
areintendedfor checking other workinggears. As stated before, grades land 2, (sometimesalso
3areassigned formaster gears as per German specifications and the specificationsof someother
countries.

While selecting the quality grade, the designer should always keep in mind the cost angle
invalved. The costor the time required formanufacturing parts donot vary ina rectilinearway
with the I:|JL'I ality grades. In practice, they follow power curves with ascending order of fineness
of the quelities. For ground gears, for example, the grinding time (and conseq uently the cost as
well) will vary more or less a-:n:nn:lml, to the duta given below, taking the time for quality grade
B asunity for the sake of companson.

Ouality i} T & 5 i 3 A
Grindirg ime 1 16 24 1 6.6 a0 n
Gaars for
1 2 3 L] E & T B 5 10 1 12
| int=rnal combusiion engines |
Genaral | Sleam enginas ]
rmechanical Ty
T
aqui prnend |
Masire argiras |
I Taawibla wurliisdsiae =3
Chamicalindusiries I
Primlingindustries
I Railwaysandsignalingeguipment
Machine Generdpirpose
loals machineioals
Fine Walchmdusiries
| Measmiring instrumenis
Testing
machines Masiergears |
| Aircraft ndustries |
Transpert Corsandirucks
Mpdprmant I Locomaobivesand similar machines
#Apriculuralequpment,
raciors. aio.
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It has been pointed out before that the criterion of assigning quality grades 15 the error for
pitch, for tooth profile and for tooth alignment. The departures from the theoretically ideal
geometrical parameters can be accurately measured by precise instruments, but such measure-
ments are not enough to correctly mterpret the motions of running gears, because running
gualities will depend upon the sum of errors and are also made complicated by radial and lateral
run-outs.

Types of Errors

An error is defined as the value obtained by subtractingthe design value of a dimension fromits
actual value

Errors can be broadly classified into twe main categories—the individual ercors and the
composite errors.

Individunl errors involve those errors which are deviations of individual parameters of
toothing from their ideal values. Under such headings fall: profile error £ adjacent pitch error
[, base pitch error £, twooth alignment error £, radial run-out £, tooth thickness error £,
g’&_’]”hasg errors are measured by special mtasurﬁlg instruments. Symbolf denotes errors over
single unit of measurement parameters, while F is used when the measurement extends over a
certain specified range of seveml such units and their cumulative effects thereof.

The composite ermors of a tooth system denote the total effect on the position and form of the
tooth surfaces when a number of individual errors actjointly and simultaneously. This type of
error will be claborated later in this section.

Endividual errors  Thedifferenttypes oftheidividual errors are discussed below. Their permis-
sible values are given in tabular form in Table 2.23.As indicated earlier, each type of individual
error is measured by special measuring and inspecting equipment.

Profile evrors  This error is an indication of departures of the actual profile from the ideal
involute profile. This departure at any point is measured normal to the involute profile. It is

denoted by the symbolsfand F,.

Pitch errors  This error denotes the departure of the actual spacingof the teeth from the ideal
one. The adjacent pitch error ¢ is this departure measured on similar flanks of two adjacent
tecth. When the measurement isdone overa length more than onepitch apart, namely, k number
of pitches, it is called the cumulative pitch error | Besides, there is the base pitch error _II"-.H
which is the difference between the actual and the ldeal base pitch.

Tooth alignment error  Thisis also known as the errorof distortion. When a spur or a helical
gear is cut, its tooth traces should follow the ideal path, i e, parallel to the axis in case of a spur
gear and atan angle equal to the helix angle in case of a helical gear. The tooth alignment error
iz an indication of deviation from this ideal path. This error isusually measured in micrometres
{um) over a given distance on the tooth width of the gear. It is denoted I:I"_l."n unl:lFF

Radial run-sut  This is @ measure of the eccentricity cf the tooth system and i1s denoted by £,

Axtal run-out  This 1s a measure of the wobble of the gear, and 15 measured by placing a dial
gauge whose axis is held at a specific distance and parallel o the axis of rotation of the gear.

Tooththicknesserrar  Thisisthevalue obtained by subtracting the design tooth thickness from

the actual tooth thickness, measured alongthe surface of the reference or pitch eylinder. This is
denoted by £,
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Table2 23 Permissiblevalues of individualand composite errors

(AN varlues of ernors in um)
Gear Toothprofie errar Adjzcent pitch errar Cumufativepifch emor
Quaiity F, L Faa
5 A0 LT, LIy | K TH T 0G3 WL
4 40 + 0.250, 32 + 0280, 25 + 1.00 1|E
5 G0 + 0.400, 50 + 0400, 40 + 160 J7
i 63 + 0.830, an * 0630, 60 + 280 JT
7 dd + 1.000, 11.0 + 0800, a0 + 355 -.'I
| 100 + 1.800, 160 + 1.250, 120 + BOO Jp
1 160 + 2.600, 220 + 1.B00, 170 + 710 JL
10 250 + 4008, 320 + 2.600, 20 + i 1|-E
11 400 + 8.300, 4530 + 3.580, W0 + 14.00 HII
iz E30 + 10.000, 630 + B00a, 500 + 20.00 JL
Meke: +|:| 10 -.Er,‘, =m+0. ﬁﬁ[‘rmm] Arc length kirmonasectorof k numberofpitches. L = = o2, M (modula)
lrllfd are in mm.
Goar Toothalignment error Radial rur-out
quality Fa i
3 25 + 050 &b ¥ or 0.5,
4 0 o+ 08 p 11 + D.B0D,
b 40 = 0.BD ,'E 18 + 1.400,
B B0 + 100 b W+ 2.240,
T BD + 135 Jp 40 + 3154,
i 100 + 200 Jp B0 + 4.000
8 180 + 315 /b 631 + 5.000,
10 B/h + 500 1|'_ B0 + B.300
11 a0 + B0 W 100 + 8.000,
12 830 +1280 .fp 125 + 10.008,
Wode: b {mm|= Tnnd'r'nl]dﬂl,ﬁ;_: 150 mumr
Gear Toaoth-ivicothcomposite Todalcomposite error,
Quality error, ganbie fank dowbie fank
r &
df + 020, 10 + 0800,
g 60 + 0450 18 + 1280,
g0 4+ [EED, &5 & 2000
i 20 + D.Eﬂﬂ_ 40 # 320 I
7 160 + 1280, 56 # 4.500,
a 20 +  1.800, 71 + S5.600,
g 20+ 2340, 50 + 7.100,
10 3.0 + ZA0m, 112 + 8000,
1 450 + 3.580, 140 «11.208,
12 580 + 4.500, T80 14008
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Basecircleerror  Thiserror denoted by ;: iathe differencebetween the actual and the theoretical
dimensions of the base circle diameters.

The commonly used formulae from which the individual errors can be calculated are givenin
Table 2.23. Therelevant formulae for deriving the compositeerrorsarealso included inthe same
table for convenience.

Compasite Errors

In a composite error test, the combined effects of a number of errors, acting simultancously, are
revealed. These errors include two or more of the individual errors, such as profile error, pitch
error, tooth alignment error, tooth thickness error, radial and axial runout { or wobble),ete, This
tvpe of test approximates the action of the gear in question under service conditions. Since it is
notpracticable inregularproduction schedule o measure each and every individual errorofeach
and every product-gear, the compositeerror type of test isresorted to for general workshop use.

The composite error tests are of two types—szingle-flank composite errortest and the double-
flank compositeerrortest. Eachafthesetestsare sub-divided intotwoeatepories—tooth-to-taoth
composite error test and total composite error test.

In both single-flank and double-flank composite error tests, the product gear is rotated
through at least one complete revolution in intimate contact with a “master gear”™ of known
sccuracy. The single-flank type of test reveals errors in angular transmission whereas the
double-flank tvpe of test represents variations in centre distance.

The double-tlank tests are more prevalent in practice and therefore it will be discussed in
detail. This type of test is also known as the “rolling gear test” or simply “roll test™ in workshop
vocabulary. Inthistestthe geartobe tested and the master gearare mounted onavariable centre
distance fixture which is suitably designed forgearrolling, and the resulting data are measured
by a suitable device. This fixture may consist of a spring-loaded movable slide or one gear may
be pivoted on a spring-loaded arm as shown in Fig. 2.59(d), The fixture may also be like the one
showninFig. 2.59(¢). In any case the main ideais that the two gears should rotate in tight mesh
without backlash. During rotation, there 15 a vanation in the centre distance and the effects of
errors in the gear are shown by a dial indicator or by a recording or tracing device.

[nthe single-flank test the rolling is done on any one flank only. The centre distance is kept
constant. The master gear rotates with perfect and constant angular motion. Any deviation in
the angular movement of the product gear showsup in the single-flank test. The conditions for
single-flank and the double-flank testa are represented in Fig. 2.5% (aand b).

In the double-flank test, the tooth-to-tooth composite error 1s the error which snows up as
flickerontheindicatorgfihevariable centre distance fixture arrangement when the pearrotates
from tooth-to-tooth in ﬁght mesh with the master gear, This shows the combined effect of the
errors, @, g, profile error, pitch error and the variation in tooth thickness. [tis represented by the
difference between the highest (peakjand the lowest {trough)adjacent points of the error-line
for each pitch or spacing as the two gears roll.

Thetotal compositeerroristhe total variation in centre distance as the work-gear 15 similarly
rotated with themaster gear. Besides including the tooth-to-tooth compositeerror (whichinturn
includesthe errors mentioned above), the total compositeerror also includes runout and wobble.

Inthe usual types of gear-testers, the error may be recorded in the form of a cirular trace or
a linear trace as shown in Fig. 2.59 (e and £). The result is then compared with the standard or
permissible values as given in the Table 2.23 for acceptance or rejection of the gear. In case of

=
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an ideally perfect gear, which is virtually impossibleto attain no changes in the centre distance
will show up on the chart and hence a straight line will result.

I'he values calculated for the double-flank composite errors are to be modified in case of
pressure angles other than 207 They are to be multiplied by factor K which is given by

tan 20" in case of uncomrected spur gear with pressure angle equal to a
tana degrees

K = tan 28 . ooe of cormected spur gears with working pressure angle
equal to & degrees

tana,

tan 20" in case ofuncorrectedhelical pears with working pressure angle
K= : EP £

tan e, equal to a,degrees

K tan 20" in caseof corrected helical gears with workingpressure angle in
- tana, . the transverse plane equal to o, degrees

Thevalues of the centre distancetolerances given in Appendix L are alsoto be multiplied by the
above factors.

2.28 Metrology, Inspectionand Tolerances of Gears

After production, gears are checked and inspected t o ensure comrectness of different parameters
and smoothness of operation.

Inspection of Gears

Different methods are followed for measurement and checking of gears. Several types of
measuring gadgets and instruments are kept in shops because one inspection method for a
particular type of gear may not be suitable for another tvpe. For example, spur gears are casy
to measure and check over pins or by backlash when meshed with a master gear. Although pin
tvpe method of measurement can be used in case of helical gears with an even number of teeth
{but with more difficulty than in case of comparable spur gears), measurement becomes
extremely difficultin case af helical gears having an odd number of teeth. Besides, the backlash
and master gear method of measurement is not economically viable in case of helical gears
because of the infinite number of helix angles in use.
Broadly, the different methods emploved for measuring and checking of gears are:
(1) checkingby means of accurately ground pins or wires of proper diameters,
{11) checkingby vernier calipers or micrometers,
(1ii) checkingby suitable dial indicator set-ups, and
(iv) checking with the help of optical comparators.
Of all the methods enumerated above, we will later discuss m detail only the second method.,
i.e. inspection and cheking of gear teeth by Vernier calipers or micrometers, as this is the most
widely and convenientlyused method in shops.
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The method using suitable pins or wires are also used quite frequently, especially in simple
cases. [nthis method two accurately ground pins of proper diameter are placed in diamclricsllj.r
opposite tooth spacesin cases ofgears with an even number of teeth. Measurement overthe pins
is made with a micrometer. Theoretical values for such measurements are given in relevant
tables. The actual measured values are then compared with the theoretical values. Ifthe actual
vilue is greater than the value given in the table, the tooth is thicker than the standard
measurement, andif it is less,the tooth isthinner. In case ofgears with an odd numberaf tasth,
the pins are to be placed in tooth spaces as nearly opposite as possible. Relevant tables for such
cases are also available. For each module or diametral pitch, separate sets of pins or wires of
proper diameter must be used. (See Appendix W),

Theindividual errors and the composite errorshave already been discussed 1n detail in Sec.
2.27. For measuring each type of individual errors, different types of special checking instru-
ments suituble for the relevant types of errors are available. Normally, individual error
checkings arerequired only for gearsof the highest class, &, ¢, marine turbine reduction gearing,
instrumentation gearing, etc. and hence these are not carried out in production line gears.
Rollinggear tests for composite errors generally sufficethe purpose. Thesetests have been dealt
with in See, 2.27.

By and large. the most comonly used method for checking of toothing is the measurement of
width overa certain specified number of teeth by means of vernier calipers or micrometers with
special attachments. This method is known as the “span system of measurement”, the “block
measurement system™, or more commonly asthe “basetangentlenpth” measurement svstem. It
ianearideal method and is universally applied because of the fact that ivis simple vet accurate,
gearscanbe measured while stillin the machine (evenin running condition ), and no specialised
skill is required to obtain an accurate measurement.

For accurate generation to be effective, measurement and checking of toothing are af vital
impaortance. The base tangent lengthmethod of measurement system stems from the geometric
fact that if a normal is drawn to an involute tooth profile, the normal wall lie in a plane which is
tangent to the base cvlinder. This is clear from the very principles of involumetry. If now twao
parallel caliperjaws contact the two tooth profiles as shown in Fig. 2.60{athejaws will touch
the profiles tangentially. The operator makes the measurement with the calipers with a “feel”.
It can be casily scen from Fig. 2.60 (a)that if the straight line of fixed length a6 rolls back and
forth overthe base circle without slipping, its end pointsa and b will generate the involute curves
which are the opposite profiles of the two teeth as shown. It can also be seen that this straight
line isalsothe developed length of the arc confined between the initial points of generationof the
two involute curves. In other words

W = straight length ab = Arc length ab”
From Fig. 260 (a) we can also infer that
W zab ={2x base pitch) * { 1x tooth thickness on the base circle)

Mow  base pitch = circular pitch x cos ¢ =®#m cos g  (from Eqg. 2.3)

Tooth thickness on the base circle = d, [E + inva = inva,] i from Eq. 2.8)
where d!‘ = Base circle diameter =  cos o

= Pressure angle at the base circle
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Fig. 2.60 Inspectionof gears

On the base circle, the pressure angle &, is zero. Hence

Tooththickness = d.(ﬂ * lwva) = n‘mﬂ( + inva
3 1%

= nu.cusa[ﬂ.— o5 imra] = mzm:rsﬂ[—;— + imva)

2maz 2

If 2" be the number of teeth over which the measorement is made, then we have the generalised
EXPression



SpurGaars 2135

W =[fz-1) x base pitch] + 1x tooth thickness on the base circle

=[fz' - I]lmu:ns cr] + [mzcos a'[—I— + inv a]
iz

’ AT Cos ;
S zAm 058 = oS a8 s+ ——— * oS 8 Invie
o |
= m cos affz’ =03+ zinv al (2.122}
For corrected gears, the expression 1s modified as
Wo=mcos afiz-05)g+rinv gl ¥ 2xm sin o (2.123)

For helical gears with correction, the value is given by
W=m_cosal{z’-05)z+zinvg|*Ixm _sina (2.124)

Instruments by which the base tangent length measurementscan be made are: Vemnier calip-
ers, gear-tooth calipers, micrometers having suitable fixtures on the anvils, and other measuring
devices (Fig.2.60¢),

There are, however, certain limitations of this system of checking. If the helix angle is hi
and the face width ofthegear ia narrow, the ordinary calipers o rmicrometers whichare not fitted
with special attachments cannot be used if the calculated gearteeth overwhichthemeasurement
isto be made are many innumber. Moreover, certain errors such ashelical-lead error, total index
error, profile error, and some other errors may also affect the accuracy of the measured values
to someextent. But, by and large, this type of measurement is good enough for all practical pur-
poses. Reference charts, figures and tables have been drown op to alleviate the tedium of
calculation and the possibility of errors inherent therein. Here Chart 2.1 and Tables 2.24 and
2.25 have been given for quick reference.

The data are valid for 20' pressure angle gears.

To find the desired value of the span measurement. the following formula is used

W=m[K +Kzs+2xsinal inmm [2.125)

The value of z* is first ascertained from Chart 2.1, after taking cognizance of the relevant
parameters, vie. 2, ff, and x. Figure 2.6{ b gives the direction for reading off the value ofz’,

Thevalue of K is Found from Table 2.24. The value .;}I"..l:{'E 15 a function of the helix angle and
is given in Table 5.25 for the helix angle range 5 to 22" which is the range commonly encount-
ered. For spur gears {§ = (), K, = (.01 40065,

Example 214 Given:z=50.m = 6, g=20", f=8°20"x =+ 0.5
To find the value of W,
Soluden: From Chart 2.1, 2' =7, from Table 224 K = 1918885 from Table 2.25
K, = 0.014437 =in 20" = 0.34202.
~ W = 6[19. 18885 + (0.014437 = 500+ (2x 0.5x0.34202)]
= 121.516 mm

Another way of ensuring the dimensional sccuracy is to check the chordal thickness of
individual tooth ata pre-determinedheight. These measurements can be carried out by the gear-
tooth calipers as shown in Fig. 2.61. The relevant equations are given on page 174.
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Table 2.24 Vales of K,
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For a spur gear with correction, the chordal woth thickness is given by

S = dsin ¥ where y = — radians

r
£ = f + Zxmtan a = Circular tooth thickness
sincep = pm and d =gz, we have
— am ;
8 = mzlin[ —+2xmtun2ﬂ']1mr (y inradians) {2.126)
2
T t2xtan20’
| 2 5
= mz sin 1 {when wis in degrees) (.127)
£ K
- - d 8§
Chordalheight h = m[1+ﬂ+i[]_ms E] (2.128)

Equation for i, is applicable when addendum correction or topping 15 not considered. When
this is to be taken into account, then the value of § isto be reduced by the amounty m. (see Eq.
2.36).Puttingx =0 in the above cquations, we get the relevant values for normal, uncorrected,
spur gears. These values can also be obtained from Table 2.26. This table gives the values for
module = 1.For any other module, the values from the table against 7 are to be multiplied by
the module in guestion.

Example 2.15: z =34, m =22, To find § and E.
Soluton = § = L7024 forz = 34) x 22 = 34.5453 mm
R = L0IB15x 12 = 22.3993 mm

Tolerances of Gears

After ascertaining the tooth distance W and the tooth thickness §, the values are to be
“toleranced”_Alongwith the tolerances onthe centredistance, the toleranceson Wor §determine
thefinalbacklash between the meshingegears in the mounted conditon. Thishas been explained
in S¢¢, 2.8 dealing with backlash. Tolerances on W and g are given in Appendices K and J
respectively .

Thevalues of the given tolerances are valid fortransverse section. For spur gears, the normal
and the transverse sections are the same and hence the values can be directly used. For helical
gears, however, the values are to be multiplied as shownin Eqs 2.129and 2.130to getthe values

in the normal section
A=A cosf (2.129)
.ﬁ.H = ﬂ_ s ﬂ Eml
where A = Tooth thickness tolerance in the normal section
A, = Tooth thickness tolerance in the transverse section as given in Appendix |
A__ =Tooth distance tolerance in the normal section
A, = Tooth distance tolerance in the transverse scction as given in Appendix K
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The tolerances on tooth thickness A and on tooth distance A, are related to each other as shown
in the following equation

A xAcosa (2.131)
Table 228 Chordul toath thicknessand height

z Sin b im Z §m h, m F h, im
0 1.55433 106160 40 1.5703% 1.01541 L] 1.57066 1 00BED
11 1.55546 1.05550 41 157041 101502 T 1.57066 1.00aE6E
12 1. 55631 1065135 42 1.67043 101488 T2 1.67 066 100856
13 1. 5e508 1.04740 43 1.57045 101430 T3 1.5706T 1.00845
14 156750 104405 4 1.570d44 1013733 4 1.6706T 1.00834
15 156793 1.04110 45 1.67044 1.01 360 5 1.67067 1.00824
b 156827 1.03ES0 46 157048 1.01%31 T 157086 1.00813
7 156856 103625 47 1.67050 101302 T 157088 1.00803
18 1.56880 106425 48 157051 101275 Ta 1.57089 1.007E3
1w 156500 106255 48 157052 101248 ™ 157088 1.007ES
a0 1.58518 1.0G073 50 1.570853 101227 &0 1.57088 1.0GTT4
21 1.56505 1.02520 &1 1.570854 101202 B1 1.57060 1.00764
22 158546 1.0&785 &2 1.57055 101181 &2 1.57068 1.00755
23 158857 1.02675 &3 157066 1.01182 &3 157070 1.00748
b} 1.56567 12560 5 1.57087 1.01141 84 1.57070 1.00757
Fei] 1.56976 1.02461 &5 157064 101121 85 1.57070 1.00728
= 1550864 1.02371 54 1.57088 1.09105 &4 1.57070 1.00720
x 1.E5581 102275 57 1.570858 1.09081 a7 1.57071 10072
b 1. 56887 1.02210 &a 167060 101061 a4 1.57071 1.0070G
bt 1.57003 1.02131 549 1.57061 1.01042 i) 1.570T1 1.00EBE
a0 157008 102065 &0 157061 101025 o0 1.67071 1.00687
at 1.57012 101865 a1 1.6M06E2 1.01008 i 1.67071 1.006T4
3z 1.57016 101930 a2 1.57062 1.00%51 oo 15T 1.00672]
33 1.57020 10187 83 1.57081 100975 g ] 1.67072 1.00855
34 157024 1.01816 i 1.57083 100359 ) 157072 1.00657
as 1.57027 10 7E2 a5 157054 100545 86 157072 100850
36 1.57028 109710 86 1.57084 10093 ] 157072 Tk
ar 1.57032 1.01665 a7 1.6706S 1.00518 &7 157072 1006837
38 1.57035 1.019620 68 1.67DGS 1.00205 = 1] 157072 1.00630
39 1.67037 109577 L] 1.57085 100882 =t 1.5P073 1.00623

For any pressure angle o, other than 20°; the requisite value of A relevant for that angle
can be Tound as follows

Losdy r2.131,
Ao = A oo
Example 216 Given: A = =40 and = &0 g m. To find the corresponding values ofA_ _for
pressure angle 15" and helix angle 10°,

Solation: A, = A, cosa=—dbx cos20' =-3T.6um
A=A cos f==3T.6 x cos W' == 3T ym

A=A cosg fcos ' =-3Tx cos 15 cos 20° = =38 ym = = 0.038mm
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Similarly, the corresponding values :}fA__ for A, = =640 yum can be calculated.

The proper choiceof the tooth thickness tolerances ortooth distance tolerances as well asthe
tolerances on the centre distance (discussed later) will depend upon the discretion of the
designer. The designer determines the tolerances mainly from experience after considering
many factors, viz. backlash required, method of manufacture of gear, material, speed, type of
lubrication, permissible stresses, magnitude and type of load, duty factors and other relevant
parameters. A8 the Appendix on tolerance indicates, thetolerance values are functionsofguality

grade, module, ped, and the zone position designated by a letter. The zone position starts with
letterhhavingzeroas one ofthelimitsoftoleranceand then goes on toletterg havingmaximum
deviation trom the datum, j.e, zero value as can be seen from the Appendices on tooth thickness
and tooth distance tolerances. Thishas been diagramatically represented in Fig. 2.62. Thereare
further zone positions beyond a,but these are not included in the tolerance table because they
are normally not much used. The Appendices contain values pelevant only for usual qualities,
moadules and other factors of Ecnrral pmct:cal use. Lone b is used for gpear drives which run
practically without backlash. Zoneg 1s valid for gear drives with very small backlash. Zones f
to & along with centre distance tolerances J and K provide backlash in all cases.

CIRCLE

Fig. 262 Thickness measurementand tolerance uf-gaar tooth

Sometimes the zonel deviations may encompass more than om position as shown in Example
2.17.

Example 2.17 Given: m = 3, ped =45, tolerance and zone= 9 db
™ find the tolerance values of W

Solution: From Appendix K, we have

Tolerance values of d Tolerance values of
Upper limit4_ = (LOBS =0.169
an:r]tmlt;l“ =0.127 =0.211

In cach individual case, the field of tolerance is 42um (127-85=42and 211 = 169= 42). If the
tolerance 15 given as "db”, it means that a tolerance field of 004 2mm canfloat between the two
extreme limusthatis,—0.085mm and = 0. 212mm. The actualtolerancecanthen have any value
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between thesetwoextremes, provided the differenceis maintained at42 jm. Forexample, itcan
have values =100 mm and = 0.142 mm, and s0 on. The vsual practice is to have greater
flexibility in backlash values, as in the case of change gears, varinble or elevated thermal
operating conditions, ete. This also minimises the quantity of rejects during manufacture.

If, for instance, the quality and zone are 7 e, then the final values of W (see Example 2.14)
are given by

W = 121.516 {mm)
= [(LO50
= 0034

It should be noted here that the tolerance value, as given in Appendix K, were multiplied by
the value ofeos J,1.e.cos 8 20, toarriveatthe above values sincethe span measurement isdone
in normal section as explained earlier.

Centre distance tolerances are given in Appendix L. There are two zone positions, J and K.
Values inzone K are twice as large as those in zone J_As mentioned in Sec, 2.27 the given values
of the centre distance tolerances are to be modified by multiplying them by the factor K as
detatled atthe end of that section.

As emphasised earlier, no cut and dried method can be given to selectthe proper tolerances
for any type of gear, this being entirely the discretion of the designer who draws from his
knowledge and experience to arrive at certain values of the tolerances concerned. Table 2.27
serves as a guide for the proper selection of tolerances.

Tabla2.27 Selectionof quality and tolerance zone

Gear Suality T 858 10 and abowve
sy of Fastrunninggears, Mormal runining gears, Coarse gears.,
application gearsips turbines, gears for general hiasnd-oparaled gaar
SCIMW COMAreSSors, purposemachines, boxes, slow nunning
and similar machines cranasand presses poans
Centre distance T4 Aot J 10K and abowe
tnderance
Toaoth thickness Tc ABbord b 10 a and above
{olerance Td BeorSe 10 bandabaove
Tod Bbeora be 10 aband abowve

Itmust be keptin mind that these tolerances are the parameters which determine the backlash
in the mounted condition of gearing, and hence, they should be selected judiciously. Gearblank
tolerances are given in Appendix 1. The common linear dimensional tolerances are given in
Appendix 5. The dimensional tolerances as well as the IT values can also be obtained from I5:
019 or from any standard book on fits and tolerances.

229 Efficiency of Spur Gear Drive

In any gear drive, the efficiency of the svstem is given by

E’r'l'lr:icm}.[ﬂ} - [.JUIE'L'II!:L'I-'.:I.-'[_'[

Input power
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There 15 a power loss in the system due to the shiding action of toothing. Besides this, there
are power losses atthe bearings, loss dueto the churning of lubencating o1l and other losses, so
that the overall efficiency becomes still lesser than the efficiencycalculated on the basis of loss
due to sliding only. The following values are typical for the spur gear drive system

=92 1o 94% for unmachined teeth
= 96% for smooth and lubricated teeth
=98 o 39% for very carefully machined teeth with hydrodynamic lubrication
between teeth surfaces

With the ideal kind of design, construction and bearing systems coupled with very good
lubrication and gearsof highquality, it is not difficult to attain an efficiency ashigh as98 to 99%.
For automotive drives in general, it is around 37%.

If the shidingvelocity ishigh, it leads to considerable power loss due to friction and the effics-
ency may fall te around B5%,.

In this section, efficiency considering the toothing aspects only will be discussed. That is, loss
due to bearings, lubricants, ete. will not be taken into account.

Neglecting friction, torques T, and T, of the two meshing gears have the following relation

T oFr ' .
1 = - = Fig. 1
T, 0.P & (see Fig, L11)

where (0, and (), are the centres and P is the pitch point, dividing the line of centres 00, 0, into
pitch circle radiir and ro Due to the effect of the frictional force, however, the actual pressure
line cutsthe line DFEI:I‘IIIES-D,ID somewhat away from the pitch point P. This point P always lies
between P and the centre O u!glhl: driven gear. Considering friction, we have the relation

Do or
T,  OF

Theinstantancousetficiency at any point of contact otherthan the pitch point { where the motion
is one of pure rolling) is given by
_OF [OP_OF 1

oF/oF OF n

Since P always lies between O, and P,O P <r andr, <0, F,

Therefore, W is always less then 100240 Only when P coincides with Pi.g. when the net effect
of the relative sliding velocity is zero, f__is 100%because at that particular instant the power
loss due to sliding is zero.

Since there is elastic deformation of teeth under load (see See, 2.22 on dynamic loads),
determination of tooth pressure at individusl contact points is a statically indeterminate
problem. Moreover, tooth [pad remains the same only when the contact ratio is a whole number
and when the actual tooth profile exactly conforms to the theoretical one. Besides, in normal
cases where the contact ratio is not a whole number, meshing of two pairs of taeth during part
of the course of action also prevent the caleulation from being precise. For all practical purposes,
however, the followingtreatment should suftfice.

_q. 4 (1,1) 1 [(APV+(BPF
L oz b ) 2 AP+ BP

Here, 4 Pand BP are the segments of the length of contactAB ,as shown in Fig. 2.12. Points

TJIIJ.
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A and B are the extreme points where the sliding effect is maximum.
Taking module = 1and inserting factor £, given by

f 1 [(APY+(BPY
cos x| AP+BP

in the above formula for efficiency. we get the simplified expression

I 0 5
rh_ L

Theaboverelation is same asBEg.2.11in Sec, 2.6 and the definitions and values given in that
section are also the same.

230 Engineering Drawing of Gears

A manufacturing or shop drawing of a gear should mainly consist of
(i} o dimensioned drawing of the gear as an engineering component, and

(ii) atable containing the relevant gear data which should preferably accompany the gear

drawing, both be placed side by side.

Besides the above. it should contain the usual information on various aspects such as heat-
treatment, machiming, material specifications, hardness, etc. which is commonly given in an
engineering drawing.

Thedrawingofthe body of the gear should be executed just like that of any otherenginecring
item that is, 1t should contain the relevant views, sections, ctc. to represent the solid body of the
gear in orthographic projections,

There i1s a great diversity in the manner in which the relevant gear data are presented. [n
present-day practice, although somekind of standardised data table has been recommended by
different Standards institutions or gear manutacturers associations, many individual gear
manufacturers and engineenng firms follow their own practices. Some general guidelines,
however, are given below.

Broadly, the table should contain the undermentioned three categories of data.

Basic data and specifications  These relate to the number of teeth, module or diametral
pitch, pressure angle, helix angle and hand of helix in case of helical gears, tip circle and pitch
circle diameters, tooth form, amount of correction in case of corrected gears, ete. In case of bevel
W_Mhmm worm and worm-wheels, and other types of geaning, the relevant data are to be inserted.

sides, the transverse module and transverse pressure angle in case of helical gears. the
standard whole depth of tooth, addendum. amount of topping, etc. may alsa be given. The value
of the tip circleand the pitch circle diameters are sometimes given both on the body of the gear
drawingas linear dimensions as well as in the gear data table.

2, Inspectiondata These arealsoused indifferent stagesof gear manufacturebesides serving
inspection purposes. These data include permissible values of different types or errors, quality
and zone of tolerance, base tangent length measurement with tolerance, chordal thickness and
height ot tooth at the pitch circle, ete. Details of some allowable errors, &, 5. F”,, _n_ F , may also
be given. Normally, the permissible value of the double-flank total _..ua._—u_u..__.h _E.q,_u_. .m_._._ should
suffice for all practical purposes.
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3. Engineering referencedata These are auxiliary data which areuseful forthe gear-drive as
a wholeunit and alse formounting purposes. These include the number of teeth of the mating
gear, its part number in the drawing, centre distance with tolerance, etc.

As examples of engineeringdrawing of gears, Drawings 2.1and 2.2 are given. The numerical
values and data given in those drawings refer to the example of a spare part drawing-setof a
geardrive given in Bge, 8.9 Drawings of gears which are designed from first principles will also
be represented in the same manner. Simplified versions of drawings of different types of gears
are llustrated in Fig. 2.63which are mostly used in assembly drawings,

N

SPURENELICAL BEVEL GEAR WORM WHEE |
GEAR

BE VEL GEAR iy ASSEMBLY

WAORA & WOR WHEE | RACK & FINION !N ASSEMBLY
INASSEMBL Y

Fig. 263 Conventional representation of gear and gear assemblies
in engineering drawings
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Helical Gears

3.1 Geometry of Helical Gears

Like spur gears, the helical gears are employed to transmit motion between parallel shafts.
These gears can also be used for transmitting motion between non-parallel, non-intersecting
shafis. Inthe formercase, the gears arecalled parallelhelical gears, while in the latter case, they
are termed as crossed helical gears. Crossed helical gears are discussed in detail inSge, 3.15.0n
Secs 3.1-3. 14 only parallel helical gears will be discussed.

Figure 3.1{a)shows aplane which rolls on abase cylinder. Theedge of thisplane isa straight
line parallel to the axisofthe cylinder. When this plane rolls orunwraps from the cylinder, each
point on the edge traces an involute, namely, 1:L1r1.'|::'.1:.xll:|11 aibl, etc. Since points bp b, ctc. are
equidistant from their original positions, i.e, &,, a,, ete. all the involute curves thus generated are
identical in every respect. In other words, the surface of an involute spur gear tooth is thereby
created by the edge of the unwrapping plane.

Mow consider Fig. 3. 1{b)where the edge of the plane 1s inclined to the axis. When this inclined
edge coincides with the base cyvlinder, the line 15 in the form of a helix, &t . As the generating

GEMERATING FLAMNE

INVOLUTE

ia] SPUR




3.2 Hondbook of Gear Design

Fig. 3.1 Generation of gear tooth
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plane unwraps and becomes a taut, horizontal plane, the edge becomes a straight line. The
points, as betore, trace out involute curves, viz.a b, ..a b, etc. The curved surface bounded by
points q..-ﬁl-ﬁ:uﬁ is an involute helicoid and it forms the surface of the tooth of a helical CEAT.

Apictorial view of generated helicoidal surface isshownin Fig. 3. 1{e).In Fig. l.l[d:lJaPictn-riaJ
view of the pitch cylinder of a helical gear has been shown in partly unwrapped condition. One
can easily discern the helical orientation of the tooth traces on the body of the pitch cylinder.
which become straight lines on the developed pitch plane.

It iz obvious from the figure that curves g b and g2 A are unequal in length because of the
initial inclination of the edge of the generating plane. Curve a,b, is now extendedto g, sothat
abe =ab, Pointg, and b will now be equidistant radially from the central axis of the base
l:g.rl:nd::r.']n other words, they will lic on circles of the same diameter. d_. These are the twa tip
circles of the helical gear at the two extreme ends of the cylinder, covering the width of the gear.
Mote that there existsan angular phase difference between points ¢ and b when referred to the
cvlinder axis. This represents the twist of the helical gear tooth which is gquite apparent in
Fig. 3.2. Because of this twist along ths width of the helicl gear, the top land is not parallel to
the bottom land as can be seen from the figure. This is not soin case of a spur gear where all the
lines are parallel to the axisof the gear. Therefore, if the helical gear is thought of as consisting
of an infinite number of concentric hollow cylinders, placed one inside another so that the
resulting body is a solid. then if any individual cylinder is considered, the path ofthe tooth-trace
on the surface of that cyvlinder is a helix along the whole length covering the tooth width, But,
because ofthetwist, the inclinations ofthe helices of different cylinders with reference to the gear
pxis are different. This results in different helix angles at different cylinders which will be
discussed in Spe, 3.2,

LBOTTOM LAND

ol TOF LAND

FACE"WIDTH

Fig. 3.2 Shapedof helical gear locth
Based on Praclical Gear Design, Dudley, 19584 edition.fig. 113, p. 18,
MoGraw-Hil Book Go. lne., Mew York.

3.2 HelicalGear Terminology and Relations

Because spur gears are easier to design and manufacture, engineers usually prefer these gears
when power istransmitted between parallel shafts. There are, however, some design considera-
tions like greater contact ratio, greater strength, and some operational requirements, such as,
nolsclesspess, smoother engagement of meshing of teeth, for which the use of helical gears is
preforred.

When a pair of parallel helical gears mesh, the following conditions must be satisfied for
proper running of the set:
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(i) The gears must have helix angles of equal value;

{(tf) The gear teeth of cach member must have the same module, and

({if) The gear teeth of cach member must have opposite helices, that is, one gear must have
right-handed helical teeth while the other must have left-handed ones.

One ofthe fundamental differences between spurandhelical gear asfarasthe courseof action
15 concemed is that the contact of the two spur gears in mesh takes place always in a line
extending all along the surface ofthe tooth, this line being always parallel to the axisof the gear.
Inahelical gear, the initial contact is a point which gradually changesinto a line as engagement
proceeds. Unlike spur gear, this line ofcontact is a diagonal across the face and flank ofthe tooth.
This aspect and its implication will be discussed in detail in Sees 3.4and 3.5.

The basic parameters of spur and helical gears have been shown in Fig. 2.3, Figure 2.3 (c)
represents the developed pitch cylinder of a helical gear. The definitions of basic nomenclature
and geartooth terminology are the same in spurand helical gears, and for these thereader should
referto8ge, 2.2. The speoial features which characterise and differentiate a helical gear from a
spur as well as their inter-relations will be discussed in this section,

The following special parameters of a helical gear are defined here (Fig. 2.3¢).

Helix angle  This is the angle which the tooth trace of a helical gear in the pitch plane makes
with the gear axis. Thisinclination to the gear axisvaries alongthe involute asit originates from
the base cylinder and develops outwards, that is, away from the base cylinder. 1t should be
carefully noted that when the term “helix angle” is used in connection with a helical gear, it
means the helix angle atthe pitch cylinderonly and s usually denoted by Bwithoutany subscript.
With other cylinders, the peneral expression is given by

d
= il
lanﬁr tanﬂ:-g_c-li i ]

Where # = The helix angle of any cylinder ¢
d = Thediamater of the above cylinder
= The helix angle at the pitch cylinder and
d = The pitch circle diameter of the helical gear

Lead angle  The lead angle is the complimentary angle to the helix angle, and is given by
y=80"-f i3.2)

In case of a helical gear, two types of sections are consideredthe normal section and the
transverse section. These sections have been shown in Fig. 3.3, (a)with respect to the reference
profile. The normal section is taken by passing a plane at right angles to the tooth trace of the
top-most tooth and throughthe pitchpeint Ponthepitch cylinder as shown. If the plane is passed
atright angles to the axis of the gear, the transverse section is obtained. The reader should note
that normal section ofthe pitch cylinder is an ellipse while the transverse section isa circle. The
relevant parameters and the relations thereof are explained below.

Module Twokinds ofmodules are differentiated in helical gears — the normal module and the
transverse module. They bear the following relation to each other

- k. (3.3)

= cos 3

where m, = The transverse module
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m_ = Thenormal module. { Thenormal module has sometimesbeen written as simplym,
that is, without the subscript n in this book.)

Circularpitch  Normal circular pitch plorpJ=am (3.4}

Transverse circular pitch P.=xm, (3.5)

Axialpitch p=am =gmlany=x m cotp = Hiﬂ‘l = Sl o E (3.6)
sin O Cosy x

where H = Lead, and 7 = Mumber of teeth
Base pitch Mormal base pitch P, =p, cos & (3.7)
Transverse base pitch P, =P, c0s & (3.8)

Pressure angle  In case of a helical gear, it is important to differentiate between the normal
pressure angle a (org ), which is the pressure angle in a plane perpendicular to the tooth trace
inormal section),and the transverse pressure angle a,, which is the pressure angle in a plane
perpendicular to the gear axis (transverse section). The two pressure angles are related thus:

tan &= tan & cos f§ (3.9)

I'he normal pressure angle ais 20° for standard tooth profile. The above relation can be easily
arrived at from Fig. 3.9(8ee, 3.121, which gives a pictorial view of the system. Besides, like
corrected spur gears, there are also working pressure angles @ and ¢ which will be used in
conncction with commected helical gears in Spe, 3.8.

Faceadvance Itcanbe defined as the distance on the pitch circle through which a helical tooth
{ora spiral tooth, in cascofa spiral bevel gear)moves from the initial positionatwhichthe contact

begins at one end of the tooth curve to the final position at the other end across the face width
when the contact ceases.

The face advance of a helical gear is created due to the helical onentation of the course of the
tooth along its length and this off-set is given by

FA=bxtanfi (3.10)

The above relation can be established from Fig. 2.3(¢), where b = width of the gear, Obviously,
the face advance of a spur gear is zero. In a parallel helical gear, width b is made larger with a
view to making the face advance greater than the circular pitch correspondingto a given helix
angle. This ensures continuous contact in the axial plane as the gears rotate. The mto—face
advance to circular pitch (in transverse gection¥—ean be considered as a contact ratio (termed
“face contact ratio”), and along with the regular contact ratio as explained in the case of spur
gears in See, 2.7, the total contact ratio will consist of the sum of these two values. This is
obviously greater than that of the spur gears. Contact ratio for helical gears is discussed in

Sec. 3.6.
For the sake of safety, it 1s customarvto increase the miting value of the tooth-width by at
least 15% (the limiting condition beingF A =p), sothat

4o 115D
tan
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Lead Itis the axial advance of the helix in one complete turn.

Pitch circlediameter  Inahelical gear, because of the helix angle, the pitch circle diameterand
other diameters are greater than those of the corresponding spur gear. It has been pointed out
before that the transverse section only 15 circular, the normal one being elliptical. In Fig. 3.3(¢)
a frontal view of a helical gear is shown. This is the same as a transverse section. It is to be
emphasised here that irrespective of the section, the pitch cylinder remain the same, whose
diameter is given by

d = :ﬂTﬂ =zm, =zmsecf @1
Tip circle diameter  In a spur gear. the tip circle 1s given by
d_==zm+2m
In a helical gear, it is given by
d,=zm, ¥ 2m (3.12)

Many readers may wonder why it is not given by d_=2m_+2m

The reason is quite apparent from Fig. 3.3(¢). It a is circle only in the transverse scctionand,
therefore, to r:a.fci'. the tip circle one has to add an amount equal to m on both sides of d radially
from the centre, so that

o5

In Fig. 3.3(h), comparative, superimposed pictures of the basic rack tooth in the normal and
transverse sectionshave been shown, Note the ditference in tooth thicknesses in the two sections
and note also that the height of the tooth remain the same. The two thickness are related thus

5 {or EH]I = é, s i (secFig. 2.3) (3.13)

From Fig. 3.3(h), we can arrive at the followingrelation

Sp A Ry ¥

d,=d+2m = +2m=zm +3m
¢

2 fama, 2 tana
— 1 COs
]:'h.tl 5 B Sr ':Wﬁ o Ej... ¥ iz Sl T'I
2 tana, Jian a
or tan a=tan a.c05f§

The basic relations of a helical gear pair in mesh are givenin Table 3.1. * hegears are normal
ones conforming to the standard basic rack.

The tooth thicknesses on any cylinder can be found in a similar way as explained in Sec. 2.3
Tooth thickness in transverse plane is given by
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Tabied1 Dimensionsforastandard helicalgeasr-sat

Dascription Pinion Goar
MNurmnber of teeth I I
Pitchcircle diameter d, = z,micos fi=z m, d=zmeos =z m
Tip gircle dizsmeber d.'=ﬂ‘l+2m d =ﬁ +tim
Rootcircle diameter d'"=ﬂ'|=1'= 1.25m -u' =d= i T2 m
Basa cirche dimmester dh =l;l'1c\-u='l. du=ﬂ=IIIl xa,
Tooth thicknesson pitch cincle Mormalsection: 5";.; e, gp".r,a = mE
[mezasiered in circular anc) Transwerse section: 5, = e,.=p /2 =mf2
Centre distance 8,z(d +a )2 =(mcosfir (2, +Z W2

8, =d,(5/d*inva-invea) {3.14)

Here, subscripte denotes any cylinderand other subscripts have the usual connotations. The
pressure angles are related to cach other by the equation

(3.15)

o A, = o0 &, —

In the normal plane, the tooth thickness is given by

S. = S..c0sf, = S.d/Jd+d’ tan'B (3.16)

where 3 is the helix angle at the tip circle 4 of the cylinder.
In this connection, the reader is advised to refer to Egs 2. 7and 2.8 given in Sgs. 2.3,

3.3 Equivalent Spur Gear and Virtual Number of Teeth

While studying a helical gear. the concept of an equivalent srur gear is very useful in as much
as it renders the helical gear into a spur gear from the calculation point of view, which in turn
makes it possibleto approximately calculate strength and other dataofa helical gear as if it were
a spur gear. This simplifiescalculation procedures and the relevant spur gear formulae can be
uscd (with modifications)as the helical gear is analogous to a spur gear.

If a section ¥ = N in Fig. 3.4 is cut through a plane which is normal 1o the tooth in a helical
pear, the resultant sectionalplane on the pitch cyvlinder will be a that of an ellipse of minor axis
d and major axis dleos §, where d 1s the pitch diameter of the helical gear and fthe helix angle.
Onthe periphery of this ellipse. no two teeth profilesare quite alike. However, the shape of the
tooth at P 4, e, at the top of the minor axis of the normal section, can be approximately taken to
be that of a spur gear situated on the periphery of a circle whose radius B is equal to the radius
of curvature of the ellipse at P. The centre of this circleis at (.

The parameters of this ellipse are given by

- L
cos 3 COsp

SCMI-MAajor axis = a = 3
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semi-miner axis =h=d/2=r

Toamwve atan expression for R, we proceed as follows. A rectangle is drawn with sides a and b,
and a diagonal is drawn as shown in Fig. 3.4(a). From point A of the rectangle. a P:rpcnd:cular
is dropped on this diagonal. This perpendicular is extended 1o meet the centre line coinciding
with the minor axis at 0. From similarity of triangles, we have

R & a rrod r = - -
—_— R=5% orR= = = D =2R =
" B o b cos' . cos”™ i * cos’

Aspurgearhavin [_';apitl:'h radinsof R iscalledan*equivalent spurgear”because, for all practical
purposes. the tooth profiles on such a spur gear correspond to the tooth profile of ‘the helical gear
in question at . Such a spur gear will have properties similar to those of the helical gear as
designed on the normal section. The number of teeth of such a spur gear 15 given by

Virtual number of teethz 3= Circumference of the equivalent spur gear

Circular pitch
- 2z R - i :-: i _ 1 X nei _ i
xm ~ m  2co8’f meos™d cozf cos’Peosf
Therafore 2 = £ (3.17)

" eos’f
Hence, the virtual number ofteeth of ahelical gearis the number of teeth which can be generated
on the surface of a cylinderhaving a pitch radius equal to the radius of curvature of the point at
the tip of the minor axis of an ellipse obtained by taking a section through the helical gear in a
plane which is normal to the tooth at that point.

The above mathematical treatment is an approximation which is sufficiently accurate for all
practical requirements. To obtain the exact value, the section is passed along the course of the
helix, resulting in a helicoidal surface and not in a simple, two dimensional plane. The exact
equation is

z_=zlwos® f, cos B, where f§, = Helix angle at the base circle

For cutting spur and helical gears in a workshop using form cutters, a set of 8 cutters vahd
for each pitch or module, is used. The details about this cutter seriesare given in a tabular form

in Sep, K5,
To select the proper cutter number for cutting helical gears, the value ofz —{and not z}—is

10 be inserted in the column marked: "Number of teeth of gear 10 be cut”.

To ﬁn-l:l.-; equation 3 17 is allowable only up to around §= 20°. For bigger helix angles, asin
the case of crossed helical g gears [f.r:n: Sec. 3.15), Eq. 3. 1‘135:|dq1uu1nnccurﬂ!c result which isnot
permissible. The accurate expression, which is normally used in workshops and for which ready-
made charts are usually available to avoid time consuming caleulations, is given below,

1ann.na‘—-—-¥-;
g =2 12? {aand @, in degrees).

ten @ - o —
180+
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tan a,- a . :
g — 1 {aand & ,in radian)
tan a-a
inv a,
Inv a

'he normal pressure angle, a,which is usually 207, isrelated to the transverse pressure angle,
as por the Bg. 3.9.Fer involute functions, see Appendix H.

3.4 Characteristics of Helical Gears

Helical gears are analogousto a set of stepped gears which consist of a number of identical spur
gears so arranged that the teeth of each individual member are slightly out of phase relative to
eachother. In such an arrangement, there is an overlap during successiveengagement of Leeth,
that 15, when two tecth are in mesh at the pitch line, other mating pairs of teeth are in different
phases of contact including approach and recess contacts. A helical gear construction is
approximated if a composite body is made up of an infinite number of such stepped gears. cach
of which is a lamination of infinitesimal thickness, placed side by side successively with a slight
phase difference. This has been illustrated in Fig. 3.5.

Fig. 3.5 Formationof helicalgear

During load transmission in a helical gear pair in mesh, the leading end of the tooth comes in
contact first and the trailing end last. Thus the tooth picks up load gradually. In contrast, during
load transmission in spur gear, the entire face width (theoretically, at least) makes contact at
the same instant, and the contact line between the two mating gears is parallel to the axesaof the
gear shafis. Thus, the contact takes place over the wholbe length of the tooth along the width
simultaneously. In caseofa helical gearpair, however, this contact line across the tooth's surface
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is diagonal, beginning from a point high on the face,1,e, near the tooth top, at one end o some
pointlow cathe Mank i, e, near the tooth root, atihe other end pf thetooth. The contact, therefore,
progresses pradually along the whole range of the tooth width, covering the tooth face and flank.
Theresult of such an engagement is smoother operation as compared Lo spur gears, greater load
carrying capacity and practically noiscless running. The guicter operation of helical gears is,
therefore, due to their favourable meshing conditions of the gear pair.

It is obviousthat unlike a pair of mating spur gears, the load is never concentrated wholly at
a particular position of amating helical gear pair, as the contact starts at one end of a tooth and
cxtends continuously across the tooth 1o the other end. Besides, other pairs of teeth are also in
different phases of contact simultanecously during this period.

Hence, quality of manufacture, lubrication, tvpe of loading, and other factor remaining the
same, helical gears have amuch smoother and quieter running and operational characteristics
than comparable spur gears. The helical gears offer considerable advantages for high speed and
heavy duty gear drives, They are, therefore, preferred for such drives.

Ameshinghelical gear pair has greater contact ratio than a corresponding spur gearpair. The
frictional forces, which are generated due to the mutual glidingofteeth before and after the pitch
point, are considerably reduced. Due to the greater total contact ratio and lesser magnitude of
frictional forces the detrimental effectsare comparatively smallerin case ofreversible drive and
impaci-type service.

It has been estimated that one conzequence of the sloping contact line in a meshing pair of
helical gearsisthatthe maximum bending rmom ent on a helical gear tooth is only alittle greater
than halfthat on the same size of spur gear tooth, assuming the load to be the same in cach case.
Itfollows, therefore, that feom the strength point of view.a helical gear tooth has a greater load-
transmittingcapacity than a spur gear tooth for the same pitch and face width, Besides, in case
of 8 mating pair of helical gears, there 15 always mone than one pair of teeth in mesh at any
instamt. This is not always true in case of spur gears in mesh,

By proper selection of the helix angle, the common [fength of contact of teeth can he
considerably incrcased. This leads to lesser specific loading on tooth surfaces which in tuen
facilitates retention of & load-carryving lubricant fillm.

The basie rack for the spur and the helical gear is the same. Both can therefore, be cut or
generated by the same tool or cutter, except in certain special cases. Forhelical gear pair which
have parallel axes, the magnitudes of the helix angles are the same. The angles have opposite
hands in case of external gear drives and have the same hands in case of internal gear drives.
For crossed helical gears, the relations are different, as can be seen in See, 3.15. As will be
dizcussed later, ahelical gear drive generates axial thrust forces. These can be taken care of by
proper hearing mountings or by using a double-helical gear drive. Such a drive is described in
Sec, 3.16. The axial thrust in case of a double-helical orherringbone geardrive is nullified by the
in-built directionally-opposite hands of teeth of cach of the componenis of the mating pair,

The hand of helix of a helical gear is defined as follows: Ifa helical gear is held in front of an
abserver in such a way that its circular face is in a vertical planc and is parallel to the observer
with the gear axis in horizontal position and atright angles to the observer, then if the tooth
twists from left towards right as it recedes away from the observer, 1.8, it twisis in a clockwise
manner, such a tooth is said o have a right-handed helix. If the tooth twists away from right
towards lefi when a gear is held in a similar manner, then itis left-handed helical gear (sce
Fig. 3.7).



Helical Gears 313
35 Mature of Tooth Engagement in Helical Gear Drive

Unlike tooth engagement characteristics in a pair of meshing spurgears, the action is gradual
and smooth in abelical gear deive. As pointed outin Sec, 2.5, contact in & pair of spur gears in
mesh takes place along a line throughout the width of the teeth and this line is paralle] to the
axesof the gears. The contact begins suddenly across the whole tooth width and it ceases also
abruptly.

In ahelical gear drive, the contact begins atthe tooth end and as the rotation progresses, the
contact point moves along the whole tooth width till it reaches the other end. Thisresulizin a
gradual, even tooth action and load distribution. Unlike spur gear drive, the contact line runs
diagonal from one end to the other end of the helical teeth. Besides, inahelical gear drive, more
than one pairgf teetharc always inmesh. This, and other characteristics, like shorterleverarm,
allow the helical drive to have considerably more load carrying capacity.

(al ikl

|
_,..-'-'__"_'"- fel

Fig. 3.6 MNature of footh engagemant in helical gear drive
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In Fig. 3.6(a)the initial contact conditions of a mating pair of helical gears have been shown.
Figure 3.6(b) depicts the out-going pair ¢, 2°, as it leaves the contact. The contact conditions of
spur and helical gear drives have been illustrated in Fig. 3.6(¢) for comparison.

3.6 Contact Ratio of Helical Gears

The contactratio of spurgears has been discussed in Se¢. 2.7.The derivation of the contact ratio
and its implications have been dealt with in detail. The contact ratio of a pair of helical gears in
mesh can be found in a similar way. [t has been mentioned in Se¢, 3.2 that due to the effect of
the face advancein ahelical gear, an extra amount of contact ratio 15 ereated. This face advance
i5 due to the helical orientation of the tooth alongthe length of the tooth, covering the wadth of
the gear. The contact ratio due to face advance is called the face contact mtio and is given by

CR.. = Face advance o tan i(3.18)
" Transverse circular pitch P
Mo
. o R e VL AN (3.19)
cosp am am

The face contact ratio is alse known as the axial contact ratio and the overlap ratio. Due to
this, the total contact ratio in case of o helical pear is greater than that of a spur gear.

Thetransverse contactratio in case ofa pair ofhelical gears in mesh can be found in a similar
manner as in the case of spur gears. It is given hy

"]r 'IF"*_P“ —gsna, (3.200
P

For corrected helical gears, the comrected values E:f.l' o g And the centre distance a are 10
be inserted. Moreover, a, will be replaced by the wnrkmg pressure angle in the transverse
section .

I'he total contact ratio {or, simply, the contact ratio) of the helical gearing is a summation of
the above twe contact ratios. Therefore

CR=CR, + CR,
btﬂl’lﬁ = 1|'|If'.!|-'-'.|'|,|i|-|' \'lrri—f“:!—ﬂﬂdn i, I3-21]
2 P

Since the circular pitch and the base pitch in the transverse section are related by the
CXPression

I'mansverse base pitch p. = Transverse circular piich p.x cos a
e P ’

Eq.3.21can be wvritten as

b sinff cosa * cosp| r -r 'I'-.||r —r -a sina,]

CR = (3.22)

Imoosa,
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Table32 Dimensionsfor 5 -gearing

Description Pinfan Gear
Mumbsarof 1=elh F 4 2
Piteheirche diametsr dy = zymicosf dy = Zam/!cosf

Tipcircle diamalsr
Roatcircle dismelesr

Taoalh thickness an pilch
cinde {noemal seclion |

dar=dy ¥ 2m{1* 1y
opp=di=2:s125mt2am

S4=m [%+ E.mm-n]

dyp =dp +2m{1- 1,

ﬁrr:=d1--=-'l: 1.25"?1'2.:1|ﬁ'1
Eng - m[%“ix,ﬂﬂn}

Centredistance

8y = (dh+dy)i2 = (micosB)(z,+25)/2

Tabde3.d DimensionsforSgearing

Description Finion Gaar
Mumber of imath I L
Zam
Pitchcircle diameier o= ".1'“. ﬂ'z T
] coe

Tipecirck: diarmeter
{withtapping)
T orcle digmabar
{withouticpping)
Roal crcle diameber
Toaththickness an pilch
circle {normalsechan)

Teath thickness an pitch
circle [fransvarsesachan)

d,= 2(a+ m=x,m)-d,
d,=d ram*ixm
i, =d,=2x1 58mtixm

Sp= rﬂ[% * T|lﬂ-|"|ﬂ:]

8,y = m,[;— + Ex..tm-w]

d =dfa*m=gmi-d

d.=g'=+?m fE.i:_,_m

Jr-Id,-?I 128 m *Ej:!m

S = m(% + 2 xylan n]

5 -m,.{-;— + Exttmd]

Toegping ymxg +(x i jm=a
Standardcentre - dutdy  m Bt I
distance F4 eag 2
g Sutdi
A ctual cenlre distance 05 gy 2
{aftempushing) ) PR P .
iY@y = §———"tana * imd,;
Waorking pressune sngle i+ I3
C=g- Mh'—-—.—ﬂlﬂ*‘dﬁl
Tapclkarance 2 2
Sum of profilecorection Eyh s = (24 TEJM
factars 2 an g
o _ g i Uy = Oy k=il
Warkingcirclediamelesr d_, d, i wE * eosi,,

Transyerss pressy ne ang s

ton &= lanacos 3

Siaecethe reasons for correction, characteristics of corrected gearing and other aspects are the
same asln the caseofspur gears which have been enamerated in Sec, 2,13, they are notrepeated
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here. The relevant formulae will obviously differ to some extent due w the helix anglainvolved,
[ the Tables which follew, these formulae are summarised which are valid for helical gears
comprising 5-and 3-gearing. For distribution of correction factors, see Sac, 2.14.

3.9 iInlernal Helical Gears

Theinternal gear drives in case of spurgearshave been discussed in Bgc, 2.15. The observations
made in that section are also applicable to internal drives having helical gears. In an internal
geardrive, both the pinion and the gearhave the sameamount gfheljxangle, and the helices are
of the same hand. In Tables 3.4 and 3.5 the relevant relations between the different gear
parameters are given for uncorreeted and Eu~¢|:|rrecr.ed cearings respectively. Table 3.6 gives
these data for § _nﬂﬂ-‘l"ﬂ!{,tﬂd gears. In each case, the gears have standard 20" full-depth teeth,
conforming to the basic rack given inSee, 2.1,

Tabledd Dimensionsalinlarnal helicalgear drive for uncorrectisd gears

Descriplion Pinian Inermalgear
Mumberod 1=tk z, z
N m, _ g,
Pikcheircle dameier d,= - = = Es/M
' as f LU d! cas LA
Tipeircle dameter o, =d+2m, o, = d=2m,
Raolairsle diamabar d” =n'| =251 28m d“ = 1:‘! 3w 128 m
Cantra distance 2 = -d;dl iy A
2 cosfl 2
Toath lhicknass an pitch g, = 5, = L;L = :"2%

circle [normalsaction)

Table 35 Dimensiensol intarnal hatical gear driue{ufﬂi-curﬁﬂud pEars

Drescriptian Pinian Inbarmalgear
2ym Z4m,
Pitchcirele diamtar &= g AN e = g = WM
Tip circle dimmusbar d,=d +2m+2xm d,,=d, =2m +2xm
Roatcircle diamaler d,,= du‘“ 1.25m + z;mq d;]= dlf 2w 1L.28m * 2% m,
Candre ditance a = Ll . hod
2 cos 8 2

£
Tooth thicknass an pitch B, = mﬂ[%+ 2x, Ian.u] Spa = Mﬂ['!—i ¥q fan ﬂ']

circle [narmalsaction |
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Table 3.6 Dimensionsof internalhelical gear drive for H‘_mgurl

Dexcriptian Pinion intemal gear
Pitch circle diameter d = T:Enﬂ =zm, d, = fﬂ; - zm,
=] oDE
o, e eyt O = Op-2f(@=-m-xm)  dg = d+2(@-mq+xm,)
Rootoircle diameter g, = d,-2 (125~ x)m, dy = d, + & (L2B+ myhm,
Centre distance - _""IEEI.;_E. L. L .'?-:;_".1
AR co8,
'I'r-urllu:ruprnlur-u wne, = ;:;;
ang
Warking pressure e, = 822~ iona * inva,
angle Ty=
Working clrcle diamater ) = d.%’- I d,%
| -
Toath thickness an pich Sy = m,[it + h.unn] 5 = n,(% E E:,lm-:]
circle {normal section)
Toath thickness an piich 5, = m{i'. * Exl*.n.n-:.:) B = m,{l = Ex,urm]
circle [fransversesecton) 2 2
Topclearance o = dﬂ?-q“ =5 |=£l.=:_n||'.1.- 3

3.10 Design Criteria for Helical Gears

Because of simplicity of design and ease of manufacture, most designers prefer touse spurgears
for transmitting power between parallel shatfis. There are, however, operational requirements
whichwarrant drive by helical gears. The advantagesof helical gears over spurgearshave been
already elaborated in earlier sections of this chapter. Briefly, a helical gear drive can carry
heavier loads, run at higher speeds and has smoother, guieter service.

In general, the guidelines given in See, 2.16 on spur gears are also valid for helical gears.
Table 2.11 for minimum number of pinion teeth is also applicable here, hut 2, is tobe replaced
by the virtual number of teeth, 2 . ,

Fable 2.12 showing 4 values is also applicable for helical gears. Here, the minimum module
denotes the model in the normal :ir_'ctiun.m"h, The relevant relations are

b (3.30)
m. mim = T
b, =4im (3.31)

Helx angle
The helix angle is obviously an important criterion of design of helical gears as the gear
dimensions, centre distance of drive, thrust forces and other parameters depend on its magni-
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tude and orientation. Hence. it should be judiciously chosen.
For normal application, the value of helix angle should lic in the range shown as follows

Helix angle (f)= 8" to 20 (3.32)

Thehelix angle should not cross 30" to avoid a large resultant axial thrust. On the lower side,
it shouldnot be below 8" asotherwisethe advantages offered by helical geanngbecomemarzinal.

It is desirable to have the helix angle as a whole number as it simplifies machine setting for
cutting gears as well as finishing processes.

3.11 Thrust Characteristicsof Helical Gears

When the tooth force acting on the surface of a helical gear is resolved, one of the components is
the thrustwhichactsalongtheaxisofthegear. Acomplete forceanalysisforhelicalgearsisdealt
within 8ag, 3.12.In this section,only the thrust component and the effectsthereof are discussed.

Determination of the magnitude and the direction of the thrust forces 15 8 fundamental
criterion of helical geardesipn. The directionsofhelix g, e, lefthand ornght hand, of the members

1!
11

XN

1N

TH

Fig. 3.7 Thrust diagrams for helical gears
Directicn of thrust depends wpon directionof mottion, relative posiianof driver and

driven gear, and direction of helix.
Directicn of rofation ———p
Directicn of thrust o

Direction of belix - RLH. {right hand), L M. {Left hand)
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comprising the gear setwill be fixed only afterthe direction of thrust has been determined and
the position of the driver vis-a-vis the driven gear is known.

The direction of thrust in @ helical gear drive is a function of several factors. These are: the
direction of helix, the relative positions of the two components of the gearing, and the direction
of rotation of the individual gears. If, for some reason, it is considered desirable to change the
conditionofthrust, itcanbe brought aboutby changingany of the three factorsmentioned sbove,
that is, the thrust can be made to be effective in the opposite direction if any one of these
alterations are carried out. As far as the helix angle is concerned, both its magnitude and
direction play a vital role in the determination of the axial force. Since this axial force or thrust
15 created due to the helical orientation of the teeth, lhﬂfhi-l altering the direction of the main
tooth force B, the helix angle should be chosen carefully. For single helical gears running on
parallel ShEtf.‘i-, it is prudent to confine the helix angle within 2(° in order to avoid excessive end
thrust. In exceptional cases, where the detrimental effects produced by the axial force is
meticulously taken care of, the helix angle may go up to 30°, But for normal applications, it
should not exceed 20,

The proper selection of the bearings holdingthe shaftson which the helical gears are mounted
will depend upon the amount of the axial thrust. The thrust diagramstor helical gears in normal
applications are shownin Fig. 3.7. The direction o fthrust can be conveniently determined from
the figure.

Afterascertaining the magnitude ofthe thrust force from forceanalysisandthe direction from
Fig. 3.7, the selection of the bearing which 1s appropriate for the purpose can be made after
consultingeatalopuesand manualsof standard anti-friction bearing manufacturing companies.

3.12 Force Analysis for Helical Gears

Force analysis for helical gears can be made in similar manner as in the case of spur gears dis-
cussed in See, 218, Here, because of the helix angle. an additional force component is produced.
This appears as an axial force with the resulting axial thrust on the bearings as explained in
See, 3,11

ln helical gears tooth foree F acts normal to the tooth surfaceatan angle equal to the pressure
angle & Fig. 3.8, This tooth force is resolved into three components which actatright angles to
one another. The interrelations of these components can be easily established from Fig. 3.9which
shows a three dimensional representation of the force pattern. The magnitudes of these forces
are given by

Circumferential force F, = EE-:;]—T (3.33)
Axial force F_= F tan fi (3.34)
Radial force F, = Ftan a,= Fiona [3.35)

cos fi

where oand é are the pressure angles in the normal section and transverse section respestively,
fisthe helix angle,d is the pitch circle diameter in mni, and Tis the driving torque in Wm. Al
the forces are expressed in newtons.
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Fig. 3.8 Helicalgear tooth forces

Basad on Die Traglashigheit der Zahrraeder, Thomas and Chanchyt, 7 Edition, 1571 Fig, no, 43, p. 100, Carl
HansarVerlag, Munich.

AKIAL PLAME

r
e

Fa
TOOTH HELIX ON PITCH
CYLIMDER

TRANSVERSE ‘

PLANE |7 7 ;

. > e .I
PITCH CIACLE \“ /
\H___

Fig. 39 Pictorial view of helical gear tooth forces

PITCH CYLINDER




3,22 Handbook of Gear Design

In cases where the end thrust of a helical gear set is ohjectionable for any particular reason
or this axial force creates problems for the bearings, a double-helical or herringbone gear setis
used. Such a gear is in effecta combination of two similar helical pears, having the same amount
of helix angle but of opposite hands, placed side by side, cuton the same gear blank and mounted
on the same shaft.

When two such compositeunits ofherringbone gears, mounted ontwo shafts, mesh with each
other. the end thrusts produced are counter-balanced so that the resulting arial force is zero.
Usually for reliet of cutting tool, a suitable groove is provided on the blank between the right-
hand and lefi-hand helical halves, but the teeth can be made to be cut continuous, 1.8, without
the groove, by certain processes of gear cutting methods.

Smnce the limitations imposed by the end thrusts are eliminated m case othermngbone gears,
these gears are often cut with high helix angles, namely, 30" or 45°

Herringbone gears are treated in detail in Sec, 3.16.

3.13 HelicalGear Bearing Loads

The force on the tooth in spur gears is resolved into tangential and radial or separating
components as explained in Sec. 2.18. In helical gears, apart from the above two forces, axial
forces are also created due to the inclination of tecth as explained in See, 3.12. The axial forces
on the teeth produce couples which in turn produce additional radial forces and a thrust load on
cach shaft carrying the mating gears. The radial forces due to these couples are equal in
magnitude but opposite in direction in their effect of the two bearings on wﬁi:h cach shaft is
mounted [Fig. 3.10{a)].

For better understanding of the topic, it s recommended that the reader should once again go
through Sac, 2.19 in which the spur gear bearing loads have been dealt with. The bearing loads
on helical gears are calculated in the same manner as in the case :JFEpur gears, exceptthat in
this case the additional radial forces referred to above are also taken into consideration while
computing the resultant load on the bearings. The following forces act on the bearings.

Mormal force F 15 resolved into the following components (See, 3.12):

Tangential force F,

Hadial forceF, = F tan a, = Fytans

COSp
Aoxaal Fnr:cF_ = F‘ tan §

The cases of gear mountings — straddle mounted and overhung —are discussed here

[Fig.3.10{bi]

Straddle Mounted Bearings
The resultant forces acting on bearing B and BIF are given by

Fu = JFB'H] { Fn:r.:l (5.36)

7
Fun = ‘J{-""rr.lrr]a"'Ean.r"'Fmr-_} (337)
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The respective magnitudes of the different force components are given by

F.L F L,
FFH' = "fu'r Fpy = I

E L F.L
Fay, = _LF ; Fpp = T‘

=, —a= ™= FJ,
Lo ¢
o [\

{ii) OVERHUNG BEARINGS
{b)
Fig. 310 Distributionof gear forces on bearings

Baszed cn Die Traglashghkeii der 2ahrrasder, Thomas ard Charchut, Tih Ed@on, 1571 Fig. no. 44, p.101. Carl
Hamaes, Verlag, Munich.
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And the additional radial components due to the couple are given by

Fape, = Faye, = 'F“..'LE {in absolute value)

The above value of the additional radial force 1s obtained by equalising the couples

Fox R =Fy L or = Fy, L

therhang Bearings
Forces are the same as in the case of straddle mounted bearings except the following

Fan = \[{Fn:;:JE+|{Fa.rir;—Fm;;}E

As in the case of spur gears, the following relation as regards distances is applicable in case
of helical gear system also

L = 2. 6% pitch diameter of gear > 1.5 L,

Selection of Bearings

If the force analysis is known, proper anti-fniction bearing can be selected after consulting the
catalogues of standard bearing manufacturers. This is illustrated in the following example.

Example3.1 Ina helical geardrive, the pinion is straddle mounted in the middle of a shaft of
25mm diameter. The following data are given: pitch circle diameter of pinion = 80 mm, power
= 10kW, speed = 750 rpm, helix angle = 8°, Select a suitable anti-friction bearing for a life of
20,000 hours. The bearings are to be 300 mm apart.

Kolution:

dimm) » (rpm) _ B0 = 750

19100 e

Velogityr =

Tangential force
F = 1000 > Power(kWi _ 1000 x 1013.14 = 3184N
v (m/sac)
Since the pinion 15 mounted in the middle, we have

Li=sLly=L0, F.=Fy = E% - 318412 = 1592N
Fadial force F = Ry - Sio4 tan. & = 1173N
cosp cos 90"
Axial foree F, = 3184 tan9® = 504N

.FEE - S04 = 40
300

Fire = Fua = =2 = 67N
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Using Eq. 3.37, which gives the greater of the resulting forces on the two bearings, we have

Fuw = (Fu ) +(Fon + Fy, ) = /1692 +(686+67)° =1720N

From the catalogues of standard bearing manufacturers and also from the relevant books, we

have the tollowing relation.
I, lﬂ'_[E]' (3.38)
olin P

where
L. = Life of bearing in operating r hours

C = Basic dynamic load rating of bearing as given in the EEIEIleEUﬁ (M)

P = I-_quwuicnt dynamic load on the bearing as calculated from given datn (N
k = An exponent which is 3 for ball bearings

n = Speed (rpm)

The equivalent dynamic load () is defined as that hypothetical load which, if applied, will
have the same effect on bearing life as the actual loads on the bearing when the bearing carries
both radial and axial loads simultancously. The general equation is

P=XF+YF (3.39)

The symbols and the subscripts in the above equation are used universally. Here, F, stands
for the resultant of all the radial forcesactingon the bearing(i.e. F, orF, ), F isthe axial foree,
and X and Y are factorste be taken from the bearing catalogues. Referring to anSKF catalogue,
we tentatively selectball bearing Mo, 6205 for a shaftdiameter of 25 mm. %h: followingdataare

taken from the catalogue: C =basic dynamic load rating = 10,800N, and C, = basic static load
rating = 6950 N. Factors X and ¥ will depend upon factor e which is a function of the quotient

;ﬂ.’ C, In this example, F /C =5604/1720=1.07. Corresponding to this, the value of'e 15 0.27. Also,
Fr=504/1720 =0.203.

The values of X and ¥ will depend on whether the value of F [ F is greater or lesser than the
value of e, In this case

(F|F =)0.2935 0.27(=¢)
From catalogue X = 056 and ¥ = 1.6
s P=056x 1720+ 16x S = 1770 M. From Eq. 3.38.we have

e 108007
L, = Y ( lTTUJ = 5048 hours

Since this is much less than the required life of 200000 hours, ball bearing No. 6206 is

inadequate and is, therefore, rejected. We try the next higher size (No. 6305)the relevant values
of which are

C=17300N, and C, = 11400 N o F G, = 504/11400 = 0.044

The nexthigher value of F_fC as given in the catalogue 15 0.07which leads to a value 0.27
fore. 5-am:L'FjF = 0.29315 L,r:ah:r than & in this case also, we have

X=050and ¥ = 1.6
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Therefore P=0.56x 1720+ 1.6x 504=17T70N

10° 17300 °
L, = 60x 750 ( 1770)

Since this value is greater than the stipulated bearing life of 20,000 hours, ball bearing No.
6305 15 finally seclected.

= 20749 hours

Bending moments

Faor the determination of shaft dimensions and other relevant design criteria it is necessary o
know the pattern of the bending mo'mentand also its maximum values. Wewilldiscussherethe
case of one gear straddle-mounted on a shaft which meshes with another gear mounted on
another shaft.

.!.l!!I:hctbrc-:'-.ﬂr:cﬁ':{'mr:indjf'i'rrr:mplanc-q itisconvenientto find firstthebendingmoments
separately in two mutually perpendicular planes. As shown in Fig. 3.11, tm'c:-';F and F are
effectiveinx—2 plane, whileiny -z plane, only the tangential force F, |5r.ﬁcc1|1.|: The individual
bending moments are then added vectorially to determine the resultant bending moment. The
two maximum moments are given by

Boni1=Fyl,
Bous® Faly

The greater of the two is used for the determination of shatt diameter. Besides bending
moment, the shaft is subjected to the axial thrust (F ) and the torsional moment ortorque T, For
shaftcalculation, the effecrof theaxial thrust can be' neglected, and the galeulationcanbecarried
outon the basisofbending and torsion only. Shattcalculations have been dealt with inSep, 2.21.

3.14 Strength Calculation for Hellcal Gears

While describing the nature of tooth engagement in case of spur and helical gears, ithas been
pointed out that at any stage of tooth action there are in general more teeth in engagement in
case of helical gears than in case of spur gears, other factors remaining the same for both the
types. The load carrying capacity of a helical gear pair, therefore, is greater than thatof a spur
gear drive.

In&ee, 2.25 the methods of strength calculationfor spur gears have been discussed in detail.
The same considerations and the equations — with the relevant modification to take care of the
helical aspect —an be used for helical gears. We can write the followingequations as applied to
the helical gears

o = 34 4 g O (N/mm?) (3.40)
E=iﬂm1}fﬂm}=mrm B kW) | wsf 0y (341

d, (mm) n, {(rpm)  zm,

Factor g, can be read off from Fig, 2.49 correspondingto 2, instead of z as in spur gears. For
initial calculation of module, we assume the followingaverage values
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3, = 2.2 and g.,= 0.9

(3.42)

Factor g_takes care of the unequal load distribution on helical teeth during the course of
action. However, the same remarks about the load calculation of spur gears are valid here also,
and we can take value of g ag 1to amve at a safe, though conservative, result. We get similar
expressions for contact stress as in the case of spur gears. Thus

La

Fig. 311 Bending moment diagram of helical gear drive

T u+ 1 3.43
P = Ja3, u; 1 [ )
2| &
dy
o8B o [ 20007, (uy ) w+ 1 (3.44)

TR

Factar y, isthe tooth length factor and i1 takes care of the different magnitude of load on the
teeth duringaction. Its value can be taken as Hor all practical purposes. The allowable stresses
are determined as in the case of spur gears. The pitch point factor is
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|___ cos B,
’1IEE§_'.I Eﬁ tan ﬂi-r [3.45]
The value q.t'_-p can be taken as 1.6 forinitial calculations. The expression for the base helix
angle () can be EESII} established as

tan g =tan fcos a, (3.46)

315 Crossed Helical Goears

Crossed helical gears belong to that category of helical gears where the respective shafts on
which they aremounted are not parallel and theiraxesdonot intersect. Both members ofthegear
pair are involute helicoids cut on oylindrical blanks. These gears are sometimes referred to as
*spiral gears™, but to avoid confusing these with spiral bevel gears, the term “crossed helical
pears” will be used in this book.

Essentially, these are non-enveloping worm gears (see Fig. 1.9). They connect skew shafis. If

the shaft angle 15 E and the helix angles of the two component gears are § and J,; the basic
relationship which holds good is given by

Y =Bz py (3.47)
Here, the convention n:lfarding!hc algebraic sign which should prefix a helix angle should be

maintained —a right-hand helix angle 15 regarded as positive, and a left-hand helix angle as

negative. Innormal applications, the shaft angle E 15 9". The magnitudes of the helix angles

of the mating components need not be the same. Till assembled in mesh, there is no difference
between acrossed helical and an ordinary helical gear, the manufacturing processes also being
the same.

While in a pair of conventional, ordinary helical gear pair. the helix angles are equal in
magnitude and opposite in sense, this need not be so in case of crossed helical gears. The hands
of a mating crossed helical gears are usually the same, but by manipulating the shaft angle
properly, gears of opposite hands can be meshed together. There are. therefore, four possible
combinations

1. RHdriver meshing with RH driven
2 RH driver meshing with LH dnven
3. LH dnover meshing with LH driven
4. LH driver meshing with RH driven

When in mesh, the crossed helical gearteeth have point contact between the mating pair. This
developsinto a line contact due to wear after some time. This isthe reason why this type of gear
pair is meant for onty small loads, for example in instrumentation, distributor drive of
automobile engines and other similar applications. They are not recommended for power
transmission. However, with increasing wear, the line contact becomes a band contact. thereby
:nhancmgthcluﬂd carrying capacity appreciably. In a crossed helical gear system, the reduction
ratio (1) 15 normally limited to a maximum value of § : 1. For higher reduction ratios involving
systems having similar onentation of axes, worm and worm-wheel reduction units are used.

The bearings which support the shatts on which the crossed helical gears are mounted have
to withstand both thrust and radial loads. The pattern of these thrust loads has been discussed
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in Seg. 3.11. Itisrelevant to reiterate here that the direction of the thrust produced depends on
the direction of helix, the relative positions of the gears, and the direction of rotation.

Oneofthe main advantagesofa crossed helical gear system isits reduced sensitivity towards
changesincentre distance, ghaft angle and alignment, and axial position. Withample face width
and backlash, these gear-sets can withstand small changes in centre distance and shaft angle
without any deterimental effect in the overall accuracy of transmitted motion. Alse either
member can take endwise shifting, thus facilitating easy mounting. Close accuraciesin centre
distance and shaft alignment are, therefore, not imperative.

In short, mounting case, msensitivity to axial movement of eithermember, invulnerability to
smallchangesinshaft angle or centredistance, and low cost arethemain advantagesofa crossed
helical gear drive.

Sinceunlike ordinary, parallel axeshelical gears, the crossed helical gear pairs need nothave
equalhelixangles forindividual members, the pitch dinmeters of suchgearsare notin proportion
totheir tooth ratio. Itmay sohappen thatthe gear having the largernumber of teeth may be the
smaller one in diameter. Thus, the terms “pinion”and “gear” become arbitrary. Some authors
prefer to ascribe “pinion”as that member which has the smaller number of teeth. Others prefer
to describe them as *driver”and “driven”.

Since different helix angles are used for the two gears, the transverse module (m ) s not the
same. Hence, in specifying the size, the normal module(r Jisalwaysused. Recalling Eq. 3.11,
the pitch or reference diameter of a helical gear 15 given by

d o= —a

=Mm_ZI 52
Ccos * B

For crossed helical gears, these diameters are given by

d = Zegt=ms (3.48)
P i3.49)
cosf,

Adding Eml to d, and du gives the respective outside diameters as in the case of standard
helical gears.

By assigningappropriate values, itis quite casy to observe from the above equations thatthe
gearhavingthe larger number of teeth may bethe smalleronein diameter of the pair in certain
cases. Also, theangular velocityratio can be obtained only by using the ratio of the tooth numbers
and not by using the ratio of the pitch diameters as these are not directly proportional to the
number of teeth.

For crossed helical gears. the gear tooth proportions have not been standardised. The
following guidelines can be given for the designer.

1. A contact ratioin the normal section of at least 2 gives the best results.

2. The designer should aim at having equal helix angles because this results in minimum

shiding velocity.

3. Withunequal helix angles having the same hand of helix, the gear with the larger angle

should be used asthe driver.

4. In orderto obtain high contact ratio, a low normal pressure angle should be used. Also,

deep tooth depth should be used.
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The standard centre distance 15 given hy

a= %[ffﬁ' + 3:33'] (3.50)

Also, the reduction ratio is given by

R Lo e e L (351

Fiy &y My . dlmﬂ|
Putting the diameter ratio D, =d, /d , we have
_m 1 i _xm _
i ey e ﬂ,]z‘ = =g t(sech +isecf,) (3.52)

Thefollowingrelation can be armived at by trigonometrical transposition

i 1
un = — [3.53'
8, [H_ cos Y, ] =3
When the shatt angle £=90"then tan #, ={/D,

b find the condition of minimum centre distance when the shaft angle 15 807, we proceed as
follows

Since By =90" B, sec 4, = sec (90" - f,) = cosec f,
By inserting in Eq. 3.52, we have
a = f—';il (sec B ticosec§,) (3.54)

Differentiating the centre distance a with respect to f, we have

e - ZM;(sec §, tan §, - { cosee f§, cot 7))

d
E:tlin_lg_dmfdjﬂl =0, f':e gt lhf: conditions for the mimimum value of 2. Thus
sec B, tan B, =icosee f, cot f, or sin? ffeos? §, = i ;. tan §=j18 (3.55)
Also, Do=iftenf =ifi'®a ™ (3.66)
Inserting the relevant values in Eq. 3.54, we get the minimum value of the centre distance

fo = E Lo 357

In case of non-parallel shafts connected by gears, the crossed helical gear system aftords the
possibility of alteringthe space requirements (if such need arises)without changing the centre
distance, module, gear ratio or shaft angle as can be seen from Example 3.2, If necessary, it is

also possible to calculate the relevant gear data for conversion to a different gear ratio from the
original one, while keeping the centre distance constant.

Example 7.2: Given: shaftangle =90° gearratio= 1:1, §I=ﬂ.={ﬁ*.m_ =325
zlzz.:znﬁl]

Theaboveidentical gearsaretobe sochanged thatthedrivengear(No. 2)hasa pitch diameter
of around 150mm in the new amangement.
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isavailableinthis arcaand thattoo1s notvery reliable. As such, only some broad guidelines can
be given in this regard.

Asregards materials, bronze, non-metallic materials orhardened steel should be used forone
of the members comprising the pair when the slidingvelocity is in excess of 5 m/s. 1f we take the
ratio bim = 10, the following approximate formula, based on contact stress and wear, gives
reasonably acceptable results

F,slom}nK (3.58)
where
F_, = Tangential force of the driver (N}
E = Afactor to be taken from Table 3.7 (N/mm®)
Table 3.7 Factors Kand !:‘T forcrossed helical gears

Material o ¥y Cy

pair (MimmT) (mis)

GG

CliSieal B2+ W,) oo 8 7

CliBronza

SwealBronze 102N, ) 5o 10 4

StealSieal

(hardened) 20m2+ V) m @210 2

The relative sliding velocity U, is given by

v =vu,sin Deos =y sinTfeosf = v, sinfi Yo, sinf, (3.55)
The circumferential velocity v, is given by

v,=d n/ 19100m/s, whered, is in mm and i, is in rpm

When the pinion is driving the gear, the power loss due to slidingin terms of pinion power P,
is given by

u(tan g, + tan§, | (3.80)
I+u tan 3,

The coefficient of sliding friction pis a function of the material and the sliding velocity. With
good [ubrication, its value can be taken as (1.1, For the orientation of the sliding velocity U see
the velocity diagram in Fig. 3.12(a).

Inacrossedhelical gear system, the lengthwise cross-shiding of teeth which has been referred
to before, has more pronounced effect than the other kind of sliding. For the determination of
frictional power loss, therefore, calculations are based on the cross-sliding phenomenon,
neglecting the other kind of sliding whose magnitude is comparatively small. The efficiency of

toothing is given by

P=P

N === 1-=t=1- H{t-ﬂl'l,ﬂﬁtanﬂ‘l _ l-ptan B, {3.81)
F F, L+ tan B, 1+ tan f,
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(b)
FORCE DIAGRAM
Fig. 3.12 Yelocity and force diagrams of crossed-helicaldrive

Here, only the lossof powardueto slidinghasbeenconsidered to arrive ntthe above expression
for efficiency. Besides this, there are other losses, g ¢ loss due to topthingaction which depends
on i, randm ,bearing losses and losses due to allied l%u tors. Efficiency of bearing can be generally
taken as 0.9. The total efficiency is found by multiplying all the individual efficiencies.

From Bg. 3.61 and differentiating, we get for the maximum (theoretical ) efficiency.

tan (8, - ) =1
after setiing dnidf =0
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Putting u=tan p, where p = Angle of friction, we have
tan{f -Bl=tanp

ar

B, -4, =tanp {3.62)
i B - {E a _E] =p whenceﬂ1|[z+ p]."ﬂ

Motethat§ =B, li'lﬂE excecdsa certain limiting value, the ‘drive from gear No. 1cannot take
place. This value can bé derived by putting =0 in Bg. 3.6.. We have

1-ptanfl,

e SR,y
"= Teitang,
whence :
tanfg, = — = col p = tan | 907 -
el e Sl
This shows that transmission of motion from ghaft] to shaft 2 is theoretically possible only
when
B, <80 = p)
The practical limiting value of §, is still less. When the shafi angle 1590°
tan(f, - p]
N = 3.63)
tan f,

For high and practically unaltered efficiency during the drive, it is desirable that the helix
angle of the driving gear §, should lie between 30 and 60°,

In a crossed helical gear drive, the output is limited by the contact pressure and the heat
developed. Forareasonable life, the material selected should be wear resistant and an adequate
supply of lubricant should be ensured. Allowable contact stress should be around half of that
assumed for normal spuror helical geardrive having the same matenal and conditions, Because
of pointcontact, itserves no purpose toincrease the gear widths. The minimum valuesfor a shaft
angle of ™ are b, =p_and b, = p,, where p, stands for the transverse circular pitch and & for
the width as before. For usual calculations. the value taken is

b=51010m,
Recalling Eq. 3.58,

Fog 10m!x K= 1000P /v, {3.64)

transposition, we get

J 100 F{kW)
Yo (m/s)K(H/mm?)

m,(mm])z

(3.65)

To check against overheating, the following formula can be used
Factor of safety for temperature.
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d.b
EPRRRTINN ol Eoalaf O
Sr 1360P.C, 21 (3.66)

The values nt'{,"r are o be taken from Table 3.7.
Fewriting Eq. 3.50 we get for shaft angle 90

3 ) e )
2 | cosjf, cos [, 2 | cosfd, gin f,

m, 1, zm,
2a cos 2a sing,

i |

I'the parameters, ¢.g.a,m _,z, andz  are known or are assumed and their values inserted in
the ahove equation, it becomes an equation of fourth degree to solve forthe helix angle 3. This
equation can be graphically solvedby trial and error. and by recalculationloarrive atthe precise
values. Such methods are given in detail in relevant books.

Referring to the force diagram in Fig. 3.12(k) in which the tooth flank of the driven gear s
shown in operating condition with its driving gear, we can derive the following expressions for
the different forces with gear 1as the driving member

Fﬂ.' - FH cos

where F is the normal force on the tooth surface as before, and other symbols have the usual
meanings in the following equations,

Tungential forces
F.= f;mu{ﬂ, - p) = SR cos(5,-p) (3.67)
Fim il cos(By o) = e ena (8 4p0) (3.68)
Axial farces
e s (8, - p) = T2 (g, -p) (369
F zsu;’ﬁ—'ﬁ:uu[ﬂgp] = ﬂ:ﬁ cos (B, + p) (3.70)

Example 3.3 . Given: E= 90°n, = 1440 rpm.n, =300 rpm, P, = 0.9kW, & =20". To find the
gear dimensionsand other relevant data ofa crossed helical geardrive, Dueto space constraints,
the diameter of the pinion should not exceed 120mm.

KSelution:  In case of a new design, it is customary o assume some reasonable value forone of
the gears and then proceed further to determine other parameters. The assumption should be
based on such considerations as design requirements, space availability, shaft diameter,
allowable circumferential velocity and other IE-'[J:E'IHTE. In selectingthe helix angles, the designer
shouldmake surethat the drivinggear is provided with the bigger angle. The followingmaideline
can he given

B =z _‘_}E for reduction gear dnve
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and

B, = %2 for stepup gear drive

The following data are assumed for the example in question
d,=110mm, § =80", u=01, v,=d n,/19100= 110x 1440119100 = 8.3 m/s,
The material selected is hardened steel. v =z v feinf = 831 sin 60° = 9.6 m/5, K =20/(2 +p ) =201
(2+96)=172
m HJEIP L m,=2mm (selected)

g A8 -

m, = mlf' cos fl = foa b -f:?:m, m,, = Z'cos 30' = 2,3094mm

z = EUmE =114 =275 = 28 Actual value n-l".i: =28% 4 =112mm

z, = iz,= 2z, = lﬂu"auu 2% = 134.4=135

1440
4.8214

Since the numerical values of 7 and z, have no common divisor, hunting tooth action is
assured.

Actual value of =z,/z, = 135128= 4.8214. Actual value of g, = = 208 67 rpm

du =z, m,= 135x 23084 = 311.769 mm
Centre distance
=(d, *d,)/2=(112+311.769M2= 211.8845 mm

If it is desired to have the centre distance as a whole number, it can be taken as 212, and
recalculations can be made accordingly to determine the relevant parameters, or the gears may
be corrected.

Efficiency N o= “‘:“EPJ_HHW‘; =01 orp = 542" 38
Therefore !
_ tan (80" =5" 42' EL
No= tam " ik Eﬂ'ﬂ%

d.m:d,"'Em_: 11Z2+2x2=116mm
d ,=311.769 +2x 2 = 315.76% mm
b =10m_ = 10x 2 = 2lmm
Power loss

P=P(1-m=08(1-0803)=01773 kW

s 112 x 20 SR
1360 x 01773 x 2
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Since the value of §_ is greater than 1,the system is safe against temperature rise. Check
for power transmission

= 112w 1440 19100 = 5.44 m/s
v, = 8.44/5in 60" = 9.75m/s
K =20/02+9.75)= L.702N/mm*

Pow iy = 10mixKu, - 102 %3, 14% 1LT02x 8, 44
YWET CApacity Thes T = LEkW
Since this is greater than the required value of P, = 0.9kW, the calculated gear data of the

crossed helical gear system are suitable for the purpose.

3418 Herringbone Gears

It has been explained in See, 3.12 that a pair othelical gears meshing with each other develops
radial as well asthrust loads. Theseloadsare taken by the bearings on which the shafts carrying
the gears are mounted.

In certain operations, the high thrust forces may be objectionable for various reasons and
undesirable for the bearings and other components of the equipments. These forces therefore
should be avoided as they may lead to vibrations and other complications. One solution lies in
using the herringbone or double-helical gears. Such a gear is in effect equivalent to two helical
gears of opposite hands, mounted side by side on the same shaft. When two such gears are in
mesh, the pair develops equal and opposite thrust reactions with the result that they cancel out
the thrust loads (see Fig. 1.5).

Normally, to provide a run-out clearance for the cutting tool, ¢, . hob, milling cutter, grinding
wheel, and other cutters. a suitable gap is provided between the helices on the gear blank. This
. gapisin the form of a groove, the depth of which should be somewhat below the root diameter
of the gear. The width of this groove required will depend upon the cutting process used. There
are_however, gear generators which produce double-helical gears with continuous teeth. i.g, no
gap needs to be provided between the opposite-handed helices.

Double-helical gears are generally used in parallel shaft transmissions where smooth, con-
tinuous motion in high speed drives is intended. The pitch line velocity usually ranges from Sm/
see to 15m/see in normal applications and it may rise to 80m/sec or more in special equipments,
such as marine reduction gears, turbo-alternators, and similar machines.

In case of low angular speeds and heavy duty drives, like. rolling mills, the teeth are usually
cast, For higher speeds coupled with heavy loads where accuracy is of prime importance, the
teeth are made by milling or generation methods.

The value of helix angle B used in case of double-helical gears normally lies between 200 to
45" with higher anglesfor precision gears and low tooth pressures. Asin the case of somany other
types of goars, failure in herringbone gear transmission is seldom attributed to the tooth
breakage. [t 15 maore likely to be due _i.mﬂm._.ﬁ Excessive wear may take place or fatigue may
cause sub-surface failures such aspittingor spalling. Surfacedurabi —..,.._.q therefore, should be the
___ni.m,u criterion. The contact stresses should be within the _un:._.__.._n__u_n limits for wear. Since
pinion is the weaker member and subject to a greater amount of wear, it is the general practico
to base the power rating calculations of the gear pair on the pinion data.
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Three types of designs are usually followed in case of herringbone gears.

{1} Teeth are cut on single solid blank. Normally, pinions are of this type.

(ti) Teeth are cuton two separate blanks and then the gears arejoined together by means of
bolts or similar fasteners. The magnitude of the helix angle 15 the same, but the helices
are of opposite hands. Dowel pins may be used for alignment,

{iii) Teeth arccutonrings and the ring-gears are then shrink-fitted on the cirenlar stepped
seatsonthe solidhub, machined properly to accept the rings. Grubscrewsmay be inserted
in-between the hub and the rings for additional securing.

Proper alignment is of vital importance when the gear is made of separate components, It is
to be ensured thatthe twohalves are exact mirror-images of each other. The gears may be post-
machined sothat alignment with the pinion is perfect and the system runs smoothly when in
mesh. There is, however, one tvpe of design of herringbone gears where the teeth on the two
halves of the same gear blank are cut staggered to each other. This design is known as a Wuest
gear, named after its inventor.

The hernngbone gears are generally sturdy in construction, are resistant to shock loads and
can take frequent reversal of direction of loads without any noticeable detrimental effects.

Because these gearsusually havehigh helix angles, pinions hay mgmrcr!.r few numberaftesth
can be cuf withowt Llrl-dtlﬂlll‘t!T.lE The minimum number of teeth of a pinion in such cases may
be as low as 4 or 8. This is a distinct advantage of the herringbone gear, besides others.

A normal practice followed in case of herringbone gears in mesh is to have one of the shafts
as a floating shaft. This 1s done to facilitate equal distribution of load between the two sections
of the gear.

The large helix angle of these gears allows more over-lapping of tooth contact which in
consequence leads to quieter and smoother operation. Generally, the minimum face width (b) is
keptat around 2, ﬂp /tan §, wherep, = the circular p:u:h inthe transverse plane. Both the single
helical and the herr nghone gears are produced using the same design technigues.

The double helical gears. however, have their own limitations as regards application. 1fit is
required to fit a helical gear by face-wise sliding along the teeth so that the gears are slid into
mesh by axial displacement in a cluster in which the other members have already been
assembled, then obviously this cannot be done in case of a double helical gear. In case of axial
thrusts, if both the shafis have to sustain large axial loads caused by some extrancous source,
the single helical gears are preferable as the tooth pressure can evenly distribute itself along the
width ofthese gears whichis not the case in case of double-handed gears. The herrningbone gears
arc also not suitable in case of application which calls for anchoring of both shatts against axial
movement. However, as pointed outearlier. the double-helical gears induce no additional thrust
as compared to the single helical gears.

Exampled.3a : [na turbine drive, a pair of double-helical gears 15 used with following data:

Z, = 31,2 = 113, u = % 3343, m, = 3mm, § = 3I°
1
a, =20, x, =+0.14, x, = =0.14,b, = b, = 2 x 92 = 184 mm,
nominal power, P, = 300kW, servicefactor = 1.1, =3225 rpm. ltis required to select the proper
materials for the gear set.

Solution:
Teorque, T, = 9550 x HEI ¥ service factor = 9550 x :E.'.Lx 11 = 977Nm.

1
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L T TATONLL. ~ % 37=129.48mm,

cos fi :’ cosdl

dl == M“:'l =

l'angential force or transmitted load at the pitch circle

0 20007, _ 2000 x 977
' d 129.49

= 15,090N
Using Figs 2.48 and 249, we get the form factors for pinion and gear havingz, =372, = 123,
f=31"2x =*+0.14 andx_ ==0.14, as follows

g, =225

G,y =225 (byextrapolation})

The contact ratio factor,'g 'is taken to be 1in both cases. The bending stresses, as per Eqg. 3.40,
are given by
F 15080 :
Ty = -b-—n‘:—q'kl q‘ = mi ZIS5 wlw= 620 S mm
15090

ﬂ#! = m.ﬁ 2:5.’; l = EENmeg

To find the contact stress, we use Eq. 3,43

Py = Y ve n

From Table 2,17y _=26%forstecl gears, y, is calculated asper Eq. 3.45 and found to be 1.56. Here,
o =& tor §,— gearing. The transverse pressure angle, &, and the base helix angle, g, are
calculated as per Egs 3.9and 3.46, respectively. The value of ¥, 15 taken to be 1Inserting the
above values, we have

2000 = 977 3.3243+1

184 2 5.3243
4
\l[m.ﬁ] -

Consultingthe strength of gear materials given in Appendix E, we find that the material=s 45 C
Bor4{)Cr 4,after hardening by flame or induction hardening processes, will serve the purpose
adequately. The dimensional parameters can be fixed as per Table 3.2 on 8§ ~gearing ofhelical
CCArs.

= 381N /mm?*

P = 289w LEEx1

317 Replacementof Diametral Pitch Gears by Module Gears

Many machines are equipped with components whichare based on the FPS system of measure-
ments, In such equipments, the gears are based on the diametral pitch (DF) system of
calculations and are cutor generated by DP cutters. Since the inch system 15 on the way out, the
designer isoften asked to replace the DPspurorhelical gears by module gears withouttampering
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* withthe existingparameters like centredistance, gear ratio, and available spacein the machine
as most of the machine shops these days stock module cutters only.

The above ohjective can be achieved in two ways asillustrated in the examples which follow.
Since the changes in strength properties are negligible and since sufficient factor of safety is
usually taken in the initial design calculations itself. checking from the point of view of strength
iz normally not necessary.

Example3d4 Given: diametralpitch= llfi-a:= EI,;!: ).
To replace the DP gears by module gears, keeping the gear ratio and the centre distance the
same.

=alution:

2

Reductionratio i=6 (21228571 As per Appendix D, the nearest module to DP 10is 2.5, Tokeep
the centre distance unaltered, the pears to be comrected. We proceed as follows

Centredistance = k- X #1 [z,+2,) = 33 10 21+60) = 4.05inch = 102.87 mm

Centre distance = z4¥_i+z il (asper Eq. 2.35)
e e am ¥
or
+ ']
gy = g5 22t 40, enedD
2 cos a,
whence a. = 23" 3 EL25
TP
invea, = = ta: = i:’ ) 4y 20 (asper Eq. 2.33)
]+ %*m

Inserting the values and interpolating for the value of iny @ from Appendix H, we have

9 x 036397 (x +
0.021061 = —— H]{I' %) 4 0.014904

whenee X tx, = (L6851

Equation 2.41 yields

ke 06851 _0.5(2.85T1- 1)
28571+ 1) (2.8571+ 1)

x, =0.6851 = 0.4184 = 0.2667

d =me,=25x21=525d =225 150
d,, =2(102.87+2.5-02667x2.6)=150= 59.4065mm (asper Eq,. 2.38)
d, =2(102 87+ 25-04184x 2.5)= 52.5= 156,148 mm

= (L4144

The final values are
£, 221,z =60, m =25 1=38671,d,=5254d, =150
d_ﬂ = 59,4088, d.“ = |56, I-“FE,J.'L mes I.ﬂ4ﬁ..t=_m = (LGHHTS



Hatcal Gears  3.41

Check:  The amount of centre distance modification, topping and the top clearance are checked
as follows

1_.:']" ={m;l+2;n+}:|.m}l—d-t=ﬂ.1555. or ya=0.002T75
Simalarly
2ym =(mz,+2m +2xm)~d_=0.1855, or ym =0.09275

Again
@ =a=ym {asper kEg. 2.36)

o [[-:-"%d!}xlm+x,m1—u=ym

Inserting the value, we get
= 0.09275
Hence all the values of pm tally

Clearance atthe top ol ﬂ—[%+jﬂl—h] {asper Eq. 2.37)

Putting the relevant values, we get
c= 0.625mm =0.25x module 2.5
Hence, the clearance conforms to the value stipulated in the basic rack given in Sec. 2.1.

Example35 Given: dataasin Example 3.4.
To solve the problem by using helical gears.

Solution: PFigure 3.13 shows a pictorial representation of helical gears with different helix
angles. A study of this figure revealsthe fact that by varying the helix angle, we can adjust the
centre distance between a pair of meshing gears without altering the gear ratio or the number
of tecth of individual gears. We shall take advantage of this property in the following manner to
solve this problem.

ma 2.5x 21 mz 2.5 ¢ &0
d, = _t g ——,d, = - -

cos [ cos cos [ cos

1 1 2.5
a = —[d + , or102. 87 = = x Bl x

i{ I d'} 2 Losg

whence B = 10°10" 54.29" (LHand RH)
Theretore, the final values are
d:: 53.34mm. d, = 152.4 mm.
d, =d, *+2m=58.34,
d_, = 157.4

Due to certain restrictingfactors like insufficient top land due to a high correction factor and
djﬂimlt],r in machine-setting for accurate helix angle. sometimes a combination of the two
methods described above is emploved to attain the desired values. that is, gears are made both
comrected and helical. Such a measure poses no problem if the gears are cut by a generating
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method. However, while cuttinggearsin a milling machine, it may not be possible to adhere to
the exacthelix angle found hvtul:ulal:unduem mu:IL'}'.mg difficulties of the particular machine.

Again, if corrected profiles af gear tecth are to be cut in a milling machine, this necessitates
making of a form-tool to conform to the particular tooth profile. This mav neither be practically
possible nor economically viable. In such cases, gears are cut by standard milling cutters by
compromisingon the pearratio, provided that the maintenance of the gear ratio isnot that nod
and as such, itcan be changed a little without unduly hampering the gear drive. Such aflexible
case of gear ratio is 1llustrated in the Example 3.6,

d

mE |
Fig. 3.13 Orientations of helical gear

3.6: Given: m =25 a= 102.87 mm (as in previous example), helix angle can be
adjusted B the nearest minute only.
b firdz, andz,
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Solution: Taking B = 10" at first, neglecting the minutes and seconds of the helix angle of
Example 3.5, we have

p! 1 2.3
o= 102.87 = E{dl'fd-l] = _!_ {zl '+'EE}"L__m
2+z, = B1D45T73R84

Sincez, « 2 must be an integral number, and since 81has already been used in the previous,
examples, we try other numbers.
By transposing. we get

r

g 2.3 "
cos f = === (542,) = 0.012151258 (2,+2,)

By trial and error, we find that one combination isz, +2, = 83. In that case, cos s practically
equal to 1 thatis, §=0".

Taking z, =21 and z = 83-21 = 62
A= -%x 2.5x B3 = 103.75mm

Obviously, this combination cannot be used as the centre distance should be kept at 102,87
mm . Again by trial, we find that a value of f= 13' 38" and 2z, + 2, = 80 will serve the purpose as
the following calculations show

2,=20,z, =60,d =2.5x 2{cos 13' H' = 51.435 mm
Similarly, d, = 154,205 mm

= ;'(:.u:;s:f 154.306) = 102.87mm

Hence, this combination can be accepted as itmore orless satisfiesthe conditions. The reader
i5 advised to check for backlash in each case and assign the proper tooth thickness or tooth
distance tolerances.

3.18 Efficiency of Helical Gear Drive

When compared (0 spur gears, it can be seen that the meshing conditions of helical gears have
a considerable influence on the efficiency of the system. This 15 mainly due to the different
natures gf jpad distribution patterns in case of the two types of the gear drives duringthe course
of action.

In amatingpair of spur gears. the tooth contactrelations and load distribution are relatively
simpler than in case othelical gears in mesh, As pmn:cd outin previous chapters, contact begins
along the whole of the top edge of the driven tooth in case of spur gears. The frictional loss is
greatest atthis point. In contrast, the load distribution in case ofhelical gears takes place along
a diagonal over the tooth surface, as explained in See. 3.5.0ne result of such action is that the
heightofthepointofgrip betweenthemating teeth varies continuouslyalongthe diagonal, if one
considers each individual transverse section of the tooth. This results in alesser amountof 1oss
due to tooth friction than in case of spur gears with identical data. The frictional loss is roughly
about 20% less.
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Equation 2.11 is repeated here
N =1=fu [;}-t J—]

] kj

The above equation gives us an expression for the efficiency for spur gear drives. [t can be
shown that the efficiency for helical gears 15 given by

n=1-08cosffu —*%] {(3.71)

In the above equation, the different factors have the same meanings and values as given
previouslyin the relevant sections, (Secs 2.6 and 2.29).



Worm and
Worm-Wheels

41 Fundamentalsof Worm and Worm-Whees! Drives

Worm and worm-wheel drives are normally used for non-parallel, non-intersecting, right-angle
gear-drive systems where high reduction ratios are involved, though they are also employed as
low to medium speed reducers inmany applications. A large reduction ratio also automatically
means a large multiplication oftorgue. Avariety of worm-drives have been developed which are
guite novel and innovative estotheirshape, scope of application kinematic propertics andother
aspects. In this chapter, we will restrict our discussion only to those types which are most
commonly used in usual, conventional applications.

I'heworm ina worm-drive system is generally the driving member. though this is not always
the case. The most commonly used tyvpe is the single-enveloping, cylindrical worm. The tooth
resembles the thread of a screw which wraps around the root cylinder in a helical fashion. The
profile of the thread iz eitherstraightorslightly curved, dependingupon the type of design used,
as discussed later in this chapter. The worm-wheel is hobbed on a blank which is curved
widthwise, This is called a *throated™ blank, and thisis done so that the wheel can envelopethe
worm. The hob used for generating the worm-gear is an exact duplicate of the worm. In other
words, the shape of the worm-tooth defines the shape of the wheel tooth. This means that the
wheel toothmust be cutby a tool that produces a profile conjugate with the thread onthe worm.
The wheel teeth are curved and are thicker at each end than at the middle.

The meshing action in a worm-drive is a combination of sliding and rolling, with sliding

prevailing athigher reduction ratios. Inthisrespect, thisdrive is similarto the crossed-helical
gear-drive. But the worm-drive has greater load-carrying capacity than the crossed-helical
svstem because the worm-drive has a line contact whereas the crossed-helical has a point
contact only and as such it is not considered for power transmission as explained in Sae. 3.15.

lheteeth of the worm in a worm-drive system may of may not be of involute form. This will
depend upon the type of tool used in cutting the threads. The tooth profile of the wheel is an
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involute. Aworm may have more than one tooth orthread helix. In geartechnology the number
of teeth is reterred to as the number of “start™. Thus, there can be single-start or multi-start
worms. The reduction ratio of a worm-wheel set does not depend only on the diameters of the
worm and the wheel. Tofind the reduction ratio, the simplest method is to divide the number
of teeth of the wheel bv the number of atarts of the worm {z ),

Theworm andthe wheel have the samehand ofhelix. However,unlike a setof parallel helical
gears, the magnitudes of the helix angles of worm and the wheel are quite different. It is
customary to specify the “lead angle*ofthe worm. The lead angle 1s complementary to the helix
angle. With a 90" shaft angle worm-set, the lead angle of the worm is equal to the helix angle
ofthewheel. Itistheaxial pitch of worm which is normally usedfor specification. Theaxial pitch
of the worm is numerically equal to the circular pitch of the worm-wheel. Incase of module too,
the calculations are based on the axial module and not on the normal module.

Though orientations having other shaftangles are possible, the components of a worm-drive
arc generallymounted on non-intersecting shafts with W shaftangle. Whilethe worm bearings
arg designed forhigh thrust loads, the wheel bearings are meant to withstand high radial loads.
Asfarasmounting is,concerned, it isimperativethatthe shafis on which the members ofthe set
are mounted be very correctly aligned. The centre distance must tally perfectly with the
caleulated value, though some leeway in centre distance can be achieved by using corrected
wheels as discussed in See. 4.7,

As repards the shape of the worm-thread, several types are invogue, These will be taken up
in Sec.4.2. Broadly, four types are in common usage — thread which is straight-sided in the axial
section, thread which is straight-sided in normal section, thread having a tooth profile which is
convex in normal section and concave in axial section, and thread which has an involute profile
in the transverse section. Besides these, a fitth type with concave profile of worm-tooth is also
used in industrial applications for its many advantages|see Sec, 4.4).

Since a considerable amount of drivingenergy is dissipated mainlyin the form otheat due to
the slidingaction between the mating componentsin a worm-set, entailing frictional power loss,
itistherefore logical for a designer to endeavour tominimise the coefficientoffrictionby various
means. One way to achieve this is to select dissimilar metals for the worm and the gear.
Combinations of worm and gear materials are discussed in several sections of this chapter at
relevant places.

Since the worm-gear is produced by the generating method, it can be corrected in the same
manner as explained in the case of spur and helical gears. However, as the parameters of the
hob cutter and those of the worm remain constant, only the wheel can be comrected and not the
WOITH,

The wide application of the worm-drive system stems from the fact that the system affords to
have a design with higher transmission ratio with comparatively lower weight, smaller overall
dimensions and space requirements. The arrangement is thus compact and also ensures a
smooth andnoiselessoperation. Self-lockingability orirreversibility of drive, when required, is
another advantage which is of utmost importance in applications like hoisting equipment and
allied contrivances, because the load can be held in suspended condition when the motive power
iswithdrawn, Low overall efficiency, high frictional losses givingrisetoheat, andcomparatively
low transmitted power are the main disadvantages.
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4.2 Types of Worms

Depending on the type of worm, the worm -tooth can be manufactured ina lathe with a turning
tool or in a hobbing machine employing a hob or a circular cutter. It can be produced by other
methods as well.

For simple and economical manufacture, the cutting edge of the tool is provided with a simple
straight or curved form. In relation to the manufacturing processes involved, the under.
mentioned tooth forms of the worm are generally used in practice (Fig.4.1).

(1) TypeZA The tooth flank is defined in the axial profile. This type of worm tooth has a
trapezoidal form with straight-sided tooth profiles in the axial section. In transverse section.
thatis,insectionatright angles to the axial section, the profile is anArchimedian spiral. When
section is taken normal to the tooth, the toth profile is convex. [teprresponds to a screw with
a trapezoidal or scme thread. 1t can be produced by a single poinf tgglwith cutting edge having
the required profile and is located in the axial plane of the worm. Angle & in half axial profile
ofthetoolisthe tool angle. Thistype of worm can alsobe produced by apinion type cutter working
in an axial plane of the worm.

(1) Type ZN: This is similar to type ZA except that instead of the axial section, the tooth
profile is of trapezoidal form with straight sides in the normal section. Favourable contact
relations can be obtained in this type. The tool is of trapezoidal form in the normal section. The
tooth profile s slightly curved in the axial section. The profile can be made by a turning tool and
approximately by end-milling cutter or face and side milling cutter.

(i) Tvpe£K :  Inthis type the tool is of trapezoidal form, but the tooth profile of the worm
isconvex in normal section and concavein axial section. Thistype is frequently used for certain
advantages it offers as regards cutting processes. Tooth profiles are obtained by means of side
and face milling cutter or grinding wheel. Angle @ isthe tool angle in the half axial profile of the
tool and angle yis the lead angle of the worm.

{iv) Type £1:  This type of worm is analogous to a helical gear with involute toothing and
having small number of teeth. The worm-thread is an involute helicoid. The tooth form is an
involute in transverse section as in the case of a helical gear, convex in normal section and
approximately hyperbolic in the axial section. The tooth profile is produced by a trapezoidal
shaped turning tool which is properly set or by a grinding wheel or by special hob-cutters.

Besides the above four common types, worm-drive with concave-convex profilgs 15 also used
in the industrial field for its many advantages. This is called s CAVEX drive and is separately
treated in See, 4.4,

In normal practice, straight cylindrical worms with trapezoidal profile of worm-thread and
wheel with involute toothing are used. This type of pairing has theoretically only a line contact.
Special profiles like CAVEX offer greater load capacity, lesser frictional loss, continuous
maintenance of lubricating film and high hvdrodynamic lubricant pressure which reduces
output loss and wear, impact damping properties and noiselessness. Other advantages and
special propertics are given in detail in Sec, 4.4

Besides CAVEX, another similar design is from Brown and Bostock-Henk. Because of their
special advantages, these special types of worm gearings with high capacity and specially high
efficiency are now fast replacing the conventional tvpes, particularly in such applications as
cranes and similar drives where lighter construction with greater power output is of vital
importance.
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Turning oal Milling ~ Cutier

TYPE-ZN

TYPE-ZI T PE-ZK
Fig. 4.1 Type of worm flanks
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n by ,] [HERE,Ne. OF STARTS, Zy=d)'
Fig- 4.2 Werm and woerm-wheel geomelry
A general view of the common worm-drive has been shown in Fig.4.2. The worm and wheel

arrangements can also be categorised according 1o the envelopment point of view. This 15
cxplained below:

Kingle-enveloping worm-gear  Thistype of worm gearhasbeen shown in Fig. 4.3.The single
enveloping worm-set ismade in such away thatthe wheel wraps around or envelops the worm
therehy partially enclosingit. The wormi-gear 15" throated™to achieve thispurpose. Inthis type

W b3 -

ig. 4.3 Single enveloping worm-wheel

of configuration, it is theoretically a “line contact™, Under load, there is some area contact
because of Tlatiening effect. This line contactmay extend either across the face width or across
the portion of the tooth which 15in the region of action. While in action, the line sweeps across
the whole width and height of the tooth, Though similar to helical gears as faras the meshiog

action igconcerned. the slidingvelocity is much higher in the worm-drive forthe same piteh line
veloeity



CIRCULAR PITCH
Fig. 4.4 Doubleenveloping worm-wheeal

Double-enveloping worne-sef  In this type, shown in Fig. 4.4, both the worm and the wheel are
throated and, the worm s alsocurved longitudinally to fitthe curvatureofthe wheel. Indouble-
enveloping type, the system can have “area contact”. The alignment must be accurate and the
mounting dimensions should be strictly adhered to. The worm and the gear must mutually fit
exactly at the middle axially. This type has more tooth surfaces in contact than the single-
enveloping tvpe. Consequently,the larger contactarea enables a double-enveloping worm-gear
system to have increased load carrying capacity and higher efficiency at normal speeds.
However. morcheatisgenerated athigh speedsandhence, copious lubrication shouldbe assured
to prevent scoring and overheating.

The double-enveloping worm-set is alsoknown asthe “globoidal worm-gear pair™. The worm
is sometimes referred to as an “hour-glass” worm because of its peculiar shape, 1t canbe easily
seen from Fig 4.4, that the linear pitch is not constant from thread to thread. The profile of the
worm thread must also continuously vary and so does the lead angle.

Since more teeth share the load, the unit pressure is low, leading to longer life, provided the
lubrication and other aspects are in order. The system, however, is comparatively ditficult to
manufacture as special cutting tools are required.

Besides the worm and wheel systems described so far, there are a number of other combina-

tions described below which find place in industrial usage.

(i) Cyfindrical-worm and helical gear Astandard single-startworm can meshwith astandard
helical gear. Thissimple arrangement is economical and does not require rigid maintenance of
alignment or centre distance. Existing helical gear in a system can be made to operate with a
suitably designed worm. However, power capacity is low due to point contact.

(i) Enveloping-warm and spur or hefical gear  Here, the worm is throated, hour-glass type.
while the gear is either standard involute spuror helical. The system is good for indexing but
15 pot recommended for high power applications. The drive makes a line contact.

(1) Wildhaberworm-drive This is same as type (ii), except that the gear has a strmight-sided
tooth form instead of an involute one. Extremely high accuracy in tooth spacing can be obtained
in this type of worm-drive. Axial alignment of worm should be strictly maintained. The drive

makes a line contact.
(iv) Hindley-vworm drive  This is a double-enveloping worm-drive system and is the only one

with area contact among the four types discussed here. This type, with certain modifications,
15 also known asthe “Cone-drve” system which is named after Samuel Cone. Thedrivehasthe
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hour-glass type worm and the gear is throated. In this type, the design is compact and the load
transmitting capacity is high. Strict axial alignment is a prerequisite. All teeth are straight
sided, and special tooling and equipment are required to cut the teeth. Space requirements are
small compared to the output delivered.

4.3 Basic Parameters of Worm and Worm-Wheel

['he basic dimensional parameters of the worm and the wheel have been illustrated in Figa 4.5
and 4.6. These parameters as well as other relevant details connected thereof will be discussed
in this section.

o

Righi-Handed warm Laf-Handed worm

Fig. 4.5 Basic paramatersal warm

The reference profile of a worm-drive is taken in the axial section of the worm. The different
tooth dimensions, namely, height of tooth, clearance at the tip, tooth thickness, and other
measurements are taken in this profile. The definitions and relations of these parameters are
given in the following paragraphs.

Number of sraris of worm A worm can have a single or more threads or teeth which are wound
around the cvlindrical body of the worm along the length of the worm. The number of such
threads has been termed as the number of starts and is denoted by 2. The number of starts
should not normally exceed 6. If self-locking orireversibility of drive 1s desired, then only single
start worms are used.
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the middle lead angle of the worm and is denoted by vor ¥ . The helix angle of the worm is
complementary to the lead angle, thatis, lead angle = 90°=helix angle. Thus, a worm can be

thought of as ahelical gear whose tooth makes acomplete revolution around the pitch eylinder.
The lead angle is given by

o B BMZ . ME,
xd, md, d,

Form numberof worm Thisisthe ratio between the middle ciecle diameter and the module, and
is given by

tan ¥, (4.4)

s = % i

¥ - (4.5)

Thigis an important parameier of the worm as it determines the shape of the worm and as a

consequence alsodeterminesthemomentofresistance oftheworm againsibending. Wecan also
WwWrite

tany = 22 o & (4.6)
i, z,
' 7 "w 7
¥ L 5" 3.

N I 000
! B ?ﬁ.‘\"\."l.

Fig. 4.7 Effectof form number

Itcanbe seenin Fig. 4.7 how the form number affectsthe same shape of the worm, keeping other
parameters ofthe worm-drives constant, ¢.g.the centire distanceq,thetransmissionratiof, and
the number startz = 1. With 5m:||h.'rz, ,the worm diameter is smaller, greater lead angle,
greater higher deflection and lower circum ferential velocity, With larger value of, the case 1s
reversed. In 1:;3-..-1':-::1.'.;'*_Jic.-i between 6 and 15, For normal design, anaverage value ﬂf2P= ik
can be taken.

Addendum, dedendum and whole depth of tooth  1fthe lead angle is small,the addendum and
dedendum shouldbe selected inrelation to theaxial moduole. Recalling Eq. 4.2, itcan be seenthat
asthe lead angle increases, the axial module alse increases for the same nermal module. The
topth height alse increases. The tooth height for larger bead angle is found with reference to the
normal module, asin this way ceriain unfavourable consequences like peaked tooth on hob as
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well as on the worm and the wheel can be avoided, Hence, the following practice is generally
adopred

h =m and hr_—. 1.2m for v £ 15 f4.7)
h =m, and h=12m_ for > 15 (4.8}
Tooth height =k, =4, =h_ *h, (4.9}

Pressure augle The pressure angles used in worm gearing depend upon the lead angles. The
pressurcanglesmusthe large enough to avoidundercutting ofthe geartooth on the side at which
the contact ends. With increased lead angle, the cutting condition of the worm-wheel cutter
becomes unfavourable. For manufacturing reasons, greater pressure angles are selected for
largerleadanglesas shownip Tahle 4-1 Asatisfactory toothdepthisalsoobtainedin theprocess
by choosing the proper pressure angle.

Tabled. 1 Recommendedpressureanglesinrelationto leadangle

¥ uph 15 over 15 up o 25° over 25" up o 35’ ower X8°

T 0 2Z.5" 25" 0

Inworm gearing. the pressure angles inthe normal and the axial sectionshave o be different-
iated. They bear the following relation

-1 (4.10)
COS ¥

where o andygy arethe normal and axial pressure angles respectively.
=

lan ﬂ'- =

Tip cirele digmerer of worm  This is given by

d,,=d,+2h_._ fd. 11}
Koot clrcle diagmeter of worm  This is given by

dp=d, ~2h, (4.12)

Top clearance Depending upon the type of manufacturing process involved, the value of top
clearance (g] is

e =0 167 to .3 w6 (4,13

This value should be as small as possible w enable the worm fo have a high moment of
resistance and preferred value is 8.2-0.25m.,

Length of Worm The length of wornm {ﬁnj] 15 8 function of the magnitude of load as shown

'!’1 = Em(1+.||g:‘,| for light to medivom duty service (4.14)

= i‘m-.'fE:,-.r for heavy duty service (.15}
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whcrtz! = Number of teeth of worm-wheel

Tooth thickness ofworm Onthe middle circle, 1t 15 given by

am
EM o5y = —= (4.16)

-3

Piteh circle diameter of worm wheel  This is given by
d, =mz, (4.17)

For expression regarding the middle circle diameter of the wheel (d_,) for uncorrected and
corrected gears, sec Spe, 4.7

Throat diameter of wornr wheel  This is given by

dni=nr'+2hni t"i-]E:l

For corrected gears, the value of A, should be inserted as per Eqs 4.39 and 4.40 given in
Bae, 4.7.

Qurside digmeter of wheel  The value of the outside diameter will depend upon the helix angle
d =d +m for ¥ < 16" (4149
d, =d_ +m for y > 15" (4.20)

Root circle diameter of wheel This 1s given by

dﬂ:d__.z-ﬁih= i4,21)

Radiusofwheelfoce  Thisistheradiusof thecircle which tormsthe surface line of the globoidal
worm-whee|, and is given by

rea-zd, (4.22)

Helix angle of wheel  For proper meshing, the following conditions must be satisfied

Lead angle of worm = Helix angle of wheel
Axial pitch af worm = Circular pitch of wheel

Face width of wieel This is the face to face distance of 8 worm wheel as measured along the
wheel axis. The ampirial relations as guidelinesifor selection are as follows

b, = 0.4 10 0.5times {d_| * 4m) for bronze wheels (4.23)

=041t 0.5times{d_ +4m) + 1.8 m for light metal wheels (4,24)
As per DIN recommendation f, =0.84,.

Centredistance  Thevalue ofthe centre distance{g)will depend onthe magnitude of correction,
if any. and the reader is referred to See. 4.7 for its expression.

The dimensional parameters of worm and worm-wheel discussed so far in this section are
summarised in Table 4.2
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Tapdpd2 Dimensionalparametersof aworm-drve
Descriphian WA Worm=-whool
Mumber of st of worm z,
Cauidelinesfor saleslion
Mumber ol 1eeth Z;= iz,
§ 230 1528 10-14 B9
L 1 3 a2
fuial moduleaf wamm = By iy [
Transverss modleaf wiheal ik T 2o 5y E nE,
Axial pitchol warm = i _ B
Circular pitchof wheel L Bt bt
Lead P, =PZ,
Lesd angle ol worm =
= o) mz Hi
: m PO ' et L L [,
Hedix angle af whesl T xd, o .
Form numberof wom Egp = ET'I'
Diametaraof Middie cirde of dameter of wam u'== mz,
refere noe arcle = Mominaldimansion of wam i - |:|" & 2 )
x dl =g
=i
Tie di b Throst diameter = o =g + 2k,
ip diameter d, =d*2h, d,"d,
Crutside diameler d, = dg+ m[fE 1:5.]
= s T, [y=157)
Rooldameler ﬂ..:ﬂ',,—?ﬁ. duld'",.jﬁ‘
Reduclion ratio PN oy W | W
i I Iy oy tan ¥
Coanire distance g = B z dy N
Radiusaf whesl face P
Topcharance e=016F mto0 3 m. Prefarred vabe 0.2 - 0.25 m
Addercdum
Foryz 15 h, =m h = mzam
Fory> 15' = M, =m L xm
Dedmncium B =i =h, b, =M, - h,
Whale deplh i : |
Forys 167 h, =k = 22m
Forgs 15 b =h =322m,
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Table 4.2 [Corrdy

Length alwarm For light or medium load For bronzewheels
Face width of wheel b, = 2m(1+y7,| b, = (0.4100.5) (d,+ 4m)
Forheawy load b, = 2 m -,Iliz,, . Far light metal whoel
b, = (0.4 © 0.5) E’d_” dm] +18m
yupts 15 owver 15" upio 25' ower 25%upis 35 owver 38"
Mormalpressuneangle
[Guidingvalues) [ B x5 26 b
ana,
Axial pressure angle fanda, = P

Hand of worm A worm may be classified as right-handed orleft-handed, depending upon the
direction afhelix of the worm-thread in which the thread winds around the root eylinder, The
worm i5 said 1o be “right-handed™ if the tooth helix vises from left and goes up towards right as
aeen from feont when the worm is held In an wpright position as shown in Fig. 4.5. [fthe tooth
helix veers towards left, then 1tis a “lefi-handed "worm. Normally right-handed worms arcused
i preference to lefi-handed worms which are vsed in case of special requirements only,

Direction of rotation in g worm-drive  The direction of rotation in a worm and worm-wheel
syatem of deive will depend upon the direction of helix of the worm and the pesition of Worm-
wheel. This can be casily seen from Fig. 4.8,

Standardized dimensions of worm gearing To alleviate the tedium of calculation, standard
tables (Tables 4.3 and d.djhave been prepared from which the main parameters of worm and
wheel canbe obtained. Table 4. 3izbased on standard modules asrecommended by DIN TR0, With
a fow exceptions, these standard modules by and large tally with those given in [S: 3734, Table
d.4.izalsobased onthe above modules, butherethe emphasisisonmaintainingstandard centre
distances. Hence, the worm-wheels are corrected in majority pfthpcasestoattainthose standard
centre distances.

RIGHT-HANDED LEFT-HANDED
WORM WORM

Fig.4.8 Direclionof rofationof wom drive

While designing a worm-drive set,the gear designer should aim at modifying the strengthand
other caleulations invoelved so that the designed parameters of the components conform to the
astandard values given in the above tables, without radically hampering the essential design
considerations. as far as possible, in normal cases.
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Tabled} Standarddimensionsof worm gearing

Modue P, z, Z, d, d 4, ¥,  Remarks
1] Predomod
Soros

i 9000 - 16 23 132 B340

i 11200 234 —_ 264 176 E1022

i 14,000 - 78 az 72 4 OAES

1 1T.750 365 S 35 307 52345  BL
2 283 3 B.000 i 16 22 132 12 5780/

2 11.200 4 2T 264 176 10,1248

2 14.000 - 28 32 232 B304

4 4 000 — 1B 22 132 II0E25

4 11.200 204 - 264 176 188536

4 14,000 - o) 32 252 15.9454'

1 B.480 - 212 283 162 B.T256'

i 10600 M5 Ei 5 M5 5.3E31'

i 13400 i 515 305 75 4 2ETOF

1 17000 425 - 475 3B.E 33685 5L
25 7EE4 2 B.480 = 213 262 152 133706

2 10,600 M5 _ 315 205 106347

2 13.400 . 315 305 275 B 488

4 8.A4BD e 212 282 152 252551

4 0G0 M5 e 315 205 I0ETT

4 13400 - 305 305 75 16 6206

i 8413 = M5 325 189 BT 7ES

1 1DGEIS 315 bl 3.8 259 EATIT

1 13492 i 425 485 3409 4.238E"

1 16A26 3 a 593 454 34011 SL
316 DagE 2 B413 _ 65 3T H B0 133738

2 1DAEIE 135 — 394 255 10,6505

2 13442 -— 425 L] KR BT

4 a413 = 5 928 1BD 25.4314'

4 10AEIS 135 il 99 B 250 2006119

4 13.402 - 425 408 349 18.511F

1 TOTS - 315 305 710 7.2371"

1 10000 40 i 48 30.4 5.T106

1 12 500 - 50 £ 404 4573"

1 16750 &7 e 75 7.4 14167 5L
4 12566 2 TATS - 316 905 18 14 5500"

p 10000 40 o 48 04 11.3100

2 12 500 - L 5& 404 B.0A0Z

4 TETS - 316 305 710 288275

4 10,000 40 —_ 48 0.4 21.6014'

4 12.500 e &0 £ 404 177447

1 B.000 - 40 £ 28 T.1880°

i 10000 &0 — & 18 £ 705"

1 12400 e B3 73 51 45377

1 17.000 B5 = 45 73 39685 SL
5 i6T0R 2 8,000 -— 40 &0 28 140361

3 10000 50 & &0, 38 11.3100



Woiry, and WormWheals £.15

Table 4.3 {Conid)
Module P Z, EA Ty d, d, ¥ Remarks
m Prederred
Saries

2 12600 - &3 73 &1 o088

4 BO00 - 40 &0 0 2584 1"

4 o 50 — &0 a8 21.8074°

4 1261 - a3 73 51 178128

1 7937 - 0 826 348 FALSER

1 10000 83 —r T5E 47D G5.71046°

i 1268 - a0 436 84.5 4 5088"

1 17778 112 - 146 06D 321858 =L
63 iaree 2 7837 - 50 A6 349 14144 T

2 10000 83 = TEE a8 113100

2 12.608 = B 28 84.9 B.0506"

4 78a7 - &0 €26 349 26 7481°

4 19000 83 - 756 478 21.801 4"

4 12088 - B oL 84.9 17.4644°

1 TATS - €3 79 438 7. 23a0

1 0000 B0 — E08 5.7108"

1 12,800 - 100 116 BiE 4,573

1 17500 140 - 166 1208 3IME 5L
& X1 2 TATE - Lix] ™ 438 T4 2500

2 10300 B0 - o8 BOLE 113100

2 12500 - 100 116 BOE 0,000z

4 THTS - €3 79 438 26,0278

4 0000 B0 e o 608 21.8014°

4 12500 - 100 118 BOE 17,7447

1 78I - 75 o 51 7.6047"

1 0,500 6 L 115 71 6.00E3°

1 11,800 - 118 138 a4 4 6430

i 17000 170 — 190 146 3.3865' 8L
10 HAE 2 7500 = 75 s 51 14,8314

2 £.500 % o 115 71 118888

z 11.800 - 118 138 %) o.6108°

4 THD - 7% = 51 20,0870

4 BEMD 06 s 115 ry 22 EASE

4 11.800 - 118 138 o 18.7358"

1 720 - 0 115 &0 7.7

1 8080 112 — 137 az 6. 258"

1 11200 - 140 185 110 51027 5L

1 162860 212 o 237 162 3.3744'
128 3}ITD 2 7200 - ol 115 a0 15.5242°

2 BOE0 212 i 1a7 a2 125831

2 11.200 - 140 165 110 101248°

4 7200 - = 115 &0 29.5042

4 8050 112 -— 137 8z 24,057

4 11200 140 185 110 10,6538

{Contd)
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Tabledd [Contd)
Module P, z % B 9y d, Fo Paiika
m Preferred
Borfes

1 T.00a . 112 Tds Tah6 81300

1 B.TEO 140 P 172 1018 65108

1 11260 ot 160 21z 141.6 G.07as

i 17.500 250 o X2 2418 3.2708° 5L
18 B0 265 2 T.000 - 112 1d4 Tah 169452

2 B.750 140 s irz 1018 12875

2 11280 - 18D 212 141.6 1005810

4 T.000 - 112 Tda TaA 29, 7450

i B.750 140 s = 172 1018 24 6870

4 11.250 - &0 212 141.6 19.5731"

1 B.600 T 152 172 84 B.8185"

| BS00 170 iy 210 122 il il

1 1{LE0D — 212 262 1684 5.3E91

1 17.000 340 i 3e0 263 1566F BL
a g2.E32 2 6.600 — 132 172 84 16,6583

2 8600 170 —_ 210 122 13.2408°

2 10600 — 212 252 164 106847

4 6800 = 13z 172 B 312184

i LS00 170 — 210 122 2A2011°

4 10600 = 212 262 164 2ET42"

Notes: 1. Lefl-bandedwarms are used anly in special cases.

2 Selfdacking or irreversiility ol e worm drive kas bean indicated by the laiters 5L in the remarks columnof
1he Table. Sall-locking is guaranieedonly when ibe worm drive is stationary and is vibration-fres.

Tablefd. Standardcentre distance and other paramefers of worm gearing

Centre  Transmission
distance =in Mol g, z, ¥n z 1 Remarks
o I m
735 25 ;5 4 20874 2 =0.2000
(6.5 2 224 4 19.6536' 3@ 04000
e - p— - —rn el e
14.5 25 5 2 10,6847 2 2000
(18 2 24 2 10.1248° 38 +.4000
- — -— — — — -
50 2 25 ;5 1 5.3801 " 2 +.2000
{38} 2 24 1 5.1022 38 +0.4000
&2 126 =4 1 31839 &2 +0.4000 5L
{83 1 17 1 3.3684' &3 oooeo S
¥ .16 335 4 206119 29 <0 1E25
{B.7H) 25 26.5 4 206742 k™ 04000
12.75 2 224 4 19 6536 51 0. 4000
145 316 335 2 10,6506 24 «0 1825
[18.5) 25 :5 2 10.6847" 38 #4000
63 255 2 224 2 10.1248° &1 +0.4000
F 315 315 1 5.3717" Ft +0.1B2S
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Centre  Tranzmizsion

distance i Module a, T 7 t  Remarks
a | m
(28] 25 265 1 §.3891' g 00,4000
&1 2 224 1 5.1027 51 04000
81 1B 28 ! 32708 @1 01250  BL
i&2) 125 224 f 31934 az +0.4400 &L
100 1 17 1 30864 100 00000 8L
75 4 40 4 218014 an 00000
(10} 315 315 4 208119 a0 00704
1325 25 265 4 208742 53 02000
15 P 40 2 11.5100° 30 00000
L';-% 315 335 2 10E506" 40 007
& 25 o5 2 10,847 53 +0.2000
B an 4 40 i 5.7106" a0 0.0000
(40} .15 335 1 64717 40 SAOTHE
53 25 265 1 55801 53 +0.2000
&2 2 355 1 32245 B2 +0.1250 8L
{82 16 = 1 3.2705 az L2500 8L
110 125 224 i 31939 110 +00400 8L
75 5 50 4 21 8001 4 an 0.0000
{10} 4 40 4 A4 40 00000
12 115 315 4 2006119 62 04286
15 3 50 2 11.3100 30 0.0000
120} 4 40 2 11.3100¢ 40 00000
2% 315 315 2 10.6506" 52 1. 4208
100 a0 B ] 1 57106 30 0.0000
4] 4 40 1 57108 40 00000
52 315 335 1 BATIT" B2 +0, 4208
&3 a5 425 1 336A5" £3 00000 SL
(82) 2 55 1 32245° B2 £0.1250 SL
07 18 26 1 32705 107 02500 8L
735 8.3 83 4 21.8014' . 30
{10} g 501 4 71 A0 4 40 00000
13 4 0 4 21 014’ 62 +0.2500
145 6.3 a3 2 11.310F bz <3413
(20 5 50 2 113107 40 0.0000
26 4 40 2 113100 52 o EN
125 2 8.3 83 1 57106 . «0.3413
“‘2,3 5 50 i 57106 40 00000
4 &0 1 5.7 106" 62 +0, 2800
B2 315 53 1 140117 62 L1111 8L
(B3 25 425 1 3.3865' B3 00000 SL
10¢ 2 36,5 1 125 107 401350  SL
75 ] B0 4 21.8014° an 0.0000
(1 B3 B3 4 21.8014" 40 +0.3968
135 8 50 4 21 04 54 0.0000
15 (] &0 2 113100 30 0.0000
[zig_} 83 B3 2 11.3100° 40 +0.3968
5 &0 2 11,3100 54 0.0000
160 a0 A AD 1 57106 30 0.0000

{Confd)
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Tabled 4 (Coned)

Confre Transmission

distance ratia Modiuls d, e z r Romarks
a i m
{4i) E.9 B3 1 5_TI06" i +H03%E8
54 5 £ i 5. T0E! B4 0. 0000
63 4 &7 1 34167 63 J.0250 S0
{B4) 3.15 53 1 3.4011° Bd 03810 5L
111 25 g2 1 3. BEES 111 J. 0O S
75 10 ] 4 e | #0950
(e & B0 i AL 40 a.0000
19,25 6.3 [ | 4 A/poa 53 +0.2480
15 10 g5 2 11_886" 30 +0.2800
i20) a B ¥ 11300 ] QL0000
2.5 B3 63 2 1130y 53 +0.2400
200 30 10 95 1 0089 1| +0.2500
(40} B Fii] 1 5_T106" &0 00000
5% B3 63 1 5_T106" L +.2480
63 g g5 L 3. BEEE &3 0.o000 8L
(Ba) [l 57 1 3. 41EF k| +0.1280 5L
110 3.15 L | L 34011 110 00794 5L
1.7 125 112 4 24_0ET2 3 0100
.:1n] 10 95 4 2 B 4D +0.2500
8 B 'l 1.B014° 52 +0, 2500
155 12.5 112 B 12 58E i 00100
{20) 10 25 2 11.BEEE" &0 +0.2500
5 A ] 2 11. 300" 52 A4.2500
a5 i 12.5 112 L 6.8 i +0.0100
{40) 10 5 1 60085 40 +0.2500
52 B B L 5_TLOG' 52 +0.E500
i 6.3 112 1 il 6l +0.2937 BL
(B 5 B5 i 3. 5665 a1 p.oooo &L
108 4 67 1 QT 10A 01280 5L
15 16 140 4 24.56M0" 30 #3105
o 25) 125 112 i 24_0ETR a 05200
19,25 10 35 d 0B 53 +0 2500
15 16 140 2 1z 8753 an 0. 31125
{205} 125 112 2 13 5 ¢ a 00000
2.5 10 25 ] 11 BBEE 53 02500
A& an 16 140 L E.5108° an +0.3125
(41] 125 112 L 6. 3R a 05200
53 10 95 L 6. 0BG 53 2500
&l A 140 1 3.5 &0 0.0000  SL
i82) 6.3 112 L 3. #1195 Az A1 8L
108 5 ] 1 3.3665 108 p.0000 S
775 M 1m 4 25.2011° i 02500
110.25) 16 140 d 24,560 a #0. 1250
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Tabled4 (Contd)
Centre Transmission Moduie
diztance ratio L I i I x Rremarks
a i m
1375 125 112 4 240572 55 0200
1E.E i 170 2 13,2408 J =00, 2500
(20.5) 16 140 2 12 6753 41 #1580
75 125 112 2 12,6831 55 H1a500
400 3 20 o 1 6.708T 1 +0 2800
(41 16 140 1 85188 a1 .1550)
65 125 112 1 63684 a5 #0300
B3 10 170 1 3.3685 [ax] [EXN k] S0
(B2} a 140 1 3.2705' &2 2880 SL
108 8.3 112 1 3.1a8 100 A1 1032 S5L
{1025} 20 170 4 L L 41 02500
1325 16 141 i 24 56D &3 3 ATED
[20.5) a0 170 2 13 2405 41 320G
M6 16 140 2 12Aarsy 53 1 ATED
iﬂ% 20 170 1 &, 79T 41 <0 2880
16 1440 1 51048 &3 . 3ATE0
a3 126 212 i 3aT44' B3 3 2000 {1
(B3 10 170 i 3.3865' B3 L0000 SL
10 a 1413 1 3370 107 3 2E30 5L

MNofes: 1. InTable 44 SL stands for seiflockingas in Table 4.3
2 Tha ransmissionratios =10, =20, | =40 andJ =80 are fundamental transmission ratios. These ratiosare
shown in parenthesisin Table 44,

4.4 Worm-Drive with Concave-Convex Profile

I'he different types of worm which are commonly used, namely, types ZA, ZN, ZK and £1, have
heen described inSec. 4.2, Theseusual types of worm-profiles are not satisfactory asregards the
requirementsfor a good and close contact between the tooth surfaces of worm and wheel, and for
the creation ofadequate pressure gf the lubricating medium. Favourable operational conditions
forthe above requirements can be attained by worms with teeth having concave profile instead
of the usual straight or convex curvature. This t}'F: of profile has been developed by Prof.
Miemann and is known as CAVEX type of tooth profile.

Theworm-wheel teeth are convexin profile which fitsnugly intothe corresponding tooth space
of the worm during meshing action. Contrary to the usual types of worms where the pitch or
workingline issituatad at the middle of the teeth, inthe CAVEX type it lies onthe tip of the worm.
In other words another speciality of this type of design is that the tip cylinder nFlE: worm has
been made to be identical with the pitch or rolling or working cylinder of the worm.

Thecutteremployed to produce the worm teeth has a convex, circular-arc profile, which gives
aconcave shapetothe worm-tooth profile. Thecuttermay be amillingcutteror agrindingwheel
which has a circular-arc profile in normal section at right angles to the course of the tooth-gap.
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Due to the ideal contact conditions between the concave worm-tooth surface and the convex
wheel-tooth surface, the CAVEX drive has several adv antages. In this respect, this drive has
suchfeatures whichresemble theproperties of the internal gearing. Themany advantages which
this type of design offers are summarised below.

1. Due to favourable contactrelations between the coneave-convex tooth profiles of the compo-
nent members of the worm and wheel set, the contact pressure or Hertz stress distribution
takesplace in a wider area for the same applied tooth force as compared to the conventional
worm-drive. Consequently, the surface pressure per unit area is much less.

2. The close contact of flanks helps in the maintaining of a lubricating ol film.

3. Thehydroaynamic pressure of the lubricant is greater.

4. Wear and heating as well as the power losses are low.

5. Without weakeningthe worm-tooth, ahigh bending resistance and load carrying capacityof
the worm-wheel teeth are attained, assuring a high security against breakage of teeth.

. The efficiency is high, attaining around 96%.

7. The system is impact-damping and practically noiseless.

B. Higherpowercanbe transmittedperunit volume of space required and weight ofmachinery
is comparatively lower.

% Higher transmission ratios can be achieved atrelatively low space requirements.

10. Eddy loss in o1l is very small athigh circumferential velocities.

11. Forthe same allowable lcmpcralur{: or wear [imits, the system can produce more output to
the tune of 125 to 150% as against the vsual worm toothing conforming to the same
conditions.

12. Operational life of this type of gearing is more.

13. T I;!l: u]vfrluad capacity 1s much higher due to the greater root thickness of teeth of the worm-
wheel.

14. The CAVEX toothing used in power transmitting gear boxes also ensures extremely high,
momentary peak torques without any detrimental effects on the system.

The comparative configurations of the tooth-shapes, pressure distribution patterns and the
efficiency charts of the conventional and CAVEX drives are shown in Fig. 4.9,

Ithas been pointed out before that in CAVEX type of worm-gearing, the working eircle of the
worm coincides with the tip circle of the worm. This is the normal practice. However, depending
upon the design considerations, the diameter of the working circle may have a range which is
normally given by

Working circle diameterd_ ,=(d, *m)to(d, *2m)
where d, = The middle circle diameter of the worm
When the upper limit is taken, then
d_,=d, *2m=d_, = Tip circle diameter of the worm

Otherrelevant diameters are

dr: d = 232m
d, = mz,
Centre distance a = dﬂ:*-il

-
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Fig. 4.9 Characteristicsof CAVEX drive

4.5 Force Analysis of Worm-Drive

The determination of forces acting on worm and worm-wheel can be donein a similar way asin
the case of crossed-helical gears. Neglecting friction for the time being, the only tooth force jn'-"I|I|II
isthe one acting normal to the tooth profile (Fig. 4.10). '

F-DEEE'FH-L'ﬂn be resolved into three mutually perpendicular component = the tangential com-
ponent F:ﬂ the radial component F' and the axial component F |
r a

For the sake of simplification of calculation we assume that the transmission of force takes
place anly atthe pitch point P. ln normal section NN, ﬂH'i-'CFA..whith acis perpendicular to the
tooth profile, is inclined atan angle ufa;!ﬂl:the' normal pressure angle) as shown in the figure.

If the effect of friction is not taken inte account, then the reselved compenents forces n-FF,.',
would be '

Axial force = F, cos g_cos T
Tangential force :FHEDE i, sin ¥
Radial Fum:=F‘H.=i'tn i,
However, a frictional force is ereated, which is given by
Fo=uF,

where g= the eoefficient of friction = tan pand angle @is the angle of friction.
Thisfrictional force actsalong the worm-tooth surface asshown in Fig, 410, When resolved,
itproduces Iwo componenis:
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F, siny and gF,_ cosy

It can be seen from the figure that the axial component of the frictional forceacts in the opposite
direction to the axial force F_, whereas the tangential component acts in the same direction as
the FantF Hence, fora worm driving the gear, the expressions for the different resultant forces
effective on the worm are given by

Acctal force F | = F cos @, cos y— uF sin y (4.25)
Tangential force F = F cos & siny+uF, cos7 (4.28)
Radial forceF =F, sina,=F  tan a, (4.27)
The axial pressure angle (& ) is given by
tanp, = le
sy

InBEg.4.27, the temm HF sin yof Eg, 4.25 |5n|:El|.-|:t|:|:i toamveatthe approximate expression.
In a worm-drive system, 1hc transmitted load 15 given by
T,
Fia =—+
fa

Subscripts land 2 referto the worm and gear respectively as before, T 15 the output torgue
available atthe gear shaft, andp, isthe mean radios of the gear. Sincethe axes of the worm and
the gear are atright angles to each other, we have

The total axial force acting on the worm = The transmutted load by the gpear

Theirabsolute values are the same, but the direction or sense is opposite. Therefore, in terms
af absolute values. we have from Eq. 4.25

F =F =F cosa cosy-uF, siny
Similarly
F,=F =F_ cos siny+lF, cosy
Therefore, the torque input to the worm is given by
T, -F,r, (4.28)
Takingcos @ =1 and f = tan p, we have, for a worm driving the system

sin v + pcos
F, = F, - I d

cosy = psiny
sin y * tanpcos y L

= F,

cosy—-tanpsin y COSY
tan y +tanp

oy - F, tan (y+p) (4.29)

I-tanptan y
= F,tan(y+p) (4.30)
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With the gear driving the worm, the ghoye equation becomes

= F,=F,, tan{y—p] (4.3)

InFig. 4.10¢, 1s the circum ferential velocity of the worm. The slidingvelocity isrepresented
by U,. These are important parameters for calculations connected with the efficiency of Worm-
drive.

4.6 Bearing Forces in a Worm-Drive

The procedures for the determination of magnitudes of forces acting on a worm-drive system
have been discussed in Sec.4.5. Forcalculatingloadsactingonbearings on which the worm-shaft
and the wheel-shaft are mounted, the initial step is to calculate the tangential force F, the axial
force F, and the radial force F' |, After ascertaining these forces, we can proceed to find the forces
acting on the two bearings of the worm-shaft and the two bearings of the gear-shaft as detailed
under.

Todetermine the bearing forces, it is convenient to consider the different forcesas acting on
two mutually perpendicular planes—the X.2 planc and the ¥.Z plane, as shown in Fig. 4.11.1n

a worm and wheel system, each componenthas its ownplane of reference containingits axisand
the common perpendicular.

From Fig. 4.11 sve can arrive a tthe following expressions for the bearing loads. In eachcase,
subscripts Bf and BIf refer to bearing Nos_ 1 and 2 respectively in both the cases of worm and
gear. Subscriptsx andy stand for reference planes X-Z and Y. £ respectively. In expressions for
forces, subscript Lrefers to worm and subscript 2 refers to the wheel. For dimensions pertaining
to lengths, Wand G are the subscripts for the worm and the gear respectivelv.

| e

“ .hl.- .
FRNEN
AR

Fig.4.10 Forces in 8 worm-drive system
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1. Bearing {oods on Worm-shaft

Fr.F
Fﬂr-,=
L,
pon, = Bl B
L,
rah.fu_f'u
L,
F, L
Fm,_i:u

"heresultant radial loads on the bearings are given by

Far, = W(Fo) + {Fan)

Fur, = (o) + (Fam,)’

{4.32)
(4.33)

Besides the above radial forces, the worm-shalt bearings are subjected to the axial thrust of

mragnitude FEL,

2. Bearving loads on gear-shaft F.r.+F
Fo, = _iz_IE:ﬂEEl

F,, = ‘a-Faln
Hrltxy

FL,,LE
F‘h’:m:

L,

F
pﬂh=_r.££1

L
The resultant radial loads on the bearings are given by

Fan = Y(Fow) + (Fa)’

Fou, = J{Fau-u}: + (Foun).

(4.34)

i4.35)

Besides the above radial forces, the gear-shafl bearings are alse subjected to the axial force of

magnitude F_,.

For the proper selection of the anti-friction bearings, the relevant manufaciurer's catalogues
should be consulted. Thesebearings should be capable ol withstanding both the radial and axial
loads, After the determination of these loads. their values should be inserted in the formulac
containedin those caraloguestodetermine the eqguivalent loads. Afier that, the proper selection
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Fig. 411 Bearngforces in aworm drive

of the bearings can be made. These aspects are elaborately dealt with in the catalogues and
manuals of standard bearing manufacturers.

['ofacilitatethe appropriate selection of bearings, the designer is recommended to have easy
access to such catalogues, One example of bearing selection is given in See, 3,130 illustrate the
framework of selection.

4.7 Correction in Worm-Drive System

Like spurand helical gears, profile correction becomes necessary o avoid undercutting incase
ofworm-whecls with amall number ofteeth, the relevant relations being similar which are given
a5 follows.
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Minimum number of teeth to avoid undercutting

- 2 (4.36)
gin-a

As indicated earlier, the pressure angle is a function of the lead angle chosen, and it ghould vary

according to the magnitude of the lead angle for proper functioning of the worm-drive system.

Thepressure angle is normally 200 for general application with usual values of lead angles. The

values of the minimum number of teeth are

2. = 17fora = 206
30 fora = 15

2 min

]

The profile correction factor s given by
5 o_q_ % sin® o

x=1-
Zmin P
The amount of profile correction, therefore, is
= s T E
e [1 "EE_E;‘ ﬂ]”‘ (4.37)

Referringto Fig. 4.8, the relation of the middle circle diameter ofthe worm-wheeld _ andthe
pitch circle diameter of the worm g, (sometimes called the middle circle diameter of the worm?
in a cormected gearing is given by

d,=2a-d
d,+2x o,
or the centre distance 8 = ﬂ'-,“--d-r - [ :}+ & d.*d, +xm (4.38)
2 2

Equation 4.38 i1s the expression forthe corrected centre distance. If there 15 no correction, then
obviouslyd | =d,. Therefore. the profile correctionx m is the difference between the middle cincle
radius and fhe pitch circleradinsgf theworm-wheel. The correction is positive ifthe middle circle
is greater than the pitch circle and is negative when it is smaller.

The following practice is generally adopted for calculation of the worm-wheel addendum in
case of wheel with commection

f,q

mt xm for ¥ < 15 (4.39)
m, % xm for ¥ > 15 {4.40)

4.8 Deflectionof Worm-5Shaft

In a worm and worm-whezl drivesystem. the worm is 5u|:?|:|:l.t4:lt|:-h:ndlng ahd deflection. Since
perfect contact relations and tooth action are possible only in case of precise bearing mountings
and accurate toothing, and since such conditions are not practically attainable, some amount of
deformation during servicehasto be allowed. the magnitde of which isbased on the experience
of the designer an d the judicious use of the empirical relations. It goes without sayingthat this
FH:FEI.'lISSIIJJE vilue should not be excesded.



Worm and Worm-Wheels 4.27

It is desirable to have comparatively large diameter of the worm-shaft, and the distance
between the bearings should be kept as small as possible commensurate with the other design
parameters, sothat the least amount of change of shape takes place. In this respect, the form
number of worm, {Sec¢.4.3) plavs amajorroleand. therefore thisfactor should be careful ly chosen.
The following relations are relevant for calculation of deflection.

From mechanics, we can establish the following formula.

F.L
i A (4.41)
4BEI
where f{mm) = The detlection of the worm shaft
L,(mm) = The distance between the bearings holding the worm shaft.

Itisassumed herethat the worm s mounted atthe middle ofthisdistance (see
Fig. 4.11 Sec. 4.6)
- For rough calculation L= 1.5x centre distance a
F (N The vector sum of the tangential force F,.,and the radial force F_, This
resultant force(F, ) which deflects the worm shaft, is given by

F, = JF)+F) (4.42)

1]

Symbol E (N/mm?®) is the modulus of elasticity of the worm material and £ {mm*) is the area
maoment of inertia of the cross-section of the worm shaft. Here, 1is taken to be approximately
constant throughout the length of the shaft.
Permissible deflection is given by
r o da

1000 (4.43)
The followmng factor of safety against deflection (8 ) should be adhered to during design
8, = fr;‘; 21 (4.44)

4.9 Bending Stress Caleulations

In a worm-drive system, the worm-wheel teeth areto be checked agaimst bending. The factor of
safety against bending is given by
a am, b
S = &= .
- gl.- F

(4.45)

The value of 8, should be equal to or more than 1.Here
o, (N/mm® = Limitingvalueof allowable load factor, as givenin Table 4 5 fordifferent types
of wheel matenals commaonly in use

.« £ (M/mm® = Maximum bending stress which may ocour during operation
L)

Maximum tangential force which may act on the wheel when referred tothe
middle circle diameter

b{mm) = Arc length of tooth width of wheel at roat =7"x T%

wrhiere r '_ilél + ¢ and angle $(in degree) is given by ain.g. = }b.
rl
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Table45 Limilingvalies allaadfaciar for diferani whaal maternials
[ Materials of WeTm is steelineach cass )

Matorial Trpinfﬂﬂ'l‘l'lpmﬁh
of ZA and ZN ZK and ZI CAVEX
whenl
i (MUY
Cenirilugallycasi 235 o a2
Cu=2nbranze
Aluminumalloys 1.3 141 1BG
Al=5i alloy TS a3 125
Zn allays
Castiron 1148 14.7 196

4.10 Contact Stress Calculations

Indesigninga worm-drive, itis of vital importance to check the system against failure due to the
detrimental effect of contact stress. The factor of safety in this case is given by
8 = Biim.

. (4.48)
B

wherep, (N/mm® = Limiting value of contact pressure (Values for common materials are
given in Table 4.8)
piN/mm?) = Actual contact pressure created in the system
The expression for the actual contact pressure is as follows
F,

. - [
p = (4.4

a4, K,

I'he value crl"S should normally lie between (06 to 2.2, depending upon the allowable wear.

Factor K takes into account the effect of the middle lead angle, its values are given in
Table 4.7,

Tableds Limiting values of contast pressure

Bazadan Zahnraedar, Dirpka, 11th edfan, 1860, iable no. 23 i -} 344, VEB Fal:hbul:hl.'erhg.Ll-lpll-g.

e

i zrerial Sreni warm
of Unhardened Hardenedand graund
wireef
P, {Nfm?)
Centrifugallycast 35 549
Cu=Spbronze
Aluminium alloy 15 ki |
AL-Sialloy — a1
£n alloy i3

Castinan 18 24
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Tabled.7 Factork Inrelatlon to lead angle

Bazadan Zahnraader, Zrphe, 111k edilion, 1960, tablke ro. 24, p. 344, VEB Fachbuchverag, Lepzig

Pradila fypa tany, = 00 a1 2 0.3 04 as a6 o7 oo a9
ZA, 2N, ZK K =041 038 0.32 0 0285 0248 0233 022%  0NM5 0.3
andZF|

CAVEX

{concave- K, o= D40 o4 046 445 0433 0425 0420 4417 0415 0415
COnvEs)

4.11 Effect of Heat Generation

The relative sliding action between the teeth of worm and wheel causes generation of a
considerable amount of heat. Particularly in heavy duty worm-drives, arrangement for heat
dissipation should be provided. This is normally achieved by providing fans which are fitted
inside the gear box housing orthe housing may be so cast as to have coolingribs orboth the above

measures can be taken.
The-effect of heat generation is an important design criterion for the worm-drive. Some

rescarchers in the field have developed a set of empirical relations which determine the
temperature safety factor fornormal operation of the drive. The relevant equations are given as
follows

Temperature safety factor

2
" “ﬂ_ HI Hg Ha-xl
5, [1“] 136 P, (4.48)

The value of S, should be equal 1o or greater than  Hor smooth service. As before, a is the centre
distance in mm and P, is the transmitted power of the worm in kW, By transposing Eq.4.48, we
get the required minimum value of the centre distance

|343P
I
- ”le.x KK ()

Factors K, 1o K take care of the influences of type of cooling, transmission ratio, material and
design of the drive. Factor K, is given by

K l.llﬂ
K = [1 s E_r]( D, H,-] {450

Equation 4.50 15 valid for worm-drives which are situated in a place with sufficient air
circulation. The fan factor K_is given by the following equations with worm rotating at a speed
uf.rl TP,

For drive without fan

?
K, = 14 [—“’-—J (4.51)
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For drive with fan

]
i
Ky = 31 (2] (4.52)
g 1000

The duty tactor D15 expressed as per centof running time per hour. Thus, D =20ifthedrive
runs for an average time of 12minhr, its value will be 100 for a continwous drive system.

For a system where the worm isthe driving member, the valuc of K, can be taken from Table
4.8,

The material factor K, will depend on the material pairings. This is given in Table 4.9 for
cylindrical worms belonging to the types given in Sec, 4.2.

Tabled 8 Valuesof K, vig-g-vigtransmission ratic |
Based an Zahnraeder, Zipke. 11th edilion, 1980 tablke no. 20 po 340 VES Fachbuchverag, Leiplig.

| = 5 75 10 15 20 = a0 & & &

K = 118 1.10 L &5 OLEL 0.8 0.59 0.52 04 o052 0.8

Tabled. 8 Materialfacior !."’
Basadan Zahnraeder, Zirpke, L 1thediton, 1980 table no. 2 ,p 343, VEBR Fachbuchyerlag, Leizip.

Material
Womm Whe!
Sleel. hardenedand Centrifugallycast
graund Cu-5n bronze 1.0
Aluminiumalays o.&7
Casliron 0_e
Slmelharden=d Cu=Snbronze 0O_&T
andiempered. nol Zncalloys o_&T
graund Aluminium alloys 0.58
Castiron 055
Castron, Centrifugaltycasd 087
meod ground Cu=5n bromes
Casiiron 080

For worm-drive with concave-convex profile described in Sec. 44, the value of K is modified,
depending on the sliding velocity ¢ . The value of K, as given in Table 48, is to be multiplied by
the factor £ given in Table 4.10.

TaMed. 10 Factorfin relation to sliding welocity v,

¥, (mises) 0.1 a.s 11 20 4.0 2.0 125 15.0

i 112 1.149 1.3 195 14 1a 1.8 10
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I*'zu:t-:-r_.!";':I will depend upon the type of design of the system. It is given in table 4.11.

TaMed. 11 Designtypefactork

Basedon Zahnraader, Drpke, 17h edion, 7960, lable no. 22, p.ﬂSVEEFﬂhLﬂlmLﬂpﬂg_

Type of design LA
warm at the botiom with warm suppdyinglhe lubncant 1.0
Cther confliguration of Warm with whesl supphying the ol 0e
Additicraloil coaling arrangement pmvidud.i..g,,:l:nlr abowe 10

412 Design Criteria of Worm-Drive

In designing a worm-dnive, many disparate tactors are taken into consideration. The designer
should befully conversant with these factors and should take decisionaccording to his discretion.
In this section, we shall deal with the factors involved and the guidelines thereof for proper
selection of the parameters of the drive.

Tosimplity elaborate calculation procedures and to achieve standardisationof worm-drives,
dimensional standard tables have been madewhich arebased attertakingintoconsideration the
common designfactors{Tables 4.3and 4.4in Sec, 4.3). In these tables relevant data. such asthe
module, transmission ratio, number of teeth, centre distance, correction factor required and
other aspects like diameters, lead angles and self-locking possibilities have been compiled.

Material

The materials for worm and wheel should be caretully selected after considering operational
conditions, scope of the drve, ensuing power losses and other factors. For normal power trans-
mission, steel worms and phosphor bronze wheels are extensively used. Worms are generally
hardened and ground.

The materials commonly used for worm and wheel, their propertics and combinations have
been given in Table 4.12.

TaMed. 12 Materiaks and giresses for worm gesrng

uTs Hardnges Allwabis Allkvaabie
Symbol Material Condition L G sirpss parng Hamarks
Nt Nime? a, with
Nemymd
Poaterials for wars
A Case Handened Bal{omre)  E000(case) i 1.¢and 3 Flanks
Fandending ground
gl
g Hmat Heal 00500 1B00-2080 — Tand2 Flarks
restabls reatad outon

sheed ke
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Mirterimly for worm-wihee!
1 Phosphor Sand 180 GO0-AE0 &l AandB
branze casting
2 Castiran Sand 220.280 18702410 &5 AandB Sliding
casting velocity
uplo 3 mis -
k| Special Chilled 200220 E50-1050 44 A —
Al- casting
sy

Worm-wheels are also made of following materials.

Centrifugally cast phosphor bronze for heavy duty wheels, high contact pressure, high wear
resistance, high impact resistance. UTS = 320 N/mm?, hardness = HE 11530 N/mm %, g,z 120
N/mm®,

Zinc alloys for low temperature. UTS = 220M/mm?® HB = 800 N'mm®, o =40 N/mm?® Synthetic
material for bow velocity (2 mfs). UTS 2150 N/mm?, HB = 350 N-"mrn’l: o= A5 N/ mmi

Determination of Worm-Drive Parameters

Severallimitingfactors come into consideration while designing a worm-drive set. These are:(f)
Deflection of worm shaft, () bending stress developed in wheel teeth, ((§{) contact siress
developed, and (iviHeat developed.

Thesefactorshavealready beendiscussedinBecs 48404, 11, For designingthe pair, the stress
which necessitates the selection of the biggest dimension is the wltimate deciding factor.

Surface stress, sliding velocity and sliding properties of paired materials, viscosity and
cfficacy of the lubricant are the factors which influcnee wear. Wear is cavsed by the rubbing
action between the mating surfaces or as a result of contact pressure which may lead to pirting.
Ilnthe sphereof boundary lubrication, wear caused by rubbing isunavoidable. 1o hydrodynamic
lubrication, there is no metal to metal contact, Such condition is possible ifthe sliding velocity
bBetween the mating surfaces is sufficiently large. However, due to continuous loading and
unloadingofthe teeth, fatiguefailuresiake place which arcapparenton the tooth surfacesin the
form of pitting, serrations and flaking of the tooth materials.

Load rating ofworm-drive usingformulae given in [S: 7443 will be discussed in Sae 4.13.This
section outlines how worm and wheel parameters are derived from the first prineiples. The
following example illustrates the procedures involved.

Exampled.1 Given: n =%0rpm, ;=52 outputtorgque Tn: = 2000 Nm, material of worm heat
treatable steel, material of wheel phosphor bronze, lubrication by pressurised oil.
Tofind the relevant dimensions of the components of the worm-drive.

Saolunionm: The following strengih-based formula takes care of the limiting factors mentioned
before

F_ INy=cbhp, (4.53)
where
himm) = The useful width of wheel = 2mjz,+1 (4.34)

Recalling equations from Sec. 4.3,we have z, =d /m =z ftan ¥_,and p_=am,



Worm and Worm-Wheals 4,99

Factorg dependsupon service conditions, circumferential velocity, material, and ittakesinto
consideration the effects of wear, heat generated and other limitingfactors as stated before: The
value ofie is 10 be take from Fig. 4.12.The following points are to be noted.

1 InFig.4.12 thesolideyrvesarevalid forpgrmal, continuousserviceand splash lubrication.

2. The dotted curves are meant for oil cooling and pressurised oil lubrication.

3. For intermittent service, £ may be taken at some intermediate point between solid and
dotted curves proportionately.

4. InFig 4.12 pisvalid forz,= 30. For othernumber of teeth,, multiply this value ofe by factor
frgwcn in Fig. 4.13.

8. Table 4.12 is to be read along with Fig. 4.12 where combinations of worm and wheel of
diffarent materials are given. Thus, torexample, combination 1 B means a worm af symbol
B and a wheel of symbal 1.

Mmm?
14
12
10 R ol
N
b e R s i
i
& I = L
8 % ]
A e
4 Py i i
*ii”“'{”‘x_h 2
R =
20 g —
i 1 |

i 2 3 4 6 & 7 B
Vg —Mm/s
Fig. 412 Walues of factor &

Assuming about T6% cfficiency of the set, we have

Input power of the worm  p = I In I T
' " oss0 ¢ 098 L

Module A 1933F 7 (4.55)
cAzn,

'he value of factor A (=lvp Jusually lies around 2 to 2.5. The following data are taken
z =1, slidingvelocity v, =4m/s, 4=21 Sinced= 52,z =z i= 52
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1.8 |

1.6 |—i

—

T ——

1.2

08

0.6 q

20 a0 a0 50 60 7O &0
12‘
Fig. 413 Values of factor f,

Based on Dis Trafeshighed der Zahremoder. Thomas and Gharchut, 7th Editsan, 1971, fig. no. 80, p. 187.Carl
Hansar Virlag, Munich

Matenal combination 1Bistaken. whence we getfrom Fig. 4.12corresponding to curve 1B'and
from Fig. 4.13 corresponding toz, = 52 0= 6.3. Now, using By. 4.5

m = 10 .| 1933x5x0.76

Ve.ax2.ix1x060 - 2 (taken)
As
A =21=b/F =blem, b =2.1x3.14x8 = 52.8 mm
Also
b= 2m,fzp+1 or 52.8=2x8 yJz,+ 1 orz, = 989 = 10
g, = dfm = zftany, = 10 wheneed_, = BUmm
and

¥, = 5.7106' = 5 &' 38.14"

Sincem =B=0.1xd_, this tallies with the average value relation given in See. 4.3, Using
Eq. 4.7S and Table d.-ﬂgn'n:n in 8a¢, 4.14on efficiency, we have

L Doslxy  0.051x 15 _ \
H m —m“ 0,03 (taken)

n=tany,/tan(y,+p) Whencep = 171836' alsotanp = p,

Putting the relevant values, we getr)= 0.787, which more or less tallies with our onginal
assumption

dy = 8 x 52 = 416 mm Centre distancea = (80 + 416)/2 = 248 mm.
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Takingthe standard centre distance of 250 mm and resorting to positive correction, we have
dywdy ¥ 2m + 2xm = 416 + 16+ 162 = 416 +* 16 + 2(250 - 248)

or 18x = 4 or ¥ = (25
Other dimensions can be fixed by consulting Tables 4.3 and 4.4. To match the set with the
standard drive as given in those tables, certain approximations of the calculated values have

been made. Rigid adherence (o calculated values lead (o somewhat different parameters.
Check:  From Eq. 448 (Sec. 4.11)

ki
4 [i) K KK, K,

10 136 P,
960 V' { 3)(100
= 3.1 — = 3 - = || — 3} = 7
Er (mn] Bo=M+3/lq00 Y

(taking WM uduty factor)
K, = 0.31K, = 0.6TK, = LO

Putting the values, we get &, = 1.33% 1.0
From Eq.4.46 (Sec. 4. Ii]’:kﬂ =p._Ip. Ihe value of p,_1is taken as 1.5

p=F /d_ 4., K InsertingveluesF, = 6.3 x 528 = 3.14x 8 = 8356 N
K, =136, 4d = B, d. = 416+ 4 = 420

Therefore

S, 2.17, which lies within range
From Bg. 4.45(5ec, 4.9)
Su = ":rum"' L I:'nn-u“"‘mﬂ”'lF

E K
&0
b= f".ﬂ!"‘"—g , P o= II:—a!l”--n:'z—a+:-!=-1i2
1" 2 2
528
gin E = 5— W ———  whenceg = TH'
2 2r 54

As per Bg.4.23 (Sec, 4.3)b,= 04 to 0.5 times{d_ + 4 m)

Ifthe higher value 1staken, then b, = 64 mm. It"ﬁ;=h=jll'!-1'5|:.1kr:n, then alsothe coefficient
lies between 0.4 and 0.5.

b=42x3.14% 78/ 180=57.2mm
Inserting the values, we get

314 x 8 x cos 5.7106" x 57.2
= 12 = L =
&, T 2058 1

From Bq.4.44 (Sec. 4.8)8,=f/f

fp = dy /1000 = 80/ 1000 = 008 mm, f = F I3 /48El
Taking worm shaft diameter =50 mm, 1 = & = 50' = 306800 mm°,
4
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E=206000N/mm®, Ly = L5a = L5 x 250 = 375 mm, F, = 1||[F;l]’+ {EL]’
Referring to Eq. 4.30 (Sec, 4.5) we have
F,, = F tan (y+p) = 8356 x tan 7.42896" = 1090

F, = Fy sina, = F, tana, = F, wn o, fcosy = 8356tan20/eos 5.7106" = 3056
F, can also be found by using the formula

F, = 2000 T,/d,, = (2000/80) x 955051=2st550:: ;E;— 1243 N

The difference 1n the two values -I:fFrI stems from the fact that many assu mptions and
approximations have been made.

F, = +/(1090)" + (3056) = 3244
Ay
. 3244x375°
= 0.056
i 48 x 206000 x 306800
[herefore
8, = f,/f= 0.08B10.056 = 143 > 1

The above design, therefore, is safe against all the conventional failures as the above check
methods show. Remaining dimensions of the set can be calculated by using the various formulae
and tables given in Sec, 4.3,

4.13 Load Rating of Worm-Drive

The code for power rating of worm and worm-wheel system of drive has been laid down in
15: T443. Since in this Indian Standard the unit of foreeis kaf, this unit is used as such, asin the
case of 15: 4480 dealing with the method of load rating for spur and helical gears discussed in
Sec.2.25. For conversion ofkgfinto the Slunit of force, see Table in Appendix T. Also, the same
symbaols and subscripts for the different parameters have been mainly maintained as given in
the IS5. The explanations of notations which have been previously used in this chapter and
elsewhere are not repeated here.

Symbals
¥, = ZLonefactor asper Table 4.13

dR S Speed factors forworm and worm-wheel; these correspond to the combina-
tion of rotational speed and rubbing speed (sce Fig. 4.14)

X, X, = Speed factors for strength, these correspond to the rotational speed only
(see Fig. 4.15)

8,8, = Surface stress factors, these depend on the combination of materials and
are given in Table 4.14

8,,, 5. = Bendingstressfuctors, these correspond to the material used and arc given

in Tahle 4.14
I = Length of root of worm-wheel teeth
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Farmulae

Rubbing speed p, = M1 S8C ¥ (/) (4.56)

60, 000
(v should not exceed 12.5m/s)

Normal rating  Thisis defined asthe rating corresponding 1o a total running period of 26,000
hours when the system is subjected to a running time of 12hr/day. For any other life period, the
fellowing formulae showld be used which givethe multiplication r'm:mﬁﬁ'_nn-:ljf_ ta b applicd
to the permissible power or worm-wheel torque T, as found by using the formulae given later

A
K_ = [%] for wear (4.57)
26,200 |
gt {ﬁr:; far strengtl {4.58)

Factorsf randt_aan: total equivalentrunning time inhours. For factors involving shock loads,
see 15: 7408,

Permissible torgue for wear  The output torques of the worm-wheel in normal running condi-
tions are determined by relations 4.5% and 4.60.

0.19x, 5. v md!l (kgfem) (4.59)

0192, 8.,y mdl) (kgfom) (4.60)
Permissible torque for strength The corresponding torques are given by

018z, &,, mi, dh: cosy (kgfem) {4.61)

018x, S..mil, dcesy (kpfem) i4.62)

[n both of the above cases, the lower of the two values is to be taken for calculation purposes.
Thelength of root of worm-wheel tooth is given by

: ]
] = + 2¢] sin-" | 4.63
= (d,, ) (du1+2|:'] (4.63)
where
b= Useful width of the worm - wheel =2maz, + 1 (em) (4.64)

Power rating  For normal service conditions, the power is given by

2 TH”': {k"h'lr':l (4.65)
97,442
H |:1-|:.'I"2 iz the amallest ofthe four worm-wheel torque values as determined by the above Four
relations (Eqs 4.59-4.62).

Egquwivalent running timme When the load 1s not steady. the following formulae should be used
ferdetermining the equivalent running time,
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a 1
¥ Tr ¢ T.
towt,+ b | 2|[22] + 8|2 22] 4+ ..
) \T, n )\ T, (4.66)
Here
£, = Equivalent running time in hours per cycle for wear attorque T "and n”,

'.T'T = Maximum torque acting for # hours at amean speed of 7,

1, = Mean speed during which T" acts

Othersymbols with their respective subscripts stand for smaller torques effective during the
period in question. The relevant formula for strength is similacly given by

_ (T M\(E (4.6T)
fom 00 ’[n]["ﬁ] ' "“[numj e

The total eguivalent running times in hours at torgue T"I:md specd ;;" are given by
Forweard =i x total number of cycles during the expected life (d.68]

For strengthé , = ¢, x total number of cycles during the expected life (4.69}

In the above cquations, dince the torgues Tappear as ratios, they can be replaced by the loads
or forces F, giving the same resulis.

Example 4.2. (riven: = 2.z,230.m = 10, centre distance & =200 mm, #. = 1000 rpm.
To find the power rating reguired for the avstem for s total equivalent running
time of 40,000 howrs.

Sofurion: Toarrive atthe standardised values for the two components of the drive, data from
the tables 4.3 and 4.4 will be used.
Materials selected:

Case hardened carbon steel for worm

Centeifugally cast phosphor bronze for wheel
1000
13

Transmiszion ratio £ =30/2 = 15, Output speed = Speed of wheel. Ry =
Right-handed drive is selected.
From the above tables, the following data aretaken

2,=9.5 y=118888"d_ =95mmd =d_ +2ni=115mm

Centredistance g o Eﬂﬂﬂ = E = rtdﬂ + 2 'ﬂﬂj
2 2
95 + (30x10+2x0.25x10) _ on 4 30
2 - ] = Z200mm

This tallies with the given centre distance. Correction factory = +0.25 from Table 4.4,
v,=md_ i secy/1000x 60 = 3.14 x 93 x 1000« sec 11.8886'/1000 x 60 = 508 m/s

Thisvalue islessthan 12.3m/swhich isthemaximum value allowed inthe code as stated before.
From Tables 4.13 and 4,14 and Figs 4.14 and 4.15. we get the following data on the materials
selected

S” =4-93,S|== 1.55. 5§ = 2820, Sw; '.'I'.EI-EI,_I,'r: 1.223,
x - D.Iii,xﬂzﬂ.ii,xh = I].E'F,xu= (4%
From Eq. 463, we get _;1’:5{.5, taking top clearance s =02 m =2 mm
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Putting these valwes in the relevant equations, we get the following values of torgue
019 x 8, ¥ m.:,n'_'lg = 0.19 % 0.125x 493 x 1223 = 10« 305" = 42430kef cm

Similarly, using Egs. 4 50 4 681 and 4.62, and inserting the respective values, we get the folla-
wing torques values 26,680 kef em, 2E0,60%kef em, and 1168091 kgf em.
Taking the lowest value of torque, viz, 26.680kef cm, we have

. , 26680x 66.7
Normal power rating = =——— " " - 183 kW {azper Eg. 4.66)
gr442 I C
Using Egq. 4.57,we have for a life of 40,000 hours,
1+
8 (—ET'M'} 1 = 0.87
| 10004 40,000

Therefore the required rating = 18 3= 0,87 16W

4 14 Efficiency ot Worm-Drive

Axapower tranamittingcontrivance, the efficiencyof theworm and worm-wheel system israther
low compared to other types of gear drives with similar capacity. A large amount of frictional
loss aecurs ductothe relative sliding between the mating surfaces of worm and wheel under load
which isthe main cause of the low efficiency.

The efficiency ofthis system isa funcrion of many factors, vie. lead angle, surface finish, type
and amount of lubrication, type of design of the system, and other factors. Efficiency increases
with increasing lead angle, Better efficiency can be achieved by using multi-start worms with
smalldiameter. Good results are also obtained by using rigid, non-yielding worms with smooth,
ground or polished flanks.

The basis for calculating the efficiency of the worm-drive system is 1o compare the force
without friction with the force with friction. Both the components of the system can drive each
other, depending on the design reguirements. Denoting the angle of friction by p, and the
cocflicient of friction by g where [ = tan g, we can arcive at the fellowing expressions for the
efficiency of the system

With worm driving, the efficiency is given by

n= o 4.70
@n(y - p) (470
With wheel driving, the efficiency is given by
7’ = tan{r - p) (4.71)
tan ¥

Ifthe lubricationis proper and if the system consisizofa hardened and ground worm meshing
with anaccurately machined wheel, then the efficiency will mainly depend onthe leadangleand

the coefficient of friction, (L
Transposing Eqs 4.70 and 4.7, we can write

N = | - u tany (4.72]
. TN

tany
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¢ __ tany {4.73)
N5 l+ptan ¥
Simplifying we get
i pidm (4.74)
1 n

Experiments haveconfirmed the factthatthe coefficient offriction isdependentonthe sliding
velocity, Denoting the sliding velocity along the worm middle circle asy, the following empirical

relation can be established
0.061 x
H 4.75
= :,;'Ilai + 13

II';;_Ljs the speed of worm in rpm, and g " is the middle circle diameter in metres, then
m

_ mdan 476
v lms) = Al cos ¥ [ ]

Thevalue offactory in Eq.4.75 will depend upon the material combination of the worm and the
wheel, and this can be taken from Tahle 4.15.

Tabled.18 Factoryfor coefficient of friction

Woarrmmalerial Wheaimmlens! |
Steel, hardenedand ground Cu=5n Branze i
Al alloy 1.15
Cast iron 1.25
Steel haal-dreatedand Cu=5n Bronze, Zn allay 1.5
natground Al allwy 1.7
Castiron 1.E3

Using Eq. 474, if = 0.5 then
]'J':E...:::E__;sn

The significance of the above equation is that with the value of ypbeing equalto or lessthan
(1.5, itis not possible for the wheel to drive the worm, Thismeans that the system is irreversible
of self-locking, that is, the worm can drive the wheel but the reverse drive is not possible. This
property ismade use of when irreversibility isimperative, but sineeitisdependent upon (f whicl
iglikely to change during service due to various reasons, the irreversibility is not awtomatically
assured even ifthe above conditions are satisfied and the proper coefficientis initially chosen for
the purpese. Itis always prudent to have the provision of a brake in such system.

In applications where self-locking should not be there purposely {for example certain crane
systems)the lead angle must be so chosen that itis preaterthan the angle of friction (y=p) As
guiding values for rough caleulation. the following values may be faken where irreversibility is
required



Table 4.16 gives the practical guiding values of [

v £ 5 when amifriction bearing is used
= 6 when journal bearing is used

Waorm and WormeWhesls  4.45

Table .16 Valwe of the coefficient of friction g

Wanm Mating wheel
Magoriaf Conditian Matoriad Conoition 2
Stmm| Heal-treated Cast iran Smootikegth,
grease ubrication [ER
Stesl Heal-treated Brorze Untrealadiesth,
grease|ubrication 0 OB-0.0r9
S1pe| Heal-trmatad Broree Machinedisath,
al lubrication 006007
Saee| Handenad and Brorze Machinadiesth,
ground ail lubricabon [ud5-0.08

Table 4.17 gives the efficiency of worm and wheel system as a function of the lead angle and the
coofiicient of friction.

Table 447 Efficiency of worm-gearing |with worm driving]

Leadangie of worm in degrees
Coefficiamtal
friction & 10 16 a0 &5 a0 b 4 a5
1]
Effciency(%)

iG] aaT 945 Bh1 a7.0 G474 8T 574 BE.0 G980
00e 81.3 Bas G926 Gd.1 54 9645 ik 88,0 961
003 T3 B5.D B2 1.4 g7 B 5aGAa 841 042
0l G8.4 an.s 5.1 BEE 904 94 B2 0 a2 2.5
0.05 334 T2 E31 BA3 BAZ a4 501 B4 806
006 590 Ti8 [ Bd.Q B BTE &2 EEA EA.7
o.or 562 To.T T78 BT B4 BEA BEid Ba.9 86O
0.0a 5149 &7 a4 T4E B22 B3A BT a6z a52
0.4 df8 862 a1 TT6 a1.3 2.0 B30 835 815
010 463 627 T8 ThE TRE B0.3 B1.4 a1.9 1.8

Itis evident from the above discussion that the efficiency of a worm gearing varics marked]y
with lead angle. It follows, therefore, that the large lead angles are desirable for power
tramsmitting sets. However, with increasing lead angle, the root diameter of the worm diomni-
nizshes correspondingly. This resulis in reduction in the relative strength of the worm and also
makes the face width of the wheel narrower. The choiceoflead angle, therefore, cannotbe made

on the basis of efficiency alone. For proper design, the designer should endeavour to strike a
bhalance between the factors goverming the efficiency and sirength.
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5.1 Theory of Bevel Gears

We have seen in the chapters dealing with spurand helical gears that these gears are similar
in action when two pitch cylinders roll against the surfaces of cach other without slipping.
Basically, bevel gears areanalogoustoafriction cane drive when the conical surfaceof onedrives
that of the other cone by friction. Since friction cone drive isnot attainable in practice, teeth are
provided on these cones for positive drive, The pitch cones of bevel gears are analogous to the
pitch cylinders of spur and helical gears.

Fortransmizsionof power through intersectingaxes. the bevel gearsaremostcommaonly used.
As stated before, the piteh surface of a bevel gear is a (truneated) cone. When two bevel gears
mate, their respective pitch cones contact along a commoen element. The pitch cones, when
extended. mect ot o common point called the apex. The shaftcentre lines alio obviously intersect
at the apex.

The rolling pitch cones have spherical motion. While in motion, every point in a bevel gear
remains at a constant distance from the apex. [t is not customary to make the large end, that1s,
the hack of abevel gearspherical . Itismade conical, this conebeingknown astheback cone which
istangent to the theoretical sphere anthe pitch diameter,

The tooth data of a bevel gear are all given with reference 1o the large end. While in case of
spurand helical gears, the cutting tool represents the teeth on abasic rack as given in See. 2.1,
the cuttingtool of a bevel gear represents the tooth on a basic crown gear asdiscussed inSec, 5.2
A crown gear 15 a bevel gear where the pitch cone angle is W and bears the same relation 1o a
hevel gear asarack doestoa spurgear. The tooth form inthe bevel gearis slightly modified from
atrue involute. Toensure practical gear cutting, the basic erown gear have straight sided teeth.
The cutting teols having straight cutting edges are inclined to give the desired pressure angle.
Strictlyspeaking, the basic crown gear tooth should be slightly eurved to attainthe true involute
form. Cutting should also conferm accordingly to produce this contowr. To aveid pracrical
difficulties associated with giving cutters a curved ouwtline, straight teeth are wsed as indicated
before. The teeth produced are said to haveoctoid” form. In the generation method, a straight
sided tool simulating the crown gear and the blank of the bevel gear cone roll on each other,
producing the degired bevel gear.
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The basic shape of a bevel gear tooth is almost the same ag that of the spur gear. The tooth
tapers off as it approachesthe apex. The contour of the tooth also varies along its entire length.
Theanglebetween the shaftswill depend onthe conditions of drive. [tisusually )", butcanhave

other angles also,
The configurations of the straight-zsided bevel gears kave been shown in Fig, 5.1,

I_ FITCH DiALRETER

cl

rd \ S

.r_y-':

1] i

Fig. 5.1 Straightsided bevel pears

5.2 Bevel Gear Basic Rack and Modules

In [5: 5037, the proportions of the basic rack of a straight-sided bevel gear have been specified.
Thisrack is defined as the profile of the tooth of & ceown gear of infinite diameter on & plane at
right anglestothe tooth surface, For bevel gearshaving straightteeth, this profile is used asthe
basis of reference. The tooth proportions have been shown in Fig. 5.2,

Modules
The recommended series of modules are given in Table 5.1, Column 1is the first choice. Sizes

given in brackets under “Choice 3" column are to be avoided,
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pesm —=| [ 0.02 (max)
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MNCE LINE
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Fig.5.2 Praofile of the basic rack of bavel gear

Table 51 Modulesfor straightsided bevelgears

Prafared Chidond Cholca 2

1 1125

125 1375

15 176

2 225

28 275

3 (3.25)

15 [3.75)

4 45

5 58 (6.5
B 7

8 8

10 T

12 r

16 14
a0 =

25 o

az %

40 45

50

When diametral pitches are used, the following values are recommended
Preferred 20,16,12, 10, 8, 6,5, 4,3,2.5,2 15, 1.25 1,0.75 0825, 05.
Choice2 18,14, 11, 9,7, 55, 45 35, 275 225 1.75, 0875
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MOUNTING ESTANCE
CROWM HEIGHT

Fig.5.3 Bevelgear geometry

The blank cone angle  This is the angle between the axis and the tip surface of the tooth. The
blank cone on which the bevel gear teeth are cut, is analogous to the blank cylinder of a spur or
helical gear. This angle is equal to the sum of the pitch concangle and the addendum angle. The
blank cone angle is also known as the face angle.

Theshaftangle The angle between the intersecting axes of gears is known as the shaft angle,

and is denoted by X It is egual to the sum of the pitch cone angles of the pinion and the whes],
Normally, the shaft angle 15 907, but it can have other values also depending upon the design.

e face width Thisisthe length of the tooth measured along the pitch cone generator, and is
denoted by b. Mormally, b lies between 8 and 10 where m is the module of the bevel gear.

Virtual number of teeth  As in the case of helical gears. the concept of the virtual number of
tecth in case of bevel gears is also quite useful. To be strictly theoretically correct, the tooth
profiles aof a bevel gear should be developed on a spherical surface. As a true development of &
spherical surface into a plane 15 not possible, an approximation has to be made for which the
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virtual number of teeth 15 to be determined. This parameter is defined as the number of teeth
which a spur gear would have the radius of which is equal to the back cone radius ordistance R,
and having pitch ofthebevel gear. Thisis called Tredgold's approximation ,\ The number of tecth
of this iImaginary spur gear is given by
g ouidly, X (5.1)
p cosd

wherep is the circular pitch, measured at the back end of the teeth.

Obviously, the virtual number of teeth is not necessarily a whole number and in fact, in most

cases it isnot. The strength calculations of bevel gears are based on the equivalent spur gear
concept,

Crowngear The crown gear has already been defined in See. 5.1,and its shape illustrated in
Fig.6.1(d).

In acrown gear, since the pitch cone angle i)’ the surface of the pitch gone becomes a flat
circular plane. The consideration of the crown gear in case of bevel gears is very useful as the
dimensional data can be epresented on the relevant crown gear. This is especially true in case
af apiral or curved toothed bevel gears ag we shall see in Chap. 6. 1o short, the erown gear is the
best method to represent 1h1:-t,n-|:|r;hing and other characteristics of any kind of bevel gear.

Theradius of the crown gear is denoted by the radivs of the pitch plane refeeced to before. Lis
value is equal to that of the cone distance B of the bevel gear which mates with the crown gear.
Referring to Fig. 5.3 we have

Rim E:r,"H =mzl2R

where 615 the pitch cone angle, F pitch circle radius, and 7 the number of teeth of the mating
bevel gear. Since R is alao the (pitch)radius of the crown gear, we have

2R = mz , where z = Number of teeth of crown gear.
Hence .r.==i'an| =z/ain b (5.3)

5.4 Minimum Mumber of Undercut-free Teath

In case of bevel gears, the minimum number of undercut-free tecth is found in a similar way as
in the case of spur or helical gears. However, instead of the actual number of teeth, the virtual
number of teeth is inserted in the equation to find z__. From Eq. 5.1, we have

R I8
cos g

wlhence
I = i andz, = .

A cos &, cos &,

Inserting the value 14 for practical limiting number of teeth in case of spur gears as discussed
in See, 2,10, we have for bevel gears

A s 14 cos 'El (5.3)
z = 1dcos § (5.4}

‘min 2
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where the subseripts land 2 stand for pinion and gear as before, The above relation holds good
for 20° pressure angle.

5.5 Profile Correction of Bevel Gears

As in the case of spur and helical gears, profile correction 15 also carried ourt for bevel gears (o

avoid the danger o the teeth arizing out of undercutting, if conditions warrant such a step.
Therelevant equationsare similar to those for spurgears. Only, instead of the actual number

ofteeth, the value of the virtual number of teeth 15 inzerted as shown in the following equation

L,
ld=7 Cos
i — - = ]
: 17 17 (%.3)
Similarly 14 - -
- 14-z, _ cos 6,
ST 17 (5.6)

However. in case of bevel gear drive, itis desirabletohave an S -gear ng, because in this way the
shaftangle remains unaliered. It will be possible to have 8 -gearing if the following condition
is satisficd

5« —3-"-—3 2wz  forspurgear 22 x14>328 (5.7
CCSS,  cos &, - -

As hefore, the above equation holds good for 200 pressure angle gears and the limiting number
af teeth is arrived at after considering the practical aspects,

Asinthe case of spurand helical gears, there are practical limitations to profile correction in
bBewvel gears. Theoretically, correction can be carricd out till the teeth become peaked, but since
a minimum amount of top land is imperative, the correction is restricted by the following
condition

Tooth thickness atthe tip circle 5 =0.25m

In case of case hardened bevel gear tecth, the tip tooth thicknessatthe innermost portion of
the tooth of the pinieon should not be below the following value

&

= 4m_

where m, 15 the value of the module at the middle of the tooth.

5.8 Guidelines for Selection of Dimensions

The bevel gears are sensitive to machining and mounting errors, clastic deformations and
particularly 1o the deflection of shatis. Thedeflection tends to displace the shafissothatthe piich
cones donotmectatthe theeretical apex. The ervors result in one-gided loading, noisy running,
vibrations, jamming olteeth and other undesirable effects. These and other factorshave limiting
influences on bevel gear dimensions. To alleviate the detrimental effects of misalignment, the
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teeth of the bevel gearsare sometimes generated in such a way that their surfaces areslightly
convex in the lengthwise direction.

The designer should keep in mind that since a bevel gear is generally mounted at the end of
a shaft, it is especially vulnerable to the effects of bending and deflection leading to mizalign-
ment. Besides, duetothe wedge-like shape of the teeth, chances ofmisalignmentoccur. All these
factors necessitate extreme carein mounting and proper bearing selection, thowgh in spite ofall
these measures, bevel gears do not generally attain the sutput and the quietness of running of
spur and helical gears.

The important dimensions and parameters of bevel gears are summarized in Table 5.2
which should be read along with Fig. 5.3.

[ndesigning a bevel gear dreive, the minimuem and maximum values of certain dimensional
parameters should be maintained for proper running ofthe drive. Thesevalueshave been fixed
by experience after studying different operational conditions. These are enumerated in the
following lines,

The minimum number of teeth of the equivalent spur gear for the pinion is given by

O (5.8)
cosd, —

fa =

where z'mﬂ isgthe smallest number of teeth which a spur pinion should have after taking into
account the adeguate amount of contact ratio and other factors, such as speed and load. The
values have been arrived at after considering that profile correction of proper magnitude has
been, applicdtothe spurpinion as and when necessary, andthe values areto be taken from Tahle
2.11in See, 2,16,

Limitations asregards theusable valuesofthemiddlemodule and the face width are asfollows

« B (5.9)

Minimum middle module = m_, .,
Factor & depends on the condition of the tooth surface and the type of bearing as shown in
Table 2.12 (Bec. 2.16) which is applicable here also.

The maximum face width isgiven by .

B u (5.10)
mus 2 =
It should not exceed the value Y3 as indicated in Table 5.2,

Table 52 Dimensionsof bevelgears

Description Pinfon Gear
Murmberof testh Z I
Pilchcincke diamsier dl =2, m dz:l.."'.'_l.l'l'l
T rean .
rans mission ratio P

iy £
Pilchoone angle
(shaffangles is equalto 907 tan & = ﬂ - ) tand; = !i. .
dz I3 t L] Iy
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Table§2 {Comid)

Cae=criplion Pinion Gaar
Pifzheones anghe _ =n¥ =
Bt B, S i B, = §-

[=haflamgle is not equal 1o 807 1+msX il
Shaflangle L=68+*%*e¢
Tip circle diamelsr d = d % 2moos §, d =d,* 2m c0sf,
Middis circledismeter .

[subscriplmtor middie) O = ﬂ'qbﬂn& g = O mu&l

. R
Facawidih b.. 4 =
= o d,

Cone dislancs = Zuink,  Psing
Virtual number of (seth z o E

[subiscripl ¥ Tor viftual or equivadent) Iy = cos §, T = con B,
Midele module " - gy, _ Gy

[subscript m for middie ) I I,
Tapcharance c=02m
‘Whole depth h=21m4+03m =232m
Aoderdum h,  =h,=m
Derdendum ,=h,=12m
Addendum angle fan & =lang =m'H
Dedendumangie tan &_ = tand, = 1.2m'A
Blank cone angle or Face angle 3‘1= H. -8, S"=5_z~i- E”
Croan height GH, = % = msinf CHy = —'I:" —-msind;
Back canedislance H_ = Fitan & HH =M an 5,

5.7 Force Analysis for Bevel Gears

For force analysis of a pair of mating bevel gears, it is assumed that the total force F',, acts on
the pitch point P at the middle of the tooth width. The resultant, however, actunlf}' QCCUTS
somewhere between the midpoint and the back end of the tooth, but the error due to the above
assumption is marginal.

The mean tooth thrc:FHiﬁn:ﬁnlvcd into three mutually perpendicular components — the tan-
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gential force or transmitted load F| ,the radial force F , and the axial force F_ (Fig. 54). From
geometry, we can arrive at the values of these forces for the bevel pinion and the gear as
iltustrated in Fig. 5.5.

langential force F'l =F =F =F cxa (5.11)

Fig. 54 Forces acting on bevel gear tooth

This force 1s calculated from the torque as in the case of other types of gear doives, and 15 given

by
r e %’I; g :I.l. (5.12)
where T, = Pinion torque in N m = 9550 P /n,
P, = Pinion power in kW
n, = Pinion speed in rpm
Radial force F,, = F tan acos § (5.13)
F, = Ftangeos§, (5.14)
Axaal force P = F tan asin §
F .= Ftan asin § (5.15)
If the shattangle is 80°, then the followingrelations hold good
F.=F, (5.16)

F,=F, (5.17)
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3

a//'

: ﬂ‘

Fig.5.5 Distributionof tooth forces on bevelgears
Based on Die Tragleehighail der Zahnraeder, Thomasand Charchut, Tih Ediian,
1871, Fig. Mo, 51 p. 134, Carl Hanser Yarag, Munich
The aboverelations are in absolute values and do not take intoaccount the respective algebraic

51gMs.

5.8 Bavel Gear Bearing Loads

Forthe determination of bearing loads in case of bevel gearsinmesh, it isconvenient to analyse
first the forces acting on the bearings in two mutually perpendicular planes and then add the
partial bearing loads vectorially to arrive at the resultant load on each bearing. The method is

explained below.
The three forces which act on a bevel gear tooth are F, F, and F_, as explained in Sec, 5.7.

Referring 1o Fig. 5.6, we have in the X = Z planc
F, L=F (L + L) whenceFy, = F (L + L)/L (5.18)

Stmilarly Fo.=FL/IL (5.19)
InY - Z plane
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_ E(L+LI-Fr, (5.20)

L
_ EL-Fr, (5.21)

X-F PLAME

FM-
Ffﬂb‘
ol
N
-"i| J‘;&
| z beaged
L PR

g
¥-Z PLANE L

~ 2z

Fig. 5.6 Bevelgear bearing loads
'he resultant values of the bearing loads on bearings 8 and BfJ are

Fy = (R +(F ) (5.22)
Fou = f(F )" +(Fy) (5.23)
Bending Moments

The shaft will be subjected to bending besides torsion and the axial thrustF_by which the bearing
will beloaded. For shaft calculation, allthese parameters are 1o be taken intoaccountin the usual
way as given in standard books on mechanics. Mormally, ' can be neglected without any
significant effectin final calculation. The bending moments (F) are calculated for the points P
and for the mid-point of BJ, They are given by

Bj = F'_ Y {5.24)
B, =F L (5.25)

Example51 Given: P [4].;“:" m= 1000rpm, # 225 . meimm, T = a0*, a= 20",
a 21" -il[l- distance between bearings 7= 100mm, nvn:rhungdﬁtnm:c

L 50 mm,

I'c find the bearing loads and bending moments.
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Solution. T = 955&3 = aﬁsni = 133T8m,d = mz = 3x 25 = 75 mm,
n 1000

R = d/2sinf=10L5Tmm, b = Rf3 = 3dmm, d_ = d- bsind=62mm, r, =31
Fo=T/r = 133721000/31 = 4313 N, F,=F tan20’ cos 21° 40'= 1459 N, F,= Ft

tan 20" sin 21" 40" = 580N

3 4313 (60 + 110) - §273 N

ﬁ"
o 110
4313 x 50
- ekl 1.1
e 110
+ 110)= 580 % 31
,, = M69(50 =SS e
110
1459 % 50-580 x 31
Fony = = 500N
110

Using Eqs 5.22and 5.23 ,,E‘ir={1573 N EI‘IdFHr=2ﬂ33 N. Also, B, == 17.98Nm, and By 22253
Mm. As moments act in opposite sense they are of different sings. !

5.9 Banding Stress Calculations

I'he stremgth calculations in case of bevel gears, can be made in a similar way asin the case of
spur gears. The basic design methods are the same but to perform such calculations, the values
of bevelgearsarereplaced by equivalent values of spurgears as explained in See, 5.3. The design
procedures, therefore, are based onthe conceptthat the load carrving capacity of a bevel gear is
equalio that of an equivalent spur gear having the same tooth width. Moreover, since the teeth
are ofunequal depth and thickness along the face width, the calculations are based on the value
at the middle of the teeth.
Recalling the relations given in Table 5.2 (See. §.6), we have for the pinion

o
2, = % , R = IS,
cosd, 2 sin &,
bd b
d. = d-bsnd =d-— =d,[1-—
2R 2R
d b
m = "t=ll-—m=0.8m
2, 2R
Equivalent diameter at the middle
dy, = ==
e wsﬁl

Expressions for the above values for the gear can be similarly obtained by substituting the
subscript 1hy 2.
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For strength calculations, the following relations are necessary

Eguivalent transmission ratio = | = 2yc0sf) =i s -fd itand, = y
z, cosd, cos 6,
Circumferential force at the middle is given by
F. = 2T x 1000
ml

where the torque T, isinN m. F_isin N, and d_, is in mm.

For beam stren gtl:h calculation, 8 similar { but modified to suitbevel gears) setof equations is
uscd asin the case of spur gears. As before, for calculating the bending and other stresses, the
forceistaken to act at the tip corner of the gear tooth. The bending stress isfirst found and then

checked against the allowable stress. When referred to the middle circle, the expression for the
bending stress 1s given by

F

d!. - ﬁm_- Tl (5.26)
F,

gy, = —*‘—bm.q., T (5.21

The values ofg, can be found from Fig. 2.49 correspondingto the number ofteeth of the equivalent
spurgearsZ andZ  asgivenin the abscissa of the figure. For medium and coarse quality bevel
pears which are mostly used for normal drive. the value of g can be taken as unity.

The allowable bending stress will depend upon the material, If the endurance limit .;:r_nftht
material is known, then the allowable stress g, can be found by using the formula

2tod
It can also be directly taken fiom the values given in Appendix E.
To find a suitable value for module m ,we can proceed as follows.

e

Taking b = '{';:m.. = %m_ where R_ is cone distance up to the mid-point where the

module i5m_
Therefore
m, = ﬂ[ﬂ_ E] - E[R_E] .
R 2 R ] 6
3
dm1 = ity = L=—m
6
Al
F_ = #Itx 1000 = 21,8, 1000
d,. Gz m
Rm d‘— = o] b and & = E = i L
2gind,  2sind, 3  Bsing,

Putting the above value in Bg. §.26, we have

e
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Again
d_, '+l
dﬂl B Eﬂﬂiﬁl -l I
Inserting these values in Eq 5.31
P o At S (5.32)
bd,, wu cos’ & tan e,

Putting material coefficient

|I 2E E,
= 0. = 0 3 5.33
0.35 0.35 E+E, { )

where E, and E are the modulii of elasticity of the pinion and the gear materials, and putting
the pitch point coefficient

¥ = ][_"‘11— (5.34)

o8 @tan &,

and inserting these values in Eq. §.32 i g relation
 Fn 1|u +1
Py = Y v Vb —o— (5.35)

The value of the pitch point mel’ﬁmgntj can be taken as 1.76 for straight sided bevel gears in

normal cases. For material cnemclentj see Table 2,17(Sec. 2.23).
Recalling equation is given in Sge, 5.9, we ~have

5 zm _zm
d,, = LM h = E;"Tﬂ“d“nﬁ = —‘-—ER

With shaftangle =80".R = Jrt4 o = ﬂ oo .Z' m 1

By inserting the values, we get
, 1
sinfi, = andb = & |
:;'u’+ 1 &

Putting all the above values in Eq. 5.35, we have

17287, 1000 .. 5.36
F-=J".-J"P1|':Emalx " (N / mm?) e

In the above equation, F. has been replaced by the relation

F. (N) = -E—Tliﬂlj x 1000

d.,(m

By transposing and iserting the expression ’rm’ the allowable value ef contact pressure Py and
solving for the module, we get

e (5.37)
z-I o -p'rr
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Intheexample thatfollows, therelevant equationsgiveninthis section as well asinSee. 5 9will
b used to solve a bevel gear problem,

Exampie 5.2 Givenm: Shaft angle =807, nominal input power = 6 KW, i = 3, n,=T50 rpn::,
;inﬂmﬂ': 20, Tooth surface should be hardened. Prime mover iselectric
Moo,

To calculate the design data for a pair of bevel gears confirming to the above specifications.
Takeimpaetfactor=1.73fercontinuous duty with considerable impact. Gearsare to be mounted
on anti-friction bearings in a gear box,

Swlution: The following data are taken

Material of pinion 40 Cr 4
Material ef gear45 C 8

The materials are flame or induction hardened, with the following strength data taken from
Appendix E
Ty = 200 N/ mm . Ty ™ 1830 N/ mm

Taking a factor of safety of 1.5, we have

Surface fatigue stremgth l.'pL:l
15

Allowable contact pressure (p,) =

Thersfore
P = 1620/1L5 = 1080 N/mm?, p, = 1640/ 1.5 = 1093N/mm?

2z, =i, 2, = 3 x 20 = 60. Tohave hunting tooth action, the value of z; is taken to be 61

Hence § =zﬂ,-rz= =61/20 =3.05
Simce it 15 a step-down arrangement, u =zij'zl= L= 3.05
Therefore

1,

T50/3.05 = 246 rpm, tan 6, = g /2, = 20161

whence

18'9'9.74%, §, = 80-§, = 71" 50'50.2¢

d,
| . ; B e
Nominal torque onthe pinion shaft = 9350 xﬁll = 8550 x ey = TH4ANM

Taking impact factor inte account, the effective torque T, = T4 x 1.75= 1337 N m. Using
Eg. 530, we have

ind, 1000 ; o e =
m=31I34T13'“ | L |'E§ % 139 § sin 1879 974" « 1000_ , ¢

I} Oy 204 x 200

Module seleciedi{m) =3mm

d, = zm = 20x3 = 60mm,dy = &m = 61x3 = 18Imm

R = d,/2sind, = 60/2xsin18'3'0.74" = 96.293 mm
b=R/3 = 32mm, b = 30 mm {taken)
d,, = d,=bsind, = 60-M sind, = 60.65mm,m, = d, /z, = 2.53mm
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Check for m, and h-Referrings 1o Eqs 5 %and 5.10{8ec, 5.6) and taking A =25 from Table 2.12,
wi have

: & 30
— E-— = 2— = L .
m,, (min} i o 2.4 < 2.53mm

a 25
B, ®ommy = 5% 23 = 3LE3>30mm
The accepted values are, therefore, within the allowable limits forfm_ and b
o 20
cosd,  cos |8 9974"
P - o 20
cos 6, cos 710 30'50.26"
u, = u' =z /z, = 93025

z|:I =

= 2L048

]
il

= [958

Gy = M- = z m_ = 21048 x 2.53 = 53 25mm
T L,
d, = :;:‘- =z m_ = I858x 2.53 = 485.37mm

T

Welocity (p) = d, a nl.l'ﬁﬂlmlﬁl = 5065 % 314 x T50/60000 = 2m g
F_ = 2T /d = 2x 1337 x 1000/50.65 = 5279N

Since standards as regards tolerance 1WE-a-vis velocity are not available for bevel gears, we shall
use Table 2,15 which 15 valid for spur and helical gears.

Ouality of tolerance = 10 (taken)
For quality Itl-,q{fan be taken as L.From Fig. 249, we get
@y = 2.85 forz = 21.048

Figure 2.49 gives the values u:r’r'qr* up toz = 100. By extending the curves of Fig. 2.49 and
interpolating, the values of g, for I above [00can be obtained. Thus

P ™ 215 Fnr;l_lE = |95 §

Oy = .E-_q“ g, = ﬂx 285 = 198 N/mm®

bm,, 30 x 253
F 5279
Te = po Wl = 35 253 215 = 150N/ mm®

{taking q,= Llin both th ey

Since both the above values lies within the allowable values given earlicr, o ‘aud

s the
system 15 safe against failure by bending

P, Tl I s HeiieEr
Fo fu"+1 5279 §3.05%+1
= i = JR9 % 176 ‘ll - ¥
By = Yu¥ 1.|bd,., = % e e BOSN / mm
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Hence, the system is safe against surface stress also since the above value is less than the
allowahble contact pressure given carlier.

511 Blanks and Mountings for Bevel Gears

Since the solids on whose surfaces the pitch cones of a pair of bevel gears are in rolling contact,
the blanks on which the teeth of bevel gears are cut, are also obviously conical in shape.

Foranytype of gear, theultimate quality of the gear in the finished form is largely dependent
on the design and accuracy of the gear blank. In general, for bevel gears and for other types of
gearsaswell, theblank shouldbe sodesigned andtreatedthatthe localised stressesare avoided.
Care should be taken to avoid deflections within the blank. The designer should provide
adequate amount of metalunder the tooth roet to ensure proper support. This should be atleast
as much as the height of the tooth and this metal depth should be maintained throughout the
length of the tooth.

The other important criteria for proper blank design, are the ease of machining and
appropriate hardening conditions in case of hardened gears. Another factor of vital importance
is the provision of a suitable locating surface on the back end of the blank. This surface should
be very carefully machined or ground, because checking and mounting will be done with
reference to this surface. (See mounting distance in Fig, 5.3.)

For mounting, the shaftangle of the axes of the bevel gears must be exactly the same as the
design shaftangle. Though very small deviations do take place from the ideal condition in actual
practice, care should be taken to restrict these deviations to as small a value as possible, as
otherwise sertous running difficulties will be encountered. The axes must intersect. While
mounting the bevel gears, the mounting distances a5 given in the drawing must be rigidly
observed so that the gears are mounted atthe correct distances from the cone apex.

As for bearings, thejournal bearings are not considered suitable. Anti-friction bearings give
better results. To minimise the detrimental effect of deflection, bearings should.be properly
spaced. The spacing will -I:|EFIL‘I'H:| upon the stiffness of the shafts carrving the gears and the
orientation of mounting, that is, whetherthe gearsare straddle mounted nruvn:rhun;..muumfd

Mountings should berigid sothat the displacements of the gears under service conditions are
kept within allowable limits. To minimise the detrimental effects of misalignment, proper
plignment of the gears should be ensured. Besides, mountings should be accurately machined,
kevs should be prnpcr]:.-' fitted and couplings accurately mounted.

As aresult of experience and tests carried out by the reputed manufacturers, the tnlluwm%
permissible deviations may be taken as guidelines: for gears of 15010 400 mm :I:larm:ll:r the lif
or depression of gear at the centre of the face width should not exceed 0.08 mm, the axial
movement of the pinion should be restricted to (.08 mm in either direction, and thatgf the gear
ta .25 mm for gear ratios greater than one.

512 Efficiency of Bevel Gear Drive

Forallpractical purposes, the efficiency of straight bevel gear drive and of spiral bevel gear drive
can be found by usingthe formulacused for spurand helical gear drive. These formulae, however,
are to be used with certain modifications as explained below.

Ia both the cases, the virtual number of teeth are 1o be used instead of the actual number of
teeth, The relations are given by
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in case of straight bevel gear
cos

- I in case of spiral bevel oear

cosd cos 8.

where §_ = The middle spiral angle of the spiral bevel gear.
L|sm§, Eg. 2.11, the modified expression for the efficiency of straight bevel gear is given by

o [m...;i.f.u_,, %] (5.38)

Using Bg. 3.71, we get the following value for the spiral bevel gear
i a 3
M= 1= 0.8cosf fu goad; cos By :n; 4 cosdyeos B, :" ] {5.39)
i 1

The different factors in the above formulae have the same meanings and values as given
previously in the relevant sections{Secs 2.6, 2.29and 3.18).
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6.1 General Classificationof Spiral Bevel Gears

Spiral bevel gear is a term generally used in case of bevel gears that have teeth curved
longitudinally along the length of the teeth. Though, strictly speaking, bevel gears like hypoid
gears and a few others which resemble spiral bevels, do not fall in this category, nevertheless
since “spiral bevel gear™is a loose term, we will includein this class the varneties of bevel gears
which donothave straight teeth. A class of bevel gpearshaving straight teeth but are tangent to
a circle concentric to the centre of the gear (i e. the tecth do not pass through the apex when
extended but are obliguely placed on the conical blank 7 is also sometimes referred to as spiral
bevel gears. These gears are also known as “skew bevel gears™ or “oblique spiral bevel gears™.

The curved-toothed bevel gears which are normally encountered in practice will be discussed
inthis chapter. The main advantage of thesegears over the straight-toothed varieties liesin the
fact that as more teeth are in contact at the same time because of the curved-shaped contour of
the teeth, a smoother meshing action between the mating pair is ensured. In view of the shape
of the tooth, the curved toothed bevel gearshave special properties which are summarised below.

l. Longer tooth-engagement time is effected dite to simultaneous meshing of a number of
tecth.

2. Greater contact ratio can be achieved.

3. The meshing action 1s gradual and progressive over the whole length of the gear teeth.

4. The noise level 15 considerably small.

5. The flank and the root strengths of teeth are greater.

6. The mmimum number of teeth to aveid undercutting is reduced, thus allowing a design
with greater reduction ratio for the same space requirements, if necessary.

7. In general comparatively higher transmission ratio s achievable.

8. These gears are not unduly sensitive to fluctuating types of loads. Hence, these gears can
take care of misalignment in mounting and bearing systems.

9. Aboveall,spiral bevel gearshave greater load carryingcapacity than the straight -toothed
bevel gears, other parameters remaining the same.

Broadly, these gears have similar advantages over the straight-toothed bevel gears as the

helical gears have over the spur gears.
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Depending on the type chosen, spiral bevel gears may have constant tooth height along the
widtherthe height may decrease progressively from periphery towardsthe centre. Moreover, the
shapeof the tooth will depend on the manufaciuringmethod emploved and on the profile of the
cutter uged.

The curved toothed bevel gears can be broadly grouped into seven categories discussed here.

1. The spiral bevel gearsthathave teeth shaped like the arc of a circle along the length are
patented by the Gleason Works of Rochester, USA. They are generally used for speeds preater
than Sm/sor 100 rpm, though for special application where smoothness and guictness arethe
main design criteria, they may also berun atlowerspeeds. The spiral angle is normally 35°, The
toath height decreases progressively towards the centre.

2. Zorolbevel gears have alsobeen developed by the Gleason Works. When the spiral angle
is zero, the spiral bevel gear is known as zeral bevel gear. Terol gears are used mostly in high-
precision instruments where itis often necessary tohave almostzerobacklash. Thetecthof zern]
gears can be accurately finizh-ground and therefore they arve ideally suitable where very hard
tooth surfaces must be accurately finished.

3. Hypoid gears are the special spiral bevel gears which are mounted on non-intersecting,
cross-axis shafis, having an offset between the two shaftaxes. Among others, hypoid gears offer
two distinet advantages,

(1) Because the pinion shaftordrive shaftoccupics a lower position than the gear shafi, hypoid
gearpairs have been adopied by many automobile manufactorersfor useinthe differential
for the rear axle drive of the car. Thisis dueto the fact that a lowered deive shaft permits
a lower-floored body of the vehicle. The centre of gravity of the sysfem is thereby lowered
which brings greater stability as a conscquence.

(ei) In industrial applications, where there is a sgfficient offset between the two shafis, the
shafts may pass one another with enough clearance, thus permitting the use of & compact
straddle mounting on the gear and the pinion, Gang driveis thus possible se thar several
hypoid pinions can be arranged on a single shafi with drives to several machines from a
single input shaft.

The surfaces of the pitch solids of these gears are hyperboloids. Ifthe offset is zero, a pair of
hypoid gears becomes an ordinary spiral bevel gear pair,

4. Bevel gears with Archimedian spiral have tooth-traces that follow an Archimedian spiral.
These gears are not much used in industries,

5. Spiral bovel gearswithinvolute tooth trace are ggeg incase of the Pallpidty pe of spiral bevel
gears developed by a German manufacturer, Klingelnberg. The height of tooth remains nearly
conatant along the tooth width.

6. Eloid spiral bevel gears, developed by a Swissmanufacturer, Oeclikon, have epicycloids or
hypocyeloids as spirals. The height of tooth is constant,

T Kurvex toothed gears, gencrated by special cutters, are similar to the Gleason system,
exceptthatthe tooth height remains constantthroughout. The longitudinal contour of the tooth
along its length is an arc of a circle as in the Gleason systcm,

Besides the above mentioned categories, certain othertypes which arevsuallyknown by their
trade names, also come under the general category of spiral bevel gears. These are-coniflex,
bBeveloid, spiroid, planoid, helicon and other types.

The different. types of bevel gears are illustirated in Fig, 6.1. These gears are represented in
a plane, that is, they are the crown gears of the respective types of gears. The crown gear has
already been defined and deseribed in See, 5.3,
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Fig. 61 Types of straight-zided and spiral bevel gears

The spiral bevel Ecnrs are also categonsed accordingto the method of manufacture.

1. Generation

v hobbingin part with cutter head: Gleason and Arcoid systemsoftoothingare
uced by this method. In these svstems, the tooth curve 1s a circular are and the tooth
eight is tapered from back towards the apex. The generating machine is fitted with a
circular cutter head which carries strajght-sided cutter at the front side. The tecth of
Kurvex gears are also manutactured by this system of generation, but here special cutters
with two cutter heads are used. The teeth of these gears are of constant height throughout
the length.
. Generation by continuous spiral hobbing with cutter head: The Oerlikon gears belong to
this category. The tooth is of epicycloid curve or hypocveloid and is of constant height. The
generation 1s effected continuously by the cutter head fitted with a series of cutters.

3. Generation by continuous spiral hobbing with conical or cylindricalhob: The Klingelnberg
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gearsare produced by this system. Thetooth curve isinvoluteandthe tooth height 1snearly
constant. The generation is done by a spiral type cutter or a bevel gear type conical hob
cutter.

6.2 Spiral Bevel Gear Geometry and Basic Relations

'he basic terminology u-f'TirEll bevel gears isthe same as in the case of the straight-sided bevel
pears. Therelevantterms have been defined in Sge, 5.3. Theterms aswell asthe relations which
arepertinentto spiral bevel gearsonly, orare modified becauseofthe spiral angle, will be defined
and discussed in this Section,

Spirval Angle
Twao spiral bevel gearsin mesh are shown in Fig. 6.2.The spiral bevel dimensional parameters
have been depicted on the sectional views of the gears as well as on the crown gear.

Referring to the geometry of the pitch plane of the crown gear, the spiral angle§_ is defined
as the angle which is subtended at the point of intersection of the tooth spiral and the middle
circle of radius &, and is contained between thetangent to the curve atthe point of intersection
andtheradial throughthat point. The spiral anglealong with other parameters, suchasthe face
advance, face width and circular pitch are shown in a simplified manner in Fig. 6.3.

The spiral angle as defined above is called the middle spiral angle or simply spiral angle in
common usage. The spiral angle, however, varies at different cone distances. The spiral angles
atthetipand the root circlesare denoted by symbols f an i il respectively. Atany cone distance

R’, the spiral nnglcjl_';l" for Gleason spiral bevel gears can be found from Eq. 6.1

R*-R?
sinf’ = %[!iﬂﬂﬂm:'] (6.1

uh:rr:r 1stheradiusof curvaturegfthgmean 5|.'|-Lrn] curveasshowninFig. 6.2 Thoughthe spiral
angle varies according to design considerations, its usual value is 35°,

Since the teeth are curved, o considerable amount of overlap results when two such gears
mate. Contact of more than one pair of teeth at all time is assured. As emphasised in See. 8.1,
the tooth engagement is gradual and continuous because of the spiral teeth which is also
conducive to smooth and quiet running. Moreover, for the same size, the spiral bevels have
greater load carrying capacity than the straight sided ones.

When other design factors permit, the spiral angle should be so selected that a face contact

ratio of at l:u:al:_ |.251% assured. Maximum smoothness of drive, however, 15 attnined when the
face contact ratio 15 between 1.50and 2.0.

Hand of Spiral

When viewed from the front, that is, from apex, if the tooth makes a clockwise spiral from the
base windingtowards the apex, then itisdesignated asa right-handed spiral. The reverse istrue
forthe left-handed spiral. In ameshing pa ir,the handsofthe spiralsof the componentmembers
are always opposite. In gear technology, 1t is customary to identify a combination by the hand
of spiral of the pinion which is normally the drivingmember. 1t may be mentioned here that the
hand ot spiral playsnopart asfaras the smoothness or quietness of operation and the efficiency
of the gear-set are concerned.
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Fig.6.2 Spiral bevelgear
Based onMaschinenelamanso, Miemann, vol |1, 1865 edition, Fig- Ho. 12372 p. 133,

Springer Verag. Heidelbery
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Fig. 6.3 Spiral angle of spiral bevel gear




66 Handbook of Gear Design

Direction of Rotafion

The direction of rotation is determined as viewed from the back, that is, not from the apex.
Accordingly the shaftalong with itsmountedgear 15 said to rotate in clockwiseor anti-clockwise
direction.

Kelection of Direction of Spiral and Rotation
The selection ofhand of spiral and direction of rotation will depend on several factors, & .g. type
and magnitude of load, mounting conditions, effect of backlash, etc. There is no choice ona
reversible drive but the following guidelines may be given for an ordinary drive, which will
determine the proper selection.
First, the followingrules are to be kept in mind

i) An LH pinion, driving clockwise, tends to move axially away from the cone centre.

(i) AnRH pinion, driving clockwise, tends to move axially towards the cone centre.

{tii) An LH pinion, driving anti-clockwise, tends to move axially towards the cone centre.

{(iv) An RH pinion, driving anti-clockwise, tends to move axially away from the cone centre.

Theresultant effect of the thrust loads should be carefully considered before final selection is

made. If the mounting condition is such that there is adequate end-play in the pinion shaft, then
an RH pinion, driving clockwise, will have a tendency to reduce the hEItl-l!tEL‘-iﬂ. and the tecth of
pinion and gear may wedge together. An LH pinion in such condition will introduce additional
backlash. Usually, when 1E|: gearratio, pressure angle and spiralangle permit, the hand of spira!
should be so selected as to allow the axial thrust which will tend tomove both the pinion and the
gear out of mesh. If not, then only the pinion should be allowed to tend to move out of mesh.

Shapes of Bevel Gear Cones

Comparative shapes of cones of different spiral bevel gears have been shown in Fig. 8.4, Point
0} in cach case represents the point of intersection of the axes of the mating pair. The relative
difference of positions of the pitch cone, the blank cone and the root cone in case of the Gleason,
Oerlikon anIthn: Klingelnberg systems can be casily scen.

Hand of Spiral, Direction of Rotation and their Relation o Forces

In case of spiral bevel gears, includinghypoid %{:ani, the 5pkralnnf:|r: introduces additional force
components when compared Lo straight bevel gears. In a helical gear, an axial thrust results
because of the helix angle as we have seen in Chap. 3 on helical gears. But this axial thrust is
a function of the helix angle alone. In case of spiral bevel gears. however, the spiral angle gives
rise I both axial and radial components.

{a) (b (3]
GLEASON OERLIKON  KLINGELNBERG
ELOID PALLOID

Fig.6.4 Centres of cones of bevel gears
Based an Maschinenelements, Niamann, vol, I, 1965 edition, Fig. No. 13741, 1
p. 137 Springer Warlag, Heidelberg

It can be secen foom Fig. 3.7 that the direction of the axial thrust depends upon the hand of
helix, the direction of rotation, relative position ofthe driver and the driven gear, and whether
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the gear is the driving or the driven member. In caseof spiral bevel gears, in addition o the above
factors, thepitch cone angle isalsoa determiningfactor. All these factorsdetermine whetherthe
axial component will make the gear move away or towards the cone centre.

As far as the direction of the resultant axial component is concerned, the fundamental
difference between the straightandzerol bevelgears ononeside, and the spiral and hypoidgears
on the otheristhatin the former case, the axial components always tend to force the pinion and
the gear out of mesh, while in the latter case, the direction to which the thrust force acts may be
eithertowardsoraway from the cone centre, dependingupon the algebraic sign of the caleulated
resultant force. Conventionally, the axial force which tends to move the two components out of
mesh isregarded as positive and the other one as negative. [t follows, therefore, that in case of
spiralbevelsandhypoids, since the resultant axial componentmay, as a consequenceofhoththe
pressure angle u:n-l:rlh: spiral angle, act in either direction, the choice of the direction and
magnitude ofthe spiral angle is o prime consideration ofthe designer. The component gearsmay
move away, creating unnecessarily a large backlash, or they may move towards cach other inte
atight mesh which may resultin jamming or seizure. Since proper running of spiralbevel and
hypoidgears necess itates the rightkind ofsupportagainstapossible axial displacementofeither
member of ghye gear-set, meticulous design calculations of thrust forces are imperative for the
selection ofthe proper kind ofbearings and other allied factors. Figare .51l lustratestherelevant
relations between the hand of spiral, direction of rotation, and the axial thrust forces.

Resolution of Forces

The main forces acting on spiral bevel gear tecth are
{(f) The tangential tooth load F,
(2] Theaxial 1J1.rur.t}"

(if) The radaial scpnrutmg force .F'
All the above forces are referred to the mid- -point of tooth

I'he Tangential toorh loud  This load is given by

F,(N) = 2T¢ x 1000 (d,  inmm)
a1

Where F, = Tangentialtooth load onpinion, and isequal in magnitude tothe tangential tooth
loads on gearF,, in case of spiral bevel gears. Thetangential tooth loads on pinion
and gear are different in case of hypold gears.

T(Nm) = 93508 x K= Maximum torgue on the pinion
1]

Here, P, is the nominal motor power in kW, and n_ is the motor speed in rpm.

Factor Ktakes careofthe effect ofadditional operational and impact forces. Selection of K will
depend on the service conditions and experience. Values given in Table 2.16 (Sec, 2.22) for ¢ can
be taken for K too for all practical purposes.

The axial thruss  The axial forces acting on the gear components can be computed from
Table 6. 1.1 the resultant axial force is of positive sign, then the force is directed away from the
cone apex. Negative sign indicates movement towards the apex. The relation between the force
actingona spiral bevel gear and its proper algebraic sign forthe forces are shown in Fig. 6.5(b}.




G5 Handbook of Gear Design
R HGEAR*
— L H FINoN

% -
2/mAusT B/ THRUST
T

ROTA
ROT

—F- | :_":1.
L H GEAR '

E H PINION
[—.

Fig. 6.5 Directionof forces in spiral bevel gear

The madial separating force  The radial separating force acting on the gear components can be
computed from Table 6.2.

[fthe resultant radial separating force is of positive sign, then the force is directed towards
the pear axis, that is, awaey from the mating member. Negative sign indicates a direction away
from the gear axis, that 15, towards the mating member.

Table &1 Formulas for the determination of axial {grees acting on bevel gears

DOriver
Hand af Direction of Magmitrde of anfad ghrus?
spiral fafakan
Drivar
Right Clockwisa E, = —Fl-— [tan e sin & = gin A ooe §)
cos
DOrrean
Left Anti-clockese F, = m;‘n (B msin § + sin Foos §)
Dirneine
Right Ant-clociosina F, = —Ti_ tanasin s + sin feos §)
cosff
Dirremn

F, ]
Lefi Clockwise F, = —l— (anasind — sinBoos §)
cosf
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Table 6.2 Formulae tor the determination ot radial separating force on bevel gears

Drivar
Hand of Direction of llaqnl'l:l.lduu‘l'npnlﬁ]ghﬂ
spiral ratation
Diriver
Ri Clochowize
o F, o« —5i_ {langeos &+ sinfsin 8)
cos i
Diriven
Leht Anticlockwise Fo= b pangcosd= sng sing)
coal
Diriver
Ri Aniclockwi
ght = F =B pangcos 5= sngsing)
cot §
Diriven
Left Clockwise 7= o janacos &+ sin 1 5in &)
cos i

In each of the above cases, while using the above formulae given in the tables for the
determination of different forces, care should be taken to ensure that the relevant values of
parameters, corresponding to the particular member in question are inserted. That is, proper
subscriptsare attached to the forces and angles. e, g, subscript 1for pinion and 2 for gearor 1for
the drivingmember and 2 for the driven member, as thecasemay be. The normal pressurcangle
fu As the pressure angle on the driving side of the tooth.

Direction for Use of Tables 6.1 and 6.2
Inacondition where the driverisof RHspiral and the direction of rotation is anti-clockwisc and
the driver may be pinion or gear, the driven member is obviously of LH spiral and rotates in
clockwise direction.

From Table 6.1, complying with the above arrangement of drive, we have

Axial force of driver= F, = "F"—uun.u sin § 4 sin Feosd)
cos 3
Takingthe pinion to be the driver and assigning the subscript 1to the pinton and 2 to gear, we
have

F

F , i
- .:T;:ﬁ (tan g sin §, + sin Aeosd,)

F
F, = cm:iﬁ (tan asin §, = sin fcos 6,)
The tangential forces are the same. Hence, F, = F_=F, .F,can be calculated from the given
data, such as power and speed, asper the u5uu1 formulae. As anexample, take = 207, f=35",

E= 15‘1 +§E=EI'I:F' and Elz -E-D',ﬁ&z il
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From the above equations, F,, 1s obviously positive. The axial force of the driven (pear)
member is

F ; ,
FL! = —L—tan 2 sin &0° = sin 35" cos 60°) = F; = 0.03468
cos 35

Since F_, is also positive, both the driver and the driven member tend to move away from
the E];IE.H.. The same equations, used in the above example, are also valid fora driverhaving LH
spiral and clockwise rotation mating with g driven gear having BH spiral and anti-clockwise
rotation. Table 6.2 for radial forces can be similarly used for calculation and checking.

Stress Calcwlations and Pawer Rating
Sincethe curved toothed bevel gearsare produced by differenttypes ofmachinesand sincethese
gearsalsohave different geometrical configurations depending on the manufacturing processes
mvolved, itis advisable to perform calculations according te the instructions ofthe manufactur-
ers of the relevant machines and cutting processes.

Asfarasthe strength calculationsare concerned, the load carrvingeapaci iy ofthe spiral bevel

gears, in g:n-:rnl, can be taken to he around 15 to 25% higher than that of the corresponding
straight-sided bevel gears.

In&ec, 6.1, we have seen that there exist various syslems according to which the spiral havel
gears are manufactured. Each system has its own geometrical characteristics arising out of its
own peculiar generatingmechanism, by means of which the spiral bevel gears belonging to that
particularsystemare produced. Hence, the tooth design will vary accordingly. Gearcalculations
and dimensional parameters based on one system will not be valid for those conforming to somae
other svstem, Besides, a designer may have his own idiosyncrasiesas regards the design criteria
and procedures for a particular system of spiral bevel gear. 1t 1s, therefore, always prudent to
have a dialogue with the supplier before the designerundertakesto fix the relevant parameters
and makes the r=cessary manufacturing drawings. This way, a fruitful result will be ensured
because thegupy,  clueto the lackaf proper equipments andmanufacturing facilities, may or
may not be in a pogiuon o make the gear ifthe drawings and calculations are made beforehand
without prior consultation.

In many industrial organisations which lack the facilities for producing spiral bevel gears in
their own shops, but which need these gears for replacement as spare parts for theirmachines
argearboxes, the usual practice isto off.Joadthese itemsto firms specialised in the manufacture
of spiral bevel gears. The design offices of such organisations make manufacturing drawings of
these gears for all other body portions except the teeth portions, which are shown as solid,
truncated conical blanks with sufficient machiningallowances. The firm which getsthe order is
free [0 cut the teeth portions according 10 its own system, provided it fulfils the customer's
requirements and pre-conditionsas regards power, torque, strength properties, reduction ratio,
dime ‘onal and space constraints, speed, guaranteed life, inspection procedures and all other
relevu.. parameters. The gears. thus produced and delivered, should fitin the machine without
difficulty and should run smoothly during their operational life.

6.3 Gleason System of Spiral Bevel Gears

Omne ofthe pioneers of the spiral bevel gear technology is the Gleason Works of Rochester, USA.
The Gleason system was originally developed in the FPS units. Though metric Gleason system
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has also been developed, most of the spiral bevels using the Gleason system are still DP gears.
Henee, in this section, the FPS units ave used for convenfence.

Table 53 Parameters for Gleggon spiral bevel gears
(A0 dimensions ane ininch unils)

Deacriobion Binign Gear
Murnbesr of beeth z x,
Zhaft angle E =90
% 2
p— by = Weskingdept = by A= A ln"m'ﬁ [‘E”
Digocha red L fyy = f =y, Hrog= =Ry
‘Warking depth 1700
P
Whele depth i "—i‘“
Claaranca o = . 188
]
: . "
Pich circle diameler o - i._ ﬂ'! = _F;,.
Piich ssng angls E, = um"'—:-‘- 6 = 80" = &,
2
Cana distanos A= _J.—d
2ain &,
Cireular pilch oA
ircular pile 8 E

Tip circle dametsr

d, = o, t Zh,co8&, d, = d, ¥ 2h,, coud;
|

1
Diedendum anghs 4, = tan % &, = lan-' ?
Faca angle af blank d,,2 8 . 8 8= 8y 4 8,

Table 84 Minimum number of teeth to avoid undercutling

; II e ':.lrl'l J ;1— Ip-l
| i7 17 1.43 14 i
1.12 16 18 148 13 22
126 15 19 2.16 12 I
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As stated in the beginning of this chapter, the ﬁ{:iml-:uwr of a Gleason bevel gear isan arc
ot acircle. The gear parameters and relations which are given here are as per the 1952 Revision
of Gleason Works . These data pertain to spiral bevel gears for general industrial purposes. The
teeth are manufactured by the generation process. The validity of the data is for gears with 12
DP and coarser. The Gleason Works have listed 5 cntrzgnn:sm"gﬁa r&which do not conform to the
standard proportions given here. These may be considered as special d:ulﬁnq and include spiral
bevels for automotive rear-axle drives, gears of finer pitch than 12, ratios having lesser number
of teeth than 12in the pinion, and some other special types.

Themain emphasis of Gleasondesignison practical operatingtequirements. Accordingtothe
present day Gleason design, the face cone element of a blank is made parallel to the root cone
element of the mating gear. The purpose of this is to ensure constant clearance throughout the
length ofthe tooth from back to front. Thisalsopermitstheuse of larger edge radii onthe cutters
withoutfillet interference atthe small end. The pressure angle forthe system is 2(F andthe spiral
angle is F.

Spirval Angle of Gleason System

Ay stated before, the spiral angle is 35" which 15 most commonly used. Calculations for equal
stress in pinion and gearhave been based and determined using this angle. However, for other
spiral angles from 20° to 45", the same tooth proportions can be used. Special proportions are
required for angles below 207, High spiral angle is conducive to greater face contact ratio,
smoother and quicter operation, but it affects the ensuing thrust loads in service.

The common data which are required for the Gleason system are given in Tables 6.3 and 6.4,
To keep uniformity with metric gears, the symbols and subscripts used are the same as in the
case of metric gears, though inch units are used.

The unit of diametral pitch Pis inch-"

6.4 Zerol and Hypoid Gears
Zerol Bevel Gears

When the spiral angle of a spiral bevel gear i1s designed to have a value of zero, it 15 termed as
a zerol bevel gear, As indicated earlier, this is a patented item of the Gleason Works.

%

Fig. 6.6 Zemol bevel gear
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Fig. 6.7 Criantations o hypoid gear
Based on Maschinarslemanta, Miemann, Vol (I,
1665 edition, Fig. No. 144, p. 144_Springer Verlag,
Heigelbeng

atter the requisite hole has been bored to acceptthe shaft of adequate size commensurate with
the torque it is designed to deliver,

In a hypoid drive, there are limitations as to the magnitude of the shaft offset. Normally, the
offset should not exceed 40% of the equivalent bevel gear back cone distance. For heavy duty
equipments, this should be nearer 20%. (il tight case with anti-friction bearings should be used
as housing mountings, and thrust bearings must be provided.

Because of the peculiar motion between the two members comprising a hypoid drive, the
meshing action is subjectedto a considerableslidinglengthwise alongthe teeth. Thishigh degree
of sliding gives rise to a greater energy loss. In this respect. a hypoid gear pair is analogous to
other types of non-planer gears, such as worm and worm wheel drive. High localised tempera-
turesaregeneratedwhich may resultin weldingofmetalsat the hot spots. The extremepressure
(EF) lubricants inhibit this weldingtendency and alsosustain high pressures, (secalsoSee, 8.6).

It has been found that at low ratios, the hypoid gears are comparatively more efficient. In
general, the efficiency of a hypoid gear-set is given by

cosa + planfly o gon L2
cosa ¥ utan J§,

=

where §, and B, are the spiral angles of the pinion and the gear respectively, a is the normal
pressure angle and pis the coefficientoffriction. Slidingaction acrossthe tooth surfaces entails
loss of efficiency, This is a common feature of all non-intersecting gear sets.
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6.5 Klingelnberg Palloid System of Spiral Bevel Gears

[n Klingelnberg Palloid system, the teeth of the spiral bevel gear have involuie-gshaped spirals
alongtheirlengths. The tooth heightremains nearly constantthroughoutthe length of the tooth.
These spiral bevel gears are easilymounted and are not affected by bearing inaccuracies. Along
lifecan be expected for these gears if properly designed and maintained. Using the samesymbols
and subscripis as before, the following relations of parameters are relevant to the system.

Toaveidahigh spiral angle and the resultinghigh axial forces, the following relation between
the transverse module and the normal modele is usually maintained.

LTI .
m,
g
For E = QI:I" coth, = I, andf'nrz: E![I': cod B, = ﬂ ':E=5| + 6.
sim ¥
R, = _dy b g 10m, = R ctap, Va Eu.iﬂl = R-b
2 sin &, 3.2% 10 3.78 d,

Basze circle radius of the involute spiral = 2 mnﬂ sin &, p, = xm,: Middle transverse moduole
i : | .
mh=d_,|’g; Middle transverse = pitch p., =gm__; Number of teeth of crown gcarzr=.rf"sm
2
d,=m.z . d  =d. - sinf.d =mz,h =m(l+x)h =2m =k
The correction factor (x,) 15 10 be inserted from Table 6,5,

d,=d,*2h cosfd t2h cosd

Table 6.5 Walues of {1 +x ) for a= 20°

2 <
B L] i 11 12 13 14 18 16

a3 1.27 1.23 116 1.04 100 100 1.00 1.00 1.00
24 136 1.22 118 1.08 1.00 100 .00 1.00 .00
26 128 1.22 1.16 1.07 PO 1.00 1.00 1.00 100
2B 125 1.22 147 1108 1080 1.00 1.00 1.00 1.00
a0 125 1.22 1.17 1.02 1.00 1400 1.00 1.00 1.00
a5 1.8 1.Z3 116 i1 100 1,00 .00 1.00 100
40 128 1.24 1.20 1.13 102 100 1.0 1.00 1.00
45 1.249 1.25 1.21 116 1.05 1.00 100 1.00 1.00
50 1.20 1.26 1.22 116 1.ar 1.20 1.00 1.0 106G
BO i.%3 1.3 126 1.20 1.11 103 1.040 1ao 1.00
T 1.38 1.32 129 1.24 1.18 1.08 .00 f.00 1.0

Anglecorrection  InKlingelnberg Palloid system,an™anglecorrection” is carried oul. By means
of this angle correction of the pitch cone angles 6, and .E!, bBetier tooth action and undercutiing
canbe attained. Themagnitude of this correction 1ssmall andin thissection, simplified formulae
have been wsed, disregarding the angle correction. The reader may refer toé more advanced

treatise on Elingelonberg system or to the company norms for more information.
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A simplified and somewhat modified version of an example based on DIN 3990 and involving
Klingelnberg Palloid system of spiral bevel gears is given in Example 6.1.

Example6.1: |naPalloid systemof spiral beveldriveset, havinghardenedgears, the following
dataare given :

2, =92 =28, u=g/z = 28/9=2311, m = 4876mm, a, = 20,
B, =33W, 3= 9.,x, =+ 0.7, x =~ 0.7, b = 20mm,

working depth of teeth, & = 170 m, ,whole depth of tooth, h = 1888 m,,
cutter addendum. A = 1038 m, ,nominal torque, T, = 140 Nm,

service factor = 125.

To calculate the relevant dimensional parameters of the gear set and select suttable materials
forthe same.,

Soluticn : d, = = 4.875x 9 = 43.875 mm
d, =mz = 4.875x 28 = 136.50 mm
cotf, = £ = u = 311, whence 6, = 17" &
S,= 90 - 6, = %0 - 17T4® = 2W
d,=d = bsinth, = 43.875 - 20 x 0.30597 = 37.755 mm
d, =4d, - bsind, = 136.50- 20 x 0.95204 = 117.46 mm

By
-
|

R =—%5 =768mmR, =R, - 5 _ 6168

2sin 6, 2

Virtual numbers of tooth are given by

2, = = = 5 = 16.21
"7 cos 6, cos B, T cos I 497cos’ T X
2 = =2 = 156.91
Fd = - T " ¥ =
7 s 6, cos”f, s 72° 11°cos® 33° 20

Module of virtual toothing

m =m,, = mcosf, L = 3.50 mm

R,

The correction factor given in Table 6.5 takes care of the undercutting aspect only. Here,
we have a case of 8 —gearing withx = £ 0.75. The correction factors of the virtual toothing are

given by
-
g o i o —=20ID o 40,800
- cos i cos 337 20°

Xg = —#y— = =075 = . 0.898
::m_,ﬂ“_ cos T A
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Pitch circle diameters of the virtual gears

d, =2z, m= 162145 = 5673 mm
d, =z, m = 15691z 35 = 549.18 mm
Addendum:
b, = L PRI | [':'_-_7'2"+ n.'.rs] 4.675 = 7.80 mm
o ¢ 2 L 2
R, 6168
,&ml = k. .—' = T8 m= .71 mm
h
hy= —+xm,= '?2 T b oxgm, = (% 2 ﬂ?ﬁ] 4875 = 04875 mm
i Hl16E
B = hp e 04875 Ti6a ™ 0419 mm
Dedendum:
By = B, = 2, m, = (1038 = 0.75)4.875 = 140mm
;T | S
= — = .M
Ay = Bpy 'R: 71.68 e
hey = A = {1038 + 0.75)4.875 = £.7 Il mm
GLER
hﬂa=hf:i:r: —3?1ﬁ—?49mm
The outside diameter and the root diameter of the virtual gears can now be calculated thus:
= + 9 =
d.n = d..l + gﬁuj 56.73 2% 6.7 T0.15 mm
= 56.T3= 2x 120 = 54.33 mm

dyy = @ = 2h,,

- -
du-: = dﬂ + ghl“ 54918 * 2 x 0,419
g = g = SRy, = 54918 - 2= 7.49

A50.02 mum
5342 mm

Mow, the tooth profile in this particular example is not as per the standerd reference profile.
Hence, the values of form factor, s given in Fig. 2.49 cannot be used here. Analytical
determination of these values 15 extremely complicated. DIN 3990, therefore, recommends that
on the basis of the dimensional data of the virtual toothing calculated so far, that is, using the
valucofz ,m @ X, Enduth:rpurﬂm:t:r‘-’. and taking filletradiusat the root. r =0.25m = 0875

mm, reasona I".r appmprlat: sketches of a virtual tooth of the pinion (5 - plut.] and of the gear
(S -minus) should be drawn as persome sultably enlarged scale. {Inthis connection, seeFig. 2.47

in Se¢, 2.25.)

Having drawn such figures of the virtual toothing of pinton and gearin this particular case,
the following data are obtained by actual physical measurement on the drawings by means of
suitable drawing instruments:

.ﬁm = 7500 mm, S‘u,
h . = T.{ mm &

gul i gl

B.25% mm, a7 49740
T.75 mm, o, = 19 50




6.18 Handbook of Gear Design

Analogous to Eq. 2.99in See, 2.25, we have the following expression for the form factor of the
virtual toathing

qﬁ = S
Inserting the relevant values, we get

éx 3.5 x 7.5 x cos 3% 40

Qo = 8.25% % cos 207 =189
6Ex 3I5x T.0x cos 19'50"
Tz = 7.75% X cos 200 = 45

Thevaluc of the contact ratio factor, g , is taken to be for both pmion and gear. Thetangential
force or the transmitted load at the pitch circle is given by

2T, (Nm) = Service factor 2 x 140 » 125 x 1000
= 1000 = =
Fon (N) dy (mm) * 37.755 9270
The bending stresses are given by
9270
Oy = f“'—m. Qe _ 33 * 189x 1= 250 N/mm? (SecEqgs 5.26and 5.27)
]
O = oz * 2.485% 1= 324 N | mm?

For calculation of contact stresses, the values of material coafficient, ¥ and of pitch point
coeflicient, ¥, are required. From Table2, 1']"_1,,- = 264 for gears made nfﬂl:n:l The value r;n"_1.I can
be taken frum the gra ph given in DIN 3990, Enn‘:ﬁpﬂndmn to the spiral angle and correction
factors. In this case, vy = 1.53(from the Ehm: grnph} In the absence of such graph, somewhat
higher value can be uqum:d for a safe design. The contact stress is given by

b, =y J e W1 oy s
. 1“; d,, i

9270 VRIIF + 1

= 1478 N/ mm’
20 = 37.755 3.11

II
268 = 1.531';

The bending and the contact stresses produced in this case are rather on the higher side,
and suitable common materials to cope with such conditions are not covered by the gear
materials given in Appendix E. Hence, in this case, materials forthe pinion and the gearcan be
selected after consulting product manuals affirms manufacturinghigh allovand special purpose
steels. These manuals usually contain enough information regarding strength pmpr:rtu:-'; heat
treatment and other data to facilitate proper selection of the materials to suit the service
conditions.
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6.6 Kurvex System of Spiral Bevel Gears

This system can afford 1o have an economical method of manufacture of spiral bevel gears. As
indicated earlier, the Kurvex gearhas teeth which are curved in the form of circular arc and the
tooth height 1s constant along the length of the tooth, covering the face width.

Asinthe caseof other spiral bevel pears, the peometrical parameters of the gear are referred
1o on the crown gear. The reference profile is the tooth profile of middle normal section, and the
calculations are based on the normal module at the middle of the tooth, m__. The axial force
increases with increasing apiral angle.

The dimensional parameters of an uncorrected Kurvex gearing system are summarised in
l'able 6.6, These parameters have been pictorially represented in Figs 6.8 and 6.9, The two gears
have been shown in mesh in Fig. 6,100

Fig.68 Geometry of a Kurvax spiral bevel pinion

Based on Zahnraeder. Zirpke, 1ith edition, 1380, Fig. No. 181 p. 2683, YEB
Fachhuchyverlag, La-lpz.'g
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Table 66 Dimensional parametersof Kurves spiral bavel gears

Descriplion Finlan Gear
Mamal pressure angle &= 20
Middl= spiral angle Range 8 =25 o 40
Usualvalue | f = 35!
-,
Number of teath nig i 2,
Sum of teath B+ Ipp M
Transms=mon rabo I = L.
ﬁl
%21
Tooth ralio el
Pitch [ -
chi Gang ang Eﬂ'ﬁl = ?I
Forshaltangle X, = 50" 2
nd, = —— 6 = ¥- 6 < 00
Far shaflanghe L < 60 L +C08 Y
1
sin [ 180" = % |
Forshalangle T > 80° tand, = F3 >
o = -castar' - % )
I
Shatt angle E = 51 + -52
Widdle pitch aang R,= Z
sin &
dislanoe Eﬂ-ﬂﬁﬁn ]
& EE;" =2 A,
Facs wdth H | T
Cuter pitch cone b
.‘.
dmiance H‘ = H"' 3
Culesr transwerse
=
mitsduile e . G050
Piich circle diamedes d=zm, o, = Im,
Too clearance =82 n'.l_
Addendurm h‘-h.iu- 115 mﬂuﬂ.?m_

Diedendumn h = 1'15""....
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Description Pinion Gear
Tooth height h=h+he2im,
Tip circle diameber d,=d *ih eosd d,=d,+2h cos &,
Blarik cane srnghe i md 5 -4
Root cone angle 8- &, o
Back cone angle B,=8 &, =9
Tip cone angle g, = &, -8
Inner cone angle 5 = 00" 44, 8- 90+ §
Crown height C.aA coal -hsnd C,wA cos 6= b sing
Toath widsh in 8, =b o8 § b,=b cos §
axial direction

Calculation of Kurvex Gearing

The procedure involved in the calculation of a Kurvex geaningsystem isexplainedandillustrated
in Example 6.1,

Example6.2: Given: L=90",a=20"8 =35"m_ _=4mm, 2 =202 =26, A, =500rpmDire-
ction of rotation :anli--;:lu-;.'.rwiﬁr:]. Mominal motor power, P, = 2.4 kW,
Hand of spiral :pinion-RH, gear-LH, Continuous drive and overhung
bearings.

T find the dimensions of gears, the relevant forces and suitable materials.

Solution:
.
B = £ = L3, n, = e . 385 rpm (Direction of rotation: clockwise)
20 u 1.3
4 20 P
tan §, = L = = = 0.76923 whenceti, = 37'34" 7
z, 16
ond 6, = Y- 0, = 90" =37" ' 7" = 52' 25" 53"
4 p{]]
R, = ot = - - = 80.09 mm
2eos B sin &, Zcos 55" sind77 3477
L
b s ﬂ= " w = 26.7T m 26mm (taken)
3 3
i 6
R =R+ = =380.09+ — = 93090 mm
A I
0109 ¢ 4
m, = Bl  ————— = 5676 mm

RcosP,  S0.09 cos 35
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Fig. 6.9 Geometry of aKurvex spiral bevel gear
Based on Zahnraeder, Zipke. 11th edition, 1880, Fig. No. 181 p. 263, VEB

Fachbuchuarlag, Leipzig
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&
Crown Gear
Ang .
R,
r -"’r'.-
B o
P [
N\
z
[
M

Fig. 8.10 Pair of Kurvex spiral bevel gears in mesh
Based on Zahnrasder, Zirpke, 17th edition, 1980, Fig. No. 173 p. 277, VEB
Fachbuchveriag, Leipzig
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dy=Z,m = 20x 5676 = 113.52 mm
dy = z,m, = 26 x 5676 = 14758 mm
c=08m, = 02x 4 =(0.3mm

h, = Lifm, = L15x 4 = 460 mm
h, = k= ¢ = 460 - 080 = 380 mm

h=21m,_ = d.40) mm
5, =8,=06 =337
8 = 8y = 4, = 52" 2% 53"
d, =d t 2.-'!-., eosd, = 11352 + 2 x 38 cos 37°34" 7% = 118,54 mm
Ay =y + 2h, cosh, = 14758+ 2 x 38 cos 52° 25" 53" = [52.21mm
b,, = beos 6, = 26 cos 3T 34 T = 20.61 mm

by = beas 6, = 2Bcps 52° 25" 53" = 15.85mm
cos§ -h sind, = 9309 cox 37" 7" -3, 85in 37" 347" = 7147 mm

C, =
= ‘:. cos §,-h, gind, = 93.09 cos 52' 25’53 -3 B sin 52" 25* 53" = 53.75mm
8y = 4§, = 52° 25" 53
Byy = 4, = 3T T
dp = iy = 90

Sy =080+ =80+ 37347 = 127734 77
o = W * 8= 90" + 52" 25" 53" = 14225 53"

1|

04

0.3k

L

0.1

Jn

' i
[
t 2 3 4 5 & T 8 8 10 mm 12

. ma —=
Fig. 6.11 MNommal backlash for Kyryex spiral bevel gears

Basedon Zahnraeder, Zirpka, 11th edition, 1980, Fig. No. 162 p, 272, VEB
Fachbuchwerag, Leipzig
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For proper running of the gear pair, suitable backlash is to be calculated and indicated inthe
drawing. Referring to Se¢, 2.8, two types of backlashes are to be provided.

These are normal f , and the torsional backlash ;. From Fig. 6.11, we find the normal
backlash corresponding to m_ = 5.67610 be

_;'_n 0. 140 0. 20 mm = 0.18(taken)

The torsional backlash is given by:

= 0.18
Jo= i = = 0.23mm
cos i, cosa cos B cos 20

['o determine the maximum torque on the pinion shaft, we recall the following formula

T (Nm) = 9550 x m = G550 = 2—4 = 45.84
n,irpm) 200

The above value of torque isto be multiplied by a service factor K the values of which have been
determined by experimental measurements and experience. For electrical drive, the following
guiding values may be taken

Full load, steady: 1.25

Full load, light impact: 1.50

Full load, heavy impact: 1.75

*hemaximum torque T, = 45.84x 1.2%= 57.30Nm

As stated earlier, the selection of the factor X will depend on the service conditions and

experience. From Table 2.16(8ec. 2.22), we get the values of g whichean be taken for K for all

practical purposes. In this case, for steady impact-free full load and having unhardened gear

material, which means full volnerability to wear, the value of ¢{or K is found to be around 1.25.
Themiddle pitch circle diameter of the pinion 15 given by

d, =z Mm _20X4 _ o eemm
- cos 3, cos 35

Tangential tooth load at the maddle pitch circle is

F, = HHI:H]TI = 2000 = 57.30
O 97,66
"hetangential forces are the same. Hence
_ F,=F,=F _ _ o
Referring to Table 6.1and 6.2 ,we now calculate the axial and radial forces. Since the pinion
{driver)has B.H. spiral and rotates in anti-clockwise direction, while the driven gear has L. H.

spiral and rotates in clockwise direction, the axial forces are as follows {see Table 8.1%

= 117N

F,= -F-'—-ttan asin 6, + sinf§_ oos§)
* cos

AAT8 o 20" sin 87" 34° 7" + sin 35° cos 37" 34° T7)
cog d5°
069 W
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Fg= E?EEE {tan asin 6, —5:inﬁn|:na.5!j

1173 .
= (tan 20" sin 52" 28' 53" = sin 35" cos 52" 25' H3")
cos 35°
= — f8H

Consulting Fig. 6.5 (b), we find that the pimion tends to move away from the cone apex, while
the gear is directed towards the apex.
The radial forces are as follows (seeTable 6.2):

F, = —E— (tan gecos 6, - sin B sind )}
eos 8
1173

coa 357
= —8BN
F,

F.= —*(tanacos b, +sin §_sin §,)
cosfd,

1173

o5 35
= 969N

(tan 20" cos 37" 34" 7~ - 5in 35" sin 37" 34" 7

{tan 20" cos 52° ' §3" + sin 35" sin 52° &' §37)

Hence, we see that for shaftanple & =9

and
= F = 99N

-8EN

I
=
Il

1.0

2.8
21
2T —t
2 hY
25 { -
24 -
23

i
R e
et WL I

] -

. WEE =1

&0 [i’] 840 100 e 120 130
19 2 N 50 m_ 0

il
Fig.6.12 Tooth form factor g, forKurvex spiral bevel gears
Based on Zahnragder, Zrpke, 11th edition, 1880, Fig- No. 184 p. 280, VEB Fachbuchverlag, Leipzig
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Virtual number of teeth are found from the following expressions

20
Ly = F] 2 - 1 [ " i =i = 45.9
cos’fi, cos6,  eos 35 cos 3T 34T
= = 5 TG

AP | = - N . P
* " cos’f, cos8, cos 35 cos 52 25°53
For uncorrected gear drive, the form factors are obtained from Fig. 6,12 as follows

Forz =45.9.9,,=230
Forz = 77.6,g,,=2.14

0.98
0.98
0.54 .'}\,‘ ek A
0.92 \.ﬁ‘_\{\ =
e B = 40°
TS
0.88 1 - -‘%-__ --‘-'""'E:- S
| % -'-'-—--—-_____--
0.88 u=1 %
0.84 [ \K-,,
u EE- xxk\{i Hb."‘-._-‘-..“' E"" .ﬂsn
|
080 | s .
c 078 ' = —
0.76 1..\ PP |
0.74 \-Q\
£ Py
072 ]
4 i, =25
0.70 \\H;:.HEHE““-—_
5 _-'-'-—--._I ——
0.66 =
.64

12 16 20 24 28 32 36 40 44 48 52 56

— e
II

Fig.6.13 Transverse contact ratio factor §, for Kurvex spiral bevel gears
Based on Zahnraeder, Zipke, 111k edition. 1980, Fig. No. 186. p. 201, VEB Fachibuchweriag,
Leipaiy
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The overlap orthe transverse contactratio factor. g is given in Fig. 6.13foruncorrected gears.
By interpolation, we get the following values
For §_=36" 2 =20 and u = 1.3, we have
q,= .83
For overhung bearings, a bearing factor, g,, of 1.1is taken. Finally, we arrive at the bending
stresses of the pinton and gear from the following equations

F
ﬂi: - b_h qh ';Ii-qq

1
26 % 4

« 230 %« 0.83x 1.1 = 237 N/mm’

F
Oy = ?:TnL' Tua @ T

1173

ox 4

It has been emphasized before that for unhardened gears, the contact stress is usually the
deciding design criterion. We shall now calculate the surface stresses developed on the teeth of

the gears.
From Table 2.17,5ec, 2.23, we get the material coefficient for steel on steel

¥, o= 269 YN/ mm'

The pitch point coeffeicient is a function of the spiral angle. For§_ = 3
¥, = 1.51

Incase of spiral bevel gears, the tooth length factor, y, | takes care of the different magnitudes
ofload onthe ma.  -teeth during action, especially when the le ngth of contact of the meshing
tecth is minimum. ; nisfactor is calculated as follows

[} 26

m, 5.676

Corresponding tothis value and § =35", we find the value of the face contact ratio, CR . tobe
.18 from Fig. 6.14.The transverse contact ratio, CR. 15 given by

L 1 _
R = o = o3 = 1!

Finally, we get the value of v, from Fig, 6.15corresponding to the above values of CR, and CR.
Y, £ 0.9

x 204 x 083 x 1.1 = Z1N/mm’

= 4.6

The contact stress developed is given by




() — (]
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

uy

for Kurvex spiral bevel gears

Based on Zshnreeder, Zipke, 11t adition, 1960, Fig. Mo, 188, p, 282, VEB

Fachbuchveriag, Lepzig

Face contact ratio CR,,

Fig.6.14
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Fig.6.15 Tooth Length factor }-’lﬁ:lrl':umar. spiral baval gears
Based on Zahnrasder, Zaphie, 11th edition, 1880, Fig. No. IT1 p. 276 VEB
Fachouchariag, Leipzg

269 x 151x 0.92 J02173 Yig' + 1
Y26 x 97.66 13
285N / mm*

As material, we tentatively select the following
For pinion :Fe 690 {formerly: St 700
For gear :Fe 490 {formerly: 5t 50)

From Appendix E. we get the following strength values
For Fe 690: vield strength =410 N/mm?

endurance limit = 370 N/mm?
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For Fe 4% yield strength = 290 N/mm?*
endurance hmit = 255N/mm?

Using Bg. 2.00, we calulate the permissible bending stress

bel=3 .-

Opy = =185 N/mm® > g, = 23.7 N/mm’
2 2
a, e ; 2

ﬂm=—?-=—= 128 N /mm }ﬂ.g=ﬂ.lﬂ_|'mm=

2 2
For the calulation of allowable contact pressure, the material with lesser yvield strength 15 the
deciding criterion
P = Opg - C;, = 290x 1 = 290 N/mm® > p, = 285 N/mm®

Here, & is the hfe factor whose value is taken as 1 for continuous drive. From above
caloulations, we find the materials selected will serve the purpose for this gear-drive.

As stated earlier, Figs 6.8 and 6.9 show drawings for Kurvex pinion and gear. After making
the necessary calculations, values of the relevant parameters are to be entered as in the above
figures, which should alsocontain gear data tables. Besidesthese data, the shopdrawings should

also contain mounting distance (M.} in the drawings ), mounting instructions, and other usual
technical information.

6.7 Arcoid System of Spiral Bevel Gears

The Arcoid system of spiral bevel gears uses atoothingwhose lengthwise configuration isaspiral
inthe formofacirculararc and, unlike the Kurvex system, the tooth height istapered fromback
towards the apex. Itissimilartothe Gleason systemand. asmentionedinSag. 6.1 the toothings
of the two systems are generated by the same method.

The Arcoid spiral bevel gears are categorised for use in two tvpes of drives, namely:
1.Drive for automobile transmission, known as System [ with 2 € 12,and

2. Drive formachine tools and general engineeringpurposes, known as System 11, withz, = 12,
Since System ] ismore inuse commercially, this system only will be discussed in this section.

Table 67 Dimensional parameters of Arcoid System |} spiral bevel gears

et S Gear
s vt Range: i_ - 35" 1o 40°

Ususal value - = 35"
bt c=0.25m_
[— e ——
Dedendurn Ay = fom,, (1.25 - x) Ry = e (125 ¢ 1)
TTima =B e hy =h, iy
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Table 6.7 {Contd)
Dascryption Pinion Gear
Tip circle diameter d =, + 20, cos 4, d, = d,+ 2h, 08 §
Addendum angle 0, =8, B, =8,
wng, « N Mg
Dedendum angl g i - bt Ty R,
Blank wane angls 8, =i 8, = f-8,
Float cone angle - & =8 —8, By & — 8,
T come ange 4908, 3, -0 -6,
irinar cone angio = 902 N A,mB0 4l
Grown nesght €, = R, cod & - b ain §, C, = A, cos &,- h,en s,
Tooh vidm R b = bt
- MO
——— G,
e e VIR,

Fig. 516 Goomeatry of an Arcoid spiral bevel pinion

Based an Zahnraeder, 7 ke, 118 ediion, 1880, Fig. ¥o. 158 p. 264, VEB Fachbuchveriag, Leipzig
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Fig.6.17 Geometry of an Arcoid spiral bavelgear
Based an Labnracder, Zirpie, 11th ediion, 1680 Flg. No. 188 p. 264,
VER Fachbuchverlag, Leinzig
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The dimensional parameters of the gearing system conforming to Arcoid System I[ are givenin
Table 6.7. The parameters which are common 10 both this system and Kurvex system, given in
Table 6.6,are not repeated here. Only those data which differ from Kurvex toothing and are
peculiar to the Arcoid teothing are given in Table 6.7.These are to be read in conjunction with
Fig=6.16, 5.17 and 6.18,

InArcoid System]] if the transmission ratioi=1,then the gears are not comrected. Otherwise,
%— gearingis generally resorted to. The correction factor, X (equal in magnitude, but positive for

¢ pinion and negative for the gear), is a function of the transmission ratio, and is to be taken
from Fig. 6.19.The basis on which the values of the correction factor have been fixed is the
cqualization 1:11'1'Jv:nv|!:|n_|FII stresses at the tooth roots of the pinion and the gear, sothat the foem
factors, Qo = Qs =4, Fhe value of g, with respect to the sum of the virtual number of teeth, z,
and Z 05 ‘shown in Fig. 6.20. The' qtrfngl.h and other calculation procedures for the Arcoid
gearingcan be madein the samemannerasin the case of Kurvex gearing illustrated in Example
6.2. The same formulae are valid, but care should be taken so that the pmptrc]:l.u rameters,
relevant to Arcoidgearingonly, areinserted in the expressions atplaces where the datarelating

to the two systems differ. Figures 6.11and 6.15are common to both the systems. Figures 6.21
and 6.22 show the transverse contact ratio factor and the face contact ratio respectively, for
gearing conforming to the Arcoid System J1,
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Miscellaneous
Gearings

7.1 Gear Train

A gear train consists of a combination of two or more gears, mounted on rotating shafis, to
transmit torgque OF power and also to actas a speed reducer orincreaser, generally asa reducer
in common industrial applications. If a large reduction 15 envisaged, it can be attained by using
two gears only. Obviously, in that case one pear has to be enormously big, thereby creating
problems of space and other difficulties. Such a design, therefore 15 precluded. To obtain the
desired speed ratio_atrain normally consistsof several smallergears requinngeonsiderably less
space. Sucha train may include any one type of gears or acombination of different tvpes of gears,
&, spur, helical, bevel, as well as worm and worm-wheel.

Twuo types of gear trains are generally uged-—{1)the ordinary gear train [Fig.T.1(a}] in which
all gearsrotate onfixed axes relative to a single frame ofreference, and (31 ithe epicycliceear train
inwhich atleast one gear axis rotatesrelative to the frame in pddition to the gear's rotation about
its own axis. The second system, also called the planctary gear train, is treated in Sec. 7.2.

An ordinary gear train can be simple or compound. In a simple train, cach shaft carries one
gear only as shown in Fig. T.1(b}. Gear G , mounted on the shaft§ s the driver and &, drives
G, which in turn drives G,. Gear (7, is the idler which servesthe purp«us.n: of Ehﬂﬂl.,lﬂg_ﬂ!'lt dire-
I:H'un of rotation, without having any effect on the gear ratio of the train. The idler also serves
to bridge the gap between the effectivegears, thereby atfordinga chance to reduce the diameters
of those gears. In a compound train, shown in Fig. 7,1{c), some of the shafis carry two or more
gears. Here, large speed ratio can be obtained in a small and compact form. As shown in Fig.
7.1(a), the driving and the driven shafts may be arranged to be coaxial, if necessary.

In any train, the ultimate speed ratio, () 1s given by

Rotational speed of first driving gear
Rotational speed of last driven gear
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{a) GEAR TRAIN

{c) COMPOUND TRAIN
Fig. 7.1 Geartrain

I'he train value (e} is the reciprocal of I, and is given by

Preduct of number of tecth of driving gears
Product of number of teeth of driven gears

henee | = % = E"’ swhere Rgand 1) are the speed (rpm) of the first and the last gear of the
L
trainrespecl:s . Sinced =mz, the number of teeth can be replaced by the pitch diameters in
the abovepelghiog, For the train in Fig. 7.1(h), we have e =(z f-g)¥(-2z2) =2z and i =g/
: ol il =3 b
z =”l'llln" i whcrr;l,:. o and n,hy «=yire the number of teeth and speeds in rpmutgcnrﬁﬂll
dﬂ... sthe negative signindicating rotation in opposite sense. Similarly for the compound train

in Fig. 7.1(¢), we have
. (el e = =21y ZHay 5a
=y B -

Inreduction gearunits, commonly known as "gearboxes" inindustrial and commercialusage,
the selectioncriteriamainly taken into considerationare: The overall speed reduction ratio, the
maximum allowable speed reduction in any one stage, the space requirements, the values of
speed reduction from stage (0 stage which are usually in gecometrical progression, and the gear
tooth modules which must necessarily be of progressively increasing values from stage to stage
commensurate with torques asthey increase from the inputend tethe output end in areduction
umit.

7.2 Planetary Gears

An epicyelic or planetary gear train consists of one OF more rotating gears revolving around a
central gear. The basic components of such a gear train are shown in Figs 72 and 7.3. The train
usually consists of a central gear or sun gear (8), one or mope gears surrounding the sun gear
called planet gears (P), @ member with one or more arms o which the planet gears are mounted
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called arm (a), orplanetcarrieror spider.andan annulargearorringgear{Rwhichis concentric
to the sun gear.

Fig.7.2 Pictorial view of planatary
gear system

TRAIN ARM OR
FLANET GEAR, P PLANET CARRIER, A

fany
N2

ANNULAR GEAR SUN GEAR. S

OR RING GEAR, R
Fig.7.3 Components of planetary gear train
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l'he aspects which characterise a planctary gear system are its compaciness, gg.axial
arrangementof drivingand driven shafts, large speed reduction possibilities vis-avisits overall
size, possibilities of a number of combinations of driving and driven inputs and outputs, large
torque conversion possibilities, and different possibilities of orientation of drives.

A unigue feature of this type of gearing isthat it permits some of the gear axesto rotate with
respect to others. How this characteristic is incorporated in the system has been explained in
Fig. 7.4 (g-d). Consider the movements shown in Fig. 7.4 (a). Here planet P isfreely attached to
the arm A. Assuming that there is a gap between the sun gear § and the planet gear P, as A
rotates about § ,a point aonthe periphery of P owill always point downwards as shown because
P isfreely mounted on A . This is analogous to the motion of apassenger-carrying gondola in a
merry-go-round. [t can be easily seen that in this case, planet P makes no revolution about its
ownaxis. In other words, if we designate the angular speedsofthe arm asn, , of planet as n_ and
of sun as . then for one rotation of the arm,

n,= l,undnp: 0

i)

(d)
Fig. 7.4 Different aspects of planetary gear movemants
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Congider now Fig. T.4(b) where P is locked to 4 and they both rotate en bloc about 8. In this
case point g is always directed towards 8. The effectof this is that the axis of P on the plane of
thispaper makes a complete 380° rotation around the centre of the system, thatis, P makes one
rota-tion. This is analogous to the motion of the moon around the earth (locked motion).

Therefore n,= Landp, =1

Coming to Fig. T.4{e) both P and S are free Lo rotate, A 15 fised and Pdrives 5, Thisisa simple
2-gear train the reduction ratio of which is given by

of &
W, F Ped {z = Number of teeth)
i, 2, Ped of F

1.e. for each revolution of 8, planet £ makes n fn_revolutions,

Let us now consider the case represented by Fig. T 4{d). Here, sun 8 is fixed, planet P is free
to rotate onthe arm A and Arotates around 8. Inthis arrangement, for one rotation of Aaround
S, planet # can be seen to execute two rotational motions: ()it makes one revolution as its axis
makes one revolution which is shown in Fig. 7 4¢h), and (ii) it alse rolls around § with the same
effectas in Fig. T.4(eh,

Therefore, the end result for the rotation of P isthe summation of {37) and {31}, For one rotation
of the planet carrier & ,the pumber of revolutions made by the planet P = 1+“1="I":.'

Thisisthe fundamental principle on which the planetary gearing system 15 based.

A planetary gearirain comes in various combinations. In foct the number of ways in which
the gears may be arranged in this sysiem can be of an infinite variety. Planet gears may form
a compound system, 1.e, the system may have more than one gears on the same shaftand these
gearsmaybe made tomeshwith othersunorinternalgears, therebyvmakingitacomplexsystem.
By choosing a suitable combination, speed ratio of L0 : lare casily ohitained.

Inasimple planetary gear train consisting of the central sun gear_ the planet carrier and the
internal ring gear, anv one pfthe above three elements can be made 1o be the fixed member. Any
of the two remaining elements can be used as the input or the output component for power
transmission, With a single planciary geartrain, there arethus sixcombinations of speed ratios
possible. Becavse of itsflexibility forattainingvarious speed ratios and torgue conversion, ability
totransmitcomparatively high power in limited space and reduced weight, the planetary system
ismuch used in aircrafis, hoists, machine tools, avtomohile differentials, servo-mechanisms, and
automatictransmission gear boxesofears. In asystem ofplanctary geartrain, itcanhappen that
nogeariafived such asinihe case of the bevel planetary geartrain, in an automobile differential.

Calculationof Reduction Ratio

The ultimate reduction ratio in an epicyelic gear train can be found by the following methods
which are described here in detail.

Tabularion Methad

This is one of the commonly used methods of solving planctary gear problems. This method 15
convenient because one of it advantages lics inthe facithat the ensuing table gives a complete
picture of the angular motions of the different rotary components ata glance and, unlike the
algebraic method (described later)which gives only the final ratio, ooy intermodiate ratios can
alaabe casily found from the tabulation method. 10is actually a summation process in which the
gyatem i first considered to rotate en bloc, thereby having no relative motion between the




o
|+ ww. " | 0 WBOAEI0 JUEYNSIY
dr jour)d sagepol
o T b= uns ‘paxy iy Z
DO us saEli
WaEAS SEUM G saLouR
|+ L # L+ B0 03 PEMIO Siaquiaw ||y |
iy FIL) S )0 LT ung AU 0 UOgPUDT
"Lueyg

mnge) fursopjoy ag) ul pajuasaidan s1 §TYL PIUIEIGD AIE S2N[RA N|OSQE 241 1EL] 08 WasAs

Armpaued ayyjojosuodwos yoea Ag JPULLSUON[OARL IO 120 WM [EI0] 21 dnwns sou e amy,
nonEed (2Anuau) ISLANI0[I-13]UNCD JUD IR E UNsS 4 A1) "uled) ead Avupro

UT 5 WalsAS 2Y) JAPISUCY PUE WUE ay) prefaasi wae syl woy s1ead ay) yooun  CF dag

SIXE [UAPIAIPUL LA 511 noge

2U0 SIEIOI 1WA [ENPLAIPUL IED 1EY] U298 3¢ UED 1] "2AMs0d ST 00N 0rasimyao)a
ayy Furym ‘1eaf uns ay) e anuUad Ay INOGE F0U0 J0jg U2 wasAs Ajoym Ay amoy 7 day

213 Toowmme LOTIENL ARSI ALE 3 JOULED JII] A0 JEL} ST

CELA LI LLE

AGD B1 3] TLIE 211 O3

13 :En ) PUT UNE 311 Y207] FRYS 510 U0 2JEI0I 0] 230 51 JEjos 1maB uns oy qaoquy T __u,E.m.

swayshs Lejoueyd jeussju puejeusajxy g By
(=)

a3xid

‘mojag paetawnua sdags w pandde st powew agy‘ie)g g, S 01 furiagoy

oL

UO e 241 AJLep s sapdureaFormoppog oy | usog Je|nge e o payuasaad pue pappe wa) st
1| NS2E DY [ "ULE 3] BUTPIEd a1sIp ‘S2%T W0 11311 IN0QE 21E100 0] 320] JIESIE3E 2 (|2 JISE uren
IEE AITUIPIO U E S8 PAIIPISLOD STUSAS 211 12yl puE ‘wsis 2y fwsudwoo siaquawuaiagp

ufisag Jeas) jo woqpUEy &1



Miscelluneows Gearings 7.7

This tallies with the result previously obtained.
Referring to Fig. 7.5(b), a table is made as before with the following results:

Conoition of Revalution of
members Ring Sun Planet Arm

i. &ll members +1 21 +1 +1
lacked

gear given
one negative
rotation

.8 Arm fiaed, fing = [

Resutant 14+ 28
rotatian i ] Z, I + 1

Example 7.1: Given:z, = 100,2, = 60,2, = 20.
To find the speed of sun gear it the arm makes 9 rpm. The ring gear is fixed.

Solution: From the above table, we pet

1+ ki }
Speed of sun _ % 1+ w8
Speed of arm 1 w0 3
o B
[herefore speedofthe sun gear = 9 x e 24 pm
Algebraic Method
The problem can be solved simply by using the following relation
fi,=n
P - e
R,-n, )
where e = Train value relative (o the train arm,

- Product of number of teeth on driving gears in a train

Product of number of teeth on driven gears in a train

n, = Absolute angular speed in rpm of the first gear in the train
n; = Absolute angular speed in rpm of the last gear in the train
n, = Absolute angular speed in rpm of the train arm
'his method 15 known as the algebraic method and i= clarified in the following example.

Example 7.2 : Figure 7.6 gives certain basic data from which it is required 1o find the ultimate
speed ratio between the driver and the follower. The annular or the ring gear is fixed.
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AR
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Fig. 7.6 Compoundplanstary system

Solution: For calculation, the gear train is split in two sequences.
{1) Gears having teeth §0- $8-24- 144,
Let the first gear in this train make one revolution, j.e.n, =n, =/

g, = =~ 0 §-24) X

(= &0)x {—144) 3

Here, the negative sign indicates a direction of rotation opposite to that of the driver which is
assigned a positive sign. Applying Bqg. 7.1, we have

ngy=ny _0-n, I 0= ny = ik
El:ﬂn“ﬂa ]‘_nﬁm_?_l_m Therefore ny 4
{1f) CGiears having teeth 80402496,
In the second train, the last gear has 96 tecth. Therefore,n,, =n .
The train value of this system 15 given by
i
80x (24 1 my-n, T2 a
P 80x (=24} _ 1 herefore = = L2704 o l-d'-,ﬂ”:i'ln =
o (-40)x96 2 4 Ppy=Ry s
4

2
8

Therefore, the ultimate speed ratio of the whole system is given by

whenee B, =

Speed of driver  np, Ry 1

Speed of follower  ng, e S5/8
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Hence, the last gear or the follower having 96 tecth makes §/8 revolutions for one revolution
of the first gear or the driver having 80 teeth.

Several common applications of planetary gear trains will now be solved with the help of the
algebraic method using Eq. 7. 1.

I, Figure 7.7 (a).In this case sun 5 is fixed, arm A is the driver and planet Pis the follower.
Using the same notations as before, we have

e=2p = O-m -,
— &g Rp—Ry Mp=—MA,
i - L e . .
o 2pRp=2pN, =280, OF B, (Zp+2g)=ZpuM, O Eeoe
np  Eptig

Therefore. for one revolution of arm A, the follower makes

T+ F .
Ne = n,| 2= = 1x [1+ 2| = 1 + Z3revolutions
.N1 H.-"_ H.T
2. Figure 7.7 (b). Here, the train value 15 given by
- 4

o 54 . TA- whence —A = —2E

Eg -.n_u_lu.-___ :..-IH.._.. :1 h‘lh.h
—..u_u_._| __._.} = “—._-.-.__.. = E = 1 - .ﬂl.-.
.m_u .H1.

3. Figure 7.7 (¢}. In this case, we take the power flow in the reverse direction for case of
calculation, and take the sun gear as the driver. Proceeding as before, we get

¢ B . S, O-n,
-2 =2 1% Mgy

By transposing, we get the transmission ratio

For one revolution of the driver (r, =1) the follower, j.e. the sun gear, makes

F 4 .
ne = 1+ 2= revolutions

.2
4. Figure 7.7(d), In this case
ﬁumm_.unh.vuﬂlmn"r By
Zp =% 2y mg-m, Rg-n,
By simplifying, we get
Ry 2y Zg
Forp, = Lthe driver speed
& 23
H.:. o H -
Zp
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Fig. 7.7 Differentcombinations of planatary system
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5. Figure 7.7 (e). Here, the sequence is split into two gear trains as shown in the beginning
while explaining the algebraic method. We have

Train ¢, comprising: & =y = 5,

[rain &, compnsing: £ =Y —x -S:

7, 2 i
E: = :.i ¥ = l&
&y —Z5, £,
Therefore, for one revolution of the driver R, we get
= - -
WA g MeSh o B2l o —— wheneen, = —Si—
A
3::; M=y d=mn, I = Ry, EH"E#:
x
Ay =N n"—""‘Tﬂ_
g X THTA Zgptis,
=7 T gy R z
] - 4 . -
.?R.,,.EEE

By transposition, we get
2y2y T, 2g25 R,

Ry, = ——t M

Zuig 2y T 5,55 T,

Ry 4 (2p2g 2, +2, 2,2 ]

Therefore,

flg, ZpZg 2, Zyly I,

) & R A L =1k
6 Figure 77(0), ¢« x =2 = Fafy w 0-R, o Zhe
'zrzﬂl I—Fr. I—ﬂ‘t
Simplifying, we get
g L . - . .
n, = _31_;_3 =Mumber of rotation of follower {arm} for one revolution of the driver (§,)
'E-F.z'r_ Sptr

Theretfore ;:i =1- i
n, 2y 2,

1. Figure 7.7 (g}, In this case there are two drivers — the main driver 5 and the secondary
driver® . Therotational motion of both drivers are added to rotate the follower A Denoting the
number of revolutions of the secondary driver as i for one revolution of the driver 5, we have

-n
Bt o a1y
IP —3'_' :g- ﬂﬂ_ﬂl
ar —Egigt g, = Iz —Ighy,
B i z ...i"
or nﬂz.';ﬂﬁ'_zi Therefare | = L s o ¥ER
Zgtzy my Lyt Zphy

The planetary gearing system using bevel gears has many application; the most common being
the differential of cars, cone pulley drives of certain machine tools and other equipments. Some
commaon arrangements arc discussed here.
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8. Figure 7.8 (a).In this case the reduction ratio : =2,/z,.
9. Figure 7.9(a). Here, £ = cos g+2, /2, where a= Shaft angle

FOLLOWER(P)
[ s

: — DRIVER{A)

e Hr-'

5 :[ FOLLOWER(A)

(al

'|—I'-F-
L

Fig. 7.8 " Bevelplanaiary systems

['he above expression for the reduction ratio can be established in the following manner.
Referring to Fig. 7.9(b), considerAB and CD to be axes of the sun and the planet respectively,
GEF representing the arm, all referred to on the plane of the paper. We will now only consider
the revolution of €0 about its own centre Fasthe arm rotates about its centre £, Since, for the
present, we arc not considening therotation gf the planet which iscaused by its tooth engagement
with that of the sun, AB and CD have been shown separated.

Now, had AB beenintegral with the shaft GE, § g, fixed by a key or similar device, the angular
magnitude of rotation of GE would have been equal to that of AR, Hence, a rotation of AG by
anamountdg may be considered as5f (G E has been rotated by thatamount. Thisrotation causes
CDto assume the new position ') s the surface of the imaginary cone as shown in the figure.

It can be seen from Fig. 7.9(b) that due to this shifting, CD'has rotated by an amountd 8 about
it own centre F.

From peometry, the following relation can be obtained
arc AA' =AG d¢
AG=0Acos a

The arc AA' can also be taken as equal to OA d@in the infinitesimal range.
Therefore AG dp= 4 d@or OA cos adp=0Ad8 Therefore g8 = cos g
For a complete rotation of the arm, we can now write the following equation

2n

Idﬂ = popd .I":fIjl

]
By integrating, we get f=cosa|p|i =cos alx

Hence, 1m terms of rotation, when the arm makes one complete revolution {angle = 28, the
planet axis CDmakescos a ¥ 1= cos arevolution about its own centre .

If now the two gears are brought into mesh. the total number of revolutions of the planct for
one revolution of the arm is given by
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R, = cosqa+ b} (7.4

dg

FOLLOWER(P) di
DRIVIRIA) %

(a {b)
Fig. 78 Bevelplanatary with shaft angle other than 20

Itisinteresting to note that in case 1 the axes of the two gears are parallel. Hence a= 0°

Therefore Ry = cas Q" + 2. 1+ &
I:il '=II|

i PROPELLER SHAFI

FROM ENGINE
K 2
7] !
QU= 8. erT Al | lsbhricHT
AXLE | B axie
4
/
HUMPAGE FtEDI.EIE‘.:-IﬂDN GEAR UNIT DrFFEIELhE}mm
a

Fig. 710 Commaon applications of bavel planetary systems
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which tallies with the equation previously given for case ],
In case &, a=80

2s = % iﬂ = ﬁ
F Zp Zp
Equation 7.2_therefore, is ageneralised relation for any two meshing bevel gears having shafi
angle a.In cases 10and 1 1which follow,the effect of the shaft angle cancel outdueto the ultimate
co-axiality of the driver and the follower gears.
Ik Figure 7.8(h). Here, for one revolution of follower A, the number of rotations of driver 8,

15 mven by 2
nﬁ'l = 1+ i |
Ig
11. Figure 7.10. Thistypeof arrangement isknown asthe Humpagereduction gearunit which
is sometimes used 1n machine tools. For one revolution of follower 4, the number of rotations of
driver Lis given by
H, = 1 + _i/l .
2
Creometnical Method
To visualise exactly what happens when motion takes place in an epicyclic train, consider the
following geometrical treatment depicted in Fig. 7.11. The two gears, the sun and the planet,
touch mitially atthe pitch pointP. their centrebeing @, and O, The sun isfixedand thearm turns
clockwise which makes 1h{:]plum:t to roll over the pl:nph-:r_'r' of the sun to the new position with
*asthe centre, The initial and the new positions of the arm makes an angle §atcentre (3, as

shown. The new pitch pointig P after rolling ofthe planet. The initial pitch point P on the planet
now occupies a new position (). Since the rolling is without any slippage, it can be seen that

arc PP = arc QP

Therefore ne = cos 3 +

Fig.7.11 Epicyclic movement of planet gear

It can also be seen that the initial line (, P now assumes the new position O4@) as a resultof the
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rotation ofthe arm. Furthermore, the new vertical axisofthe planet gearis 8 T_Sincetheinitial
vertical axis O, P now occupics the position 2@ after rotation, it can be easily seen that the

planet gear as a whole has rotated through an angle T4 &. From geometry we have

Angle TOLQ =8+
Mow, since arc FP° = arc OF°, we have
QP x@=0P ¢
ok m:%xﬂ:%xﬂ:%xﬂ‘:ifxﬂ

where P nd FaBTE the pitch radii andz. andz, arethe numberofteeth of the sun andthe planet
respectively, and m is the module.

Zp
In other words, if the arm makes a complete revolution around the centre 0,16, =2 1, then
the planet gear makes an angle of 2x (1+2./7,), that is, {1+2./2p) revolutions. Thercfore, the

reduction ratio is given by
£=E[1+ 5!]/9 - 21[1+ ﬂ]/ﬂn =14+ 2
h: =F 3F

It should be noted here that had there been no rotation of the arm and the sun pear were free to
rotate, then the system would have been reduced 1o a simple train with =z,

Therefore angle TOJQ = E+¢=H4f§.;¢g.g[]+ﬂ}
Zp

EF'
Differential

Thedifferential is a mechanism consistingof bevel epicyclicgear system by meansof which arear

wheel of an automaobile is permitted to roll faster than the other while negotiating a curve. It is

asimplebutingenious system of planctary gearing. There are many types of complex differential

hm:c:ham' sms also. A simple, common type of differential i s depicted in Fig. 7.10¢hjand descrbed
ere.

The power to both the rear axles of an automobile comes from the engine through the gearbox
to the propeller shaft which carries a bevel pinion (usually hypoid)at its end numbered 2 inthe
figure. Pinion 2 meshes with the ring gear 3. Gear 3 is fitted to the differential case 7,0n 7. two
bevel gears 4 are freely mounted by means of ping, Bevels 4 mesh with bevels § and &, cach of
which isfitied tothe innerends of the two rear axles, the outerof which carry the two rear wheels.
The whole mechanism is encased in a housing {(not shown in the figura),

Whenthe carismovingon a straightpath, 2drives 3. Thisrotates the case T,carryingthe pins
of 4. Bevels 4 in turn rotate § and 6 by tooth engagement. Bevels 8 and 6 rotate the respective
axlesandthecaxlesrotate the wheels, It can be seenthat the components 3, 7,4, §, B, and the axles
rotate en blec, and there 15 no relative movement between them.

Now , suppose the car takes a left turn, During the same time period, the right wheel has to
coverd longercurvilinear path than theleft wheel, Obviously, the right wheel must rotate faster
thanthe left wheel to make this possible, As bevel 6tendstorotate faster, bevels4 begin to rotate
about theirindividual pins on which they are freely mounted. As may be seenfrom Fig. 7.10(b),
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the teeth of bevels dpush the teeth of the bevel & which helps it{bevel 3to rotate faster. On the
other hand, the teeth of bevel 4 try to posh the teeth of bevel 5 in the opposite sense. Thus, a
differential Emgu'lar speed ensues between the bevels 5and 6. Depending on the road friction,
bevels dmay rotate bevels % and 6 or they may simply roll or "walk” on bevels 5or &, while all
thetime the main rotational movement remains. That is, bevels fandb continue tobeing bodily
rotated by bevels 4 through tooth engagement.

The whole sequence is reversed when the cartakes a right turn.

7.3 Mon-Circolar Gears

When acontinuously variable angular velocity ratio is required throughout a single revelution,
the non-circular gears offer a simple method of attaining this condition, Often these gears are
provided withthe proper linkage systems to obiain the typeafmotion neededfor themechanism.
Inany non-circular gear svsiem, the driver rotates at a constantangular velocity and the driven
gearexecuies anon-uniformangularmotion, resultingin a variable velocity ratio ateach instant.

Although itisalways possible todesign a pair of matinggearshaving special shapestoattain
virtwally any desired mutnal veloeity and acceleration characteristics between the two gears,
anly a handful of such systems are used in practice,

Mon-circular gears are usually more expensive than cams, linkages orsimilar devices used to
abtain variable velocity ratios, but by using modern production methods, the cosihas decreased
considerably. Among the many manufacturing methods emploved, gear cutting by the tape-
controlled gear shaper is the most accurate one.

From the application point of view, these gearing system s can be categorised into two groups—
(1) cases where only an over-all change in the angular speed characteristics of the driven
component is necded, and (1) those cases where precise angular movenuents are required to
produce certain specificdnonslinear functions. Examples of the firstgroup include quick-return
drivesofmachines andintermittent mechanizsms ofcertain cquipments. Examples gfthe second
aroups include mechanical caleulators for extracting roots of numbers, raising numbers (o any
power and for treatingproblems involving trigonometrical and logarithmic functions. The pitch
curves of the non-circular gears may be closed as in the case of elliptical gears or they may
be open asin the case of logarithmic apiral gears used in coniputing devices. Unlike the closed
types, the open type gears can be rotated only for a portion of a revolution.

W shall discuss three most common types of non-circulas gear svatems in this section.

Type 1.This gearing system features two ellipses rotating about their foci. Such systems
comprising clliptical gearings have been mainly used for obtaining quick-return motion for
equipments like shapers, planers, slotters and similar machine tools in which the cutter, fixed
opn areciprocating member, moves comparatively slowly during the forward stroke and refurng
auickly during the idle stroke. Some pumps, shears and punches alse make vae of this type of
mechanism.

In Fig. 7.12 {a)the pitch curves of two identical elliptical gears which are mounted on their
i’m:i.""!I nndFian: shown in mesh. The angular velocity ratio L or @, /m, varies according to the
respective radii of the driving and the driven members at the point of contact, When the gears
are in the position shown in solid line in the figure, the angular velocity g, of the driven gear 2
is minimum. the angular velocity @ of the driven gear 1being constant all the time. At this
position, therefore, 1 is maximuoum, which means that ]/ Drm!.".qj: imatgminimum. Thisis shown
inthe accompanvingeurve at E|=92= ¥, Asthedriverrotates, its r:].dil.lﬁ.l'l atithe pointof contact
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0" 180" 380"

E1 [—

(B

()
Fig. 7.12 Mon-circulargears
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gradually increases till @ becomes 1807 where g, is maximum. Consequently, § is minimum at
this point and 1/7 is at itsmaximum. The situation is reversed during the remaining halfof the
rotation. The number of rotations made by each gear in a given time is, of course, the same.

InFig. 7.12{a) g and 4 arc the semi-major and semi-minor axes respectively, ¢is the distance
between the geometric centre and one of the foci, 1 and p) arethe distances from F andF,te
the point of contact at the position shown in the figure, r and r, arc the distances from F, and
F_toany instantaneous point of contact in question “'hl:l‘fi‘l}' the axeshave rotated by the angles
&8, and @, It can be scen from the figura that

ntp=ntn=la (7.3)
The angular velocity W, of the driving gear is constant and the instantaneous angular velocity
of the driven gear is given by
- df,
RCRRP

so that the instantaneous velocity ratio 1s given by

fit] ik F,
_—t o e 3 (7.4)

@, déjdt n
Usingpolar equation of the ellipse, we can write
all-¢) b (7.5)
Ll+ecos 4, all+cos 5‘|~|,||1--{Er."::}l*] :
b!
and R = 7.6
P all—cos 8,4 1-(h/ aP] (78

Here, e is the numerical value of eccentricity of the ellipse and is given by

] =

Y
va =h e
g = —r—— g = i
= = (7.7)
The instantaneous velocity ratio is, therefore, given by
Y]
T, T 1+cosé y1=(b/a) a8
@, r l-cos B,91-(b/al
When g = 8, = 0, veloeit, .ripis maximum and using the above equation, we get
. l+y1-(bia)®
b = v = - (7.9

1-y1-{(b/a® w
bMimim, »wvalug of 1 is obtained when {'}; o 91 = &

1—/1-(h/a)® i -

2 =
1441-(bla) L,
Often the centre distance of the shatts F, F, is given, and the relation between a and b is to be
calculated for a particular value of{__ _ This can be found by using the relation

b - 2 -
a fmi'l‘i"m (7.11)
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'he above equation can also be written as

b o E B (712 .
el

1: * 3

The variable { as a function of @ 1s given by the relation

whicre

SO el T E[E] (1+cos 8,4 1-(bla)") - 1 (7.13)
g (32 b
This relation is represented by the curve in Fig. 7.12(a).

Type 2. Thisvarety, shown in Fig. 7.12(h), has two pitch curves of gears with axes off-set at
an angle of 90, These closed curves resemble ellipses and are called "higher order” ellipses. In
this particular case, the ellipses belong to the second orderand their contour differs slightly from
that of a basic ellipse. The gears rotate about their geometric centres and execute two complete
speed cycles per rotation as shown in the curve. At the position shown in the figure, 8, = 90" and
#,=0" . The relevant equations are

2ah
R = f@+ B = fa = h)cos 28 (7.14)

1w,  a+l+in’-Dewa2 8,

(7.158)

i w, 28
where g=al'h,
Type3. Inthisvariety, gg shown in Fig. 7.12(c), an eccentrically mounted standard spur gear
mateswithits conjugate gearwhich has a specialshape, The speed ratioversus angle characteristic

curve is also shown in the figure. The gears are off-set at 180" so that in the position shown,
8, = 180", The relevant equations are

R, = ccos @, + 4t = ¢* sin"§, (7.18)
1.5 55 R (1.17)
I1 Ii'] Rj .Ii ] R|

7.4 IntermittentGears

When rotary motion of intermittent nature is required, spur gears having special shapes are
used. Inthistype ofgearing, the driverrotates ataconstantgngulgr velocity, when isthedriven
member also rotates at a constantgngular velocity solongas it isin mesh with the drivinggear.
But when the teeth of the gears are not in mesh, the driven gear is locked against rotati .
that it becomes and remains motionless for a prespecified period of rotationy ¢ &

activated by the tooth of the driver (Fig. 7.13).
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Thedriven gearrotates so longasthe teeth of the mating driven gear are pushed by the teeth
ofthe driver. The teeth ofthepair come out of mesh afier the apecified period andthe gears enter
the toothless zone. The convex circular portion of the driver now fits spugly into the concave
circular portion of the driven gear, thereby locking the retational motion of the driven gear. [t
resumes 1ts rotation when the tooth of the driver staris to mate with the tooth of the Tollower.

A variety of intermitient rotary motions can be obtained by properly designing the gear pair.,
Thus, the driving gearorthe driven gearar both can have teeth soarranged that the interval or
rest peciod may be made to vary, dependingupon the number of teeth cach gear isprovided with
al successive intervals, For example, the driver may have one, two, three or more teeth
intercepied by amooth, convex, toothless circular portions in-between the sets of teeth. The
driven member may have other numbers of teeth, intercepted similarly by concave arcs, sothai

inasingle rotation itself variable durations of rotary motion of the follower can be attained, it
reguired.

Fig-7.13 [Intermitient gears
Based on Gear Design and Application, Chironis, 1967 editicn,
Fig. 8o 1, p 384, McGraw-Hill, New York

Intermittentgearing systems of different types are often employed incounting mechanisms,
motion picture projectors and in many indusirial appliances.

7.5 Involute Splines

Fortransmission oftorque from the shaftio the gear or vice versa, three kinds of connections are
normally resorted to
1. Connection through a shrink-fit. This is discussed in Sec, 8.13.

2. Connection through differentivpes of keys. Details of these kevs are givenin the relevant
Appendices at the end of this book.

3. Conncction through splines. Splinescan be straight-sided orwith involute profile. Dataon
straight-sided splines are given in Appendix R, Only involute splines will be discussed in
this section.
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Besides the ahove modes of connections, sometimes eombinations are used. Thus, the shaftor
thehubmay be driventhrough kevsorsplinesalongwith eithera shrink-fitora press-fithetween
the shaft and the hub.

Splinesaremulti-keysmadeintegral with the shafi. Whenever torquesgflargemagnitude are
to be transmitted. the splined shafts are the suited. In a splined shaft, the parallel moulti-keys
mate with the corresponding grooves or serrations machined inside the hub of the gear ar other
power-transmitting machine elements. In shafis where torque is transmitted by conventional
keva, slotsare cut into the shaft and the hub, that is, the kev-ways, inside which the kevs are
fitted. This considerably weakens the torque-transmitting components. Splinesare superiorto
keys hecause of their greater strength, ability to take impact and reversible loads, and have
bigger arca of contact. Centering of the jointed components isgdvantnrosns and the shaft can
be made to move accurately, guided along the hub length in cascof sliding fit,

Types o Fits
Three types of fits deseribed below are normally used bet Jthe hub and the splined-shaft.
1. Major diameter fit; This is the easiest it to obtain. ;. o5 controlled by varving the major
diameter of the external splines. For centering, the matingcomponentscontacta vthe major
diameter.

2. Minor diameter fit: This type of it is controlled by varving the minor diameter of the

internal splines. Centering is done by contact at the minor diameter.

3. Side bearing fit: "histype of fit is attained by varving the tooth thickness.

All the above three types have been shown in Fig. 7.14 (b), The type of fitor centering to be
adopted will depend upon the amount ofaccuracy required and the load involved. Forhigh loads,
side centering isusually recommended because this type of fit permits better load distribution
between the splines. Side fit 15 not as accurate as the other two types. Hence, when accuracy is
the main design eriterion, then major or minor diameter fit is employed.

All the above types of fits can be sub-divided into two classes — sliding-fit where there is a
relative movement Between the mating parts, and press-fit where ne relative motion is
permitted.

Dimensicnsdo Splines

Bothithe straight-sided and inveluie splineshave been standardised and the dimensions can be
ebtained from relevant standardsor can be computed by using relevant formulae. For selection
of apline size, the undermentioned guidelines may be followed. Taking into account the non-
uniform distribution of load on the spline keys, we assume that the effective load carrying
capacity is around T53%. The torque is then given by

T{Nem)=0.75phL zr_ (7.18)

wherep = Allowable bearing pressure

= BiMMito 12 0008 em? for fixed joints without heat treatment. This can be increased
o 1200000 20000 MN/em®with special heat treatment
L0t 2000 M/em® for ordinacy slidingjoints
Height of spline key {em)
Length of apline key (em)
Numberofkeys

F, = Middle radius = (major diameter + minor diametar)’d (o)

Involute splines are much superior to straight-sided ones. These aplines bave the following
advantages.

o

5 M~ =
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I. Power transminting capacity ishigher than the other types.

2. lnvolute splinescan be produced by the samemanufaciuringprocessesand machines asin
the case of ordinary gears.

A, These splines have a self-centering action under load. Even a loose-fitted assembly will
centre itself when torque is applicd.

4. Sinceinvolute splines can bemade by hob cuttersand othergencrating processes, no special
machine is required other than those with which a machine shop is generally equipped.
Consequently, the eost of production is also reduced.

Mormally, external aplines are cut by hobbing, ralling or shaping and the internal ones are
produced either by broaching or by shaping in a gear shaper. However, since it is almost the
umiversal practice o broach theinternal splines,jgjstheinternal spline whichizsheld tothebasie
dimensions and the external apline dimensions are varied to contral the fit.

The involute spline-keys are thickened from top to bottom. There is ne sudden change at the
rogtofthe keys, Endurance isgreater. failuredue to stressconcentration ismuch less, centering
is assurcd, service life is prolonged, and of course, load careving capacity is much higher.

A hub with involute spline is self-aligning under load. Sometimes crowned splines are used
toimpartflexibilityin the system and 1o takecareofmisalignnicntsuptof degrees, The pressure
angle of an involute spline is normally 30%.As per the American practice, other tooth forms
emploving different pressure angles are used [Fig. 7.14(al).

Involute splines seldom fail due to wear or bending stress. Hence, these are not important
factors in the design of spline teeth. Though splines are similarto gear tegth, the action of an
involute spline joint is different from that of a mating pair of gears. In an involote spling, there
isno rolling action. All the teeth of the two components are in mesh at once and sincethere is
nex relative motion, wear poscs no problem in design, Usually, the splined shafts fail in torsion.
Hemece, it should be checked against torsion by the uswal formulae of strength caleulations,
Splinesalso fail by fretting corrosion and by Fatigue. The teeth of splines sometimesshear off on
the piteh line. Asplined system may also fail because the internally toothed member may burst
becawse of applied torgue. Besides, high speeds may create severe centrifugal force which
aggravates the situation by being added to the bursting siresses. The shell of the internally
toothed member becomes velnerable to failure by rupture.

Referance Prafile of Tnpoldyte Spline Shaft ond Spiline Huh

The parameters of an involute spline and k8 reference profile are shown in Fig. T.04(cand d ],
Thetooth dimensions of the spline shaltand hub are determined as perthe reference profile as
well asthe hub major dianieterd, and the pumberofteethz, The correction factors lies between
= .05 t0 * 0.45. This is done keeping in mind thatthe designer may select a spline with even
numberof teeth which is normally preferred. Thisarrangementalsoenablesthe designer tokeep
the mean pressure angle in a fixed and appropriate range which is required for self centering,
precision in manufacturing and for restriction of normal pressures, However, in special cases

where other design criteria are predominant factors, the dimensions need not be as per the
relations given. These can be selected freely oS per caleulations. Obviously, in that case the
festrictions as regards the profile correction factor X are also no lenger valid. For normal
applications, the following relations hold good.

Pitchp = m

Pressure angle = 307
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Humbcrnft&et.hz:;lr{dl = 2xm - 11m)

Profile correction xm = ';":"-'fl - mZ = Llm)

Whole depth &= 1.0m

Addendum k =0.45m

Dedendum h:= (.55 m = Addendum of cutting teol

Tip clearance c=0.1m

Radius at oot ¢ = 0.2 m

Pitch circle diameter o =ms

Base circle diameter dn- =z cos d

Major diameter of hub d = Reference diameter

Minor diameter ul'huhg! =mz&2rm -ﬂ.‘?m:dJ =2m
Major diameter nr'shaft[fa =mr+2xmt 0%m =4 =0 2m
Major diameter of 5hal’:d4:mz+ 2ym=l.Im=d,=22m
Width of tooth-gap of hub ¢ = Width of tooth-thickness ef shafi g

- %u—+21m1.au a

Table 7.1 shows the values of reference diameter viz-g-vis the number of teeth and module.

7.6 Gear Couplings

Toconnectshaftendsto transmit motion or torgue, couplings are geneeally used. These machine
clements can be broadly classified into two categories — rigid and flexible types.

When compensation for the misalignment between connecting shafis is imperative because
of the prevailing operating conditions, the flexible couplings are used. They compensate for
various types of misalignment, such as, lack of coaxiality between shafis, parallel as well as
angular misalignments, and small axial movement of the shafis caused by temperature
difference. Besides, they act as dampers against shock and impact-type of loads.

Warious types of flexible couplings of widely different designs are marketed under various
trade names. Gear couplings which are a type of flexible couplings, will be discussed in this
section. These couplings are also designed in various ways, depending upon the type of service
to which they are put. Thos, there are the common ty pe, shear pin type, mill motor type, brake
drum type, floating shaft type and a number of other types as well,

Gear couplings arealso known as curved toothed gear couplings because the coupling halves
areprovided withbuilt-in external gear teeth which are curved orcrowned o compensate for the
misalignment, thus imparting flexible properties. A typical gear coupling of common designhas
been illustrated in Table 7.2 along with the relevant data. It consgists of the following essential
parts: Two coupling halves having crowned external tecth, two sleeves provided with internal
goar teeth which mate with the external teeth of the coupling halves, and intermediate picces
which actasapuard againstthe entry of extraneous materials into the interior of the coupling.
Besidesthese, acomplete coupling contains requisite number of bolts to connectthe two sleeves
which transfer the torque beiween the driving and the driven shafts, other fasteners, oil seals,
gaskets, dowel pins, and an adequate amount of lubricating oil. 1o some degigns, the interme-
diate picces are dispensed with and the ol seals are mounted directly on the sleeves. Forged
steels are normally used for mating gears. For other parts, 45 C 8 may be used.
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Table 7.1
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Values of no. of teeth 2 given in the space bounded by stepped lines are to be preferred.




Table 72 Curved ioothed gear coupling

DIMEMSIOMNS 1M mm
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PIECE T — e
: A ; TCURVED TEETH
oo,
SEAL™] T-COUPLING HALF
w [
I
Mol Maximum Finisth Bore Flange defalls
kW Torgue KW Torue (T B Fit
Size rpm KR m g kMNm TRt i (EE K] L S E C E  PCD al bl
Hales  sirs
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Table 7.2 [(Conid )

Narmal Mamimum Finisf Bom Fiange details
kW Torgue EWY Torgue Max Mo Fil
Sizm rpm kNm mm  kNm mm Min Min: N} e | 5 E c R PcCO of  balt
Haoles  size
" 4.10 39 587 56 3560 126 160 460 421 180 380 12 &I aie 16 MIB
12 5.67 62 A21 a4 apoo 145 180 505 4 20 425 12 260 443 16 M0
13 TEd K NE 110 2660 165 200 570 G537 245 475 14 220 5 16  KNi22
14 1060 100 1667 160 2600 185 220 610 G584 270 G20 18 5 536 16 h2d
15 2200 210 20s 30 2000 245 280 TES Ta1 340 G370 22 416 706 24 Mao
16 4104 385 §1.1% Ba5 a5q 264 350 QED &30 A0 E40 o Sop 076 18 MMZ
17 6821 580 A7.31 837 &75 40 400 1070 BEQ 430 816 an 650 ggn 24 Jdf

Mogg: Numencal values given in the table for h_l.H.Irpm. torgue and max, rpm are rounded of vabues
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Angular misalignment capacity normally amounto 21"t % 2" or+3", depending upon the
design. Permissible axial movement = (0.5 1o = 2 mm, maximum paralle]l misalignment £ 1.5t
+9mm. Theabove values depend onthe sizes of the coupling and arevalid for sizes progressively
from the smallest to the largest ones, Tolerances forhub and shaftwill depend upon the sizesas
well as onthe design and type of the couplings. 1t is advisable to consult the manulacturers’
catalogues or manuals regarding the recommended tolerances and other relevant aspects.

Transicnt peak loads occur during service leading to momentary increase in torque and this
factorshould betaken intoaccount while selectingacoupling. Baryjee factaors (2F ) which provide
abasis of estimation and of allowance for combination of various driven eguipments and types
of loading are listed in Table 7.3,

Table 7.3 Sarvice _u__n_".n__.u.n“ﬂv {Prima moyer: elecine mafor or lurkina)

Load, Driven Eguipwent SF
Unifarm Cantrfugal pumps, Conveyars:unifom loading. Exclans.

Fans ard Blowers, Light duly generaloes, Unifarm loading micers 1.0
Light shack Cemrifugal pumps, Generstors, Pulsabing Grinders, Hydraudic pumps,

Kilns, Lire shafting machine ook, Oscilaling pumps. Tesdis machnery,

Wood warking machinery 16
Bl el L & ek Air compressors-mulli-cylinder, Bal and rod mills cranes slyaion

and homis punch presses, Raciprocating pumps, Shears, Ship driees,

Walding panerators 20
Heawy shack A comprassors-single cylinder, Dredgers, Dolling Rigs,

Minimg machinery, Rolling mill drivers, Rubber mixers 2.5
Exlrame shock Ore crishems, Bgsiscs Shaars, Conveyarsvibrating 3o

Selection of Size of Coupling

For proper selection afthe coupling, the following data are necessary — type of prime mover and
driven machine, rated power of prime mover, speed in rpm, and service factor (SF) as given in
Table 7.3. The following example illustrates the selection procedures.

ExampleT.2. Given: Prime mover = 20 kW electric motor, speed = 1450 epm, driven
ecquipment= centrifugal pump, type of duty = light shoek load, nominal
power required for the reduction unit = 1akW,

To select the required gear coupling.

Satution: The service factor is found to be 1.5 from Table 7.3,
Effective kWirpm = 16x 1 51450 = 0.017.From Table 7.2 we find that size 1is suitable for the
purpese and 1=, therefore, selected.

The next step is to check whether the maximum torque required during operation is within
the allowable limit specified in the table.

Effective torque (Nm) = 9550 = ;+mn"u = 158
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Sincethe values of torgue given in the table are .55k N m or 550 N m (normaljand 0.85kN
m gF B850 Nm (max.) the selected coupling is good enough to sustain the required torque.

Finally, the diameiers of the shafts to be connected are to be checked to ensure whether they
are within the maximum permissible bores specified for the coup |]H%5L‘|.l.‘l.‘!l:d. In case the shaft
endsoftheprime moverand the driven machine exceed these limits, then the coupling ofthe next
higher size is to be selected.

Crownin

As tht:g before, gear coupling teeth are provided with top crowning to compensate for the
misalignment. Besides top crowning, theteeth arealsocurved laterally sothatthe barrel shaped
teeth can take misalignment in other planes as well.

Mormally, the barrel-shaped contour of the tooth is a segment of a circular arc. An improved
version of this contour consists of an arc at the central region of the tooth which gradually
flattens off at the two ends. When angular misalignment occurs, the flattened curved area ofthe
cxternal tooth surface contacts with the straight surface of the internal tooth. This results in
lower induced surface contact stresses per unit arca, as we know from the Hertz equations that
bodies with the smallest relative curvature have the largest area of contact under load. In other
words, under a given load, bodies with the greater radii of curvature have smaller contact
siresses,

Since a gear coupling is an item which is bought separately, the function of the designer is
restricted to selectingthe proper coupling as per 1Ec guidelines given in this section or according
to the selection procedures given in the catalogues of standa rd manufacturers. Those readers
who would like to delve deeper into the design aspects of these couplings, such as computation
of the various stresses on individual components, determination of the correct amount of the
crowningand barrel radii, and other parameters, should consultspecialised books on the subject.

7.7 Pin Gearing

Pingearingis an carlyformof gearmechanism used much before the presentday gear technology
came to be recogmised. This type of gearing is still used in clock mechanisms and also in hoists,
winches, turn-tables, as well as those cases where slow speed gear drive is required in the
conveying systems.

In pin gearing, the two components of the pair are a wheel in which pins are inserted and a
toothed wheel which resembles an ordinary gear (Fig. 7.15). The toothed wheel normally drives

CEHEMATING CHUCLE

Fig.7.15 Pin gearing
Based on Zahnraeder, Zapke, 11t edition. 1'H|I'J.F'q Mo 36,
p 36, VEB Fachbuchwenag Lepzig
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the pin wheel, The pins in the pin wheel are sometimes fitted with rotatable rollers to minimise
wearduetosliding. While inaction, the pins slide forroll) over the tooth surfacesinside the tooth
Spaces.

The profile of the tooth of the toothed wheel is an epicycloid. The generating circle contains
the centres of the pins, 1.e, the circle |:|l'cliar:r--r.r[v.:r.::.|!':i shown in the ﬁg'ure, The directing circla is
thecircle of diameterd, ofthe toothed wheel. {Readermay seeSecsg 1 .6and 1.70n cvcloidal curves
for definitions of generating and directing circles. ) A point on the generating eirele, when rolled
on the directing eirele, generates the epicyeloidal curve. Conjugate action takes place between

the epicyeloid PA" and points oo the circle of diameter d. But since room has to be made to
accommodate the pinsg which take the load, the epicyeloids are shifted and tooth profiles are
drawn parallel to the epicycloidsas shown in the figure. IT the pin wheel is of infinite diameter,
analogous to a rack, then the profile of the other wheel is an involute.

Some practical values of the pin gearing system are given below.
Minimum number of teeth of the toothed wheel zmnzﬂm 2forp=0210 1 mfs

d, =z.m

h = m(l+ 0.08z)

b = 33m

d. = Pin diameter = [.67m

L = Effective average length of pin =f +m + 5mm
r =035 d, = Fillet radius

a = (15m

r

Usual backlash = 004 m

The contacting aurfaces of both the wheels sbould be adequately hardened to ensure longer life.

7.8 Movikov Gears

Though the involute fopm of gear toothing has replaced albother curves in power transmission
gearing.rescarchers inthe field are always on the look out for other shapes which may prove to
be more efficientin power drive. Oneaftheseforms iz the circular-are type of toothing developed
by Wildhaber inthe USA and Novikovin the USSR, Itis mainly dueto the research work carried
out by Novikov that this tvpe of toothing has come 1o be recognised in gear technology.

The Movikov gears have circular tooth surfaces in the transverse section. The followingthree
differentiypes of curve combinations are generally uwsed

(1Y Tooth profile of pinion: Convex
Tooth profile of gear: Concave
(if] Tooth profile of pinion: Concave
Tooth profile of gear: Convex
(ifi) Face of pinion and gear tooth: Convex
Flank of pinion and gear tooth: Concave
Ofthe above three, the first form is most commonly used.

The teeth of Novikoy gears in mesh have point contact, The height of a Movikoy gear tooth is
only about half that of the correspending involute tooth having the same module, Differem
cuttersare required for the manufacture of the toothing for the pinion and the gear.

Calculations and experiments have shown that the Movikov gearing can withstand a high
amountof load. Compared to an involute gear drive of the same output, the weight requirement
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of a Novikov system is about half The efficieney can be as high as 949 to 99.5%,.

The main demerits of the involute gearing vis-a-vis Novikov gearing are that the involute
gearing has limited load capacity due to the small radit of curvature of the working surfaces of
tecth. Resistance to wear is also poor and there is a heavy loss of power due to friction. Novikoy
gearing is practically free of these short-comings, In Novikov system, since the profile of teeth
of one member is convex and that of the other concave, the surface stresses are considerably
reduced. It can be seen from Sec, 2.23 on contact stress that the surface stress is inversely
proportional to the square root of the equivalent radius of curvature, R given by B _= R R/
(R,=R ), where R and R aretheradiiofeurvatureofthetwomating surfaces. Here, thenegative
s1gn is used because the two curves point to the same general direction of centres, asinthe case
of internal gears.If the difference R, = R, is very small, ﬁ"“ attains a very high value. As a
consegquence, the surface stresses are very much reduced.

Research carried out in different countries has yielded the following information.

L. Novikov system isbetterthan the correspondinginvolute svstem inhigh-load and medium-

lond categories of applications where the speeds are not high.

2. Novikov tooth surfaces can take and withstand around 3 to 5 times the load which the

involute gear tooth surface can take.

3, These high loads do not lead to the typical fatigue phenomena like pitting, wearing down

of surfaces and other allied fatlures.
4. Novikovgearscan be subjected to heat-treatment processes forincreasingthe load capacity
just asin the case of involute gearing, o.g, hardening, nitriding, and other processes.

5. The lubricant rctainingfrn erties of Novikov gear teeth in mesh are excellent. Mating

teeth tend to form athick oil film, thus ensuring smoother transmission of motion.

6. Theoverallefficiency in power transmission in case of the Novikov system ishigher than

in case of involute gearing.

Thercare, however, certain disadvantages too. Comparedto the involute system, the Novikov
system is noisier and also it is unduly sensitive to variations in centre distance.

Figure T.16{a}showsa Novikov gear pairinmesh. [tcanbe seenthat the convex-concave tooth
profiles conform to one another, thus enveloping the mating components. This is in contrast to
the conventional {external)involute toothingin which case tooth surfaces inmutual engagement
are both convex in form.

We have seen in Chaps land 2 that to achieve a constant velocity ratio during rotation, the
common normal to the profiles of the meshing pair of teeth at the point of contact must pass
through a fixed point on the line of centres, termed the pitch point & . Such condition produces
conjugate action. The common normal must obey this law in all positions of contact in order o
attain conjugate action. In case of involute spur gears, we know that the mating teeth make
contact along a straight line across the tooth width b . This contact line changes its position as
the gears rotate, beginning near the root of the driving pinion tooth and ending near its tip.
We have also seen that the two mating spur gears behave as if two pitch cylinders drive by
friction without slippage, ensuring transmission of motion without (apparent) loss of

wer.

In Novikov system, a pair of spur gears contact only once during a complete rotation. In
consequence, the common normal passes through the pitch point at only one position during a
complete rotation. Hence, the conjugate action is not achieved. However, if we can visualise an
infinite number of Novikov spur gears, each of infinitesimal thickness, joined together but each
one slightly out of phase, then we can see that the contact point moves across the teeth from one
side to another asthe gears rotate, In otherwords, itamountsto a pair of helical gears in mesh,

"

ol
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Fig. 716 Movikow gear
Based on Gaar Design and Applicaticn, Chironis, 1967 edition, Fig- N 2 8 §.
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cach looking like the one shown in Fig. 7.16 (b}, In such a case, conjugate action is ensured and
the pressure angle arcmains constant.

The system makes a point contact theoretically only. Actually, it 15 an elliptical arca which
travels acrossthe width ofihetecth asshownin Fig 7.8{c}.Close conformity ofthe mating teeth,
deformation of the point under load and gradual wearing reswlt in such an area.

Wehave seenin Chap. 2thatthis area of contact due to deformation by load and the surface
stresses thereofean be caleulated by the Hertz equations. We have alzo noticed thatthe ganvay.
concave combination of gear wooth curves in mesh reduees the surface stresses. This, amang
others, 15 one of the contributary Tactors of the high load capacity of Novikov gearing.







Miscellaneous Topics

8.1 Reduction Gear Units

Broadly speaking, reduction gear units are contrivanees used for providing high torgues with
comparatively low rotational speeds atthe outputend. They are normally placed in-between the
prime-movers such aselectric motors, and the machines to be driven for the work thev aremeant
for. Onboth inputand outputsidesof thereducticnunits, suitabletype ofcouplings areprovided.
These units may also be used as step-up devices, that is, as speed increasing units.

InSee, 1.1 aeneral clazification ofvarious gear drives, their usual reduction ratios, stages,
power, speed, torques and other relevant parameters have deen discussed. A reduction gear
syatem is usually encased in @ housing which is impermeable to, oil, dust and other cutside
agencies and is normally provided with an oil bath. The teem “gear box" is used to indicate such
a housing plus the internals it contains, viz., the gears, shafts, pinion shafis, scals and other
components. Thetermmay alse be used sometimes to imply the housing or the casingonly. The
housing along with other connected accessories will be discussed in Sec, 8.2 1o this section and
eleewhere inthisbook, the term “gearbox™has hoenused toindicate the comiplete reduction unit
as & whaole.

Areductiongearunitmay begf abuilt-in typeasused in machine tools or it maybean integral
partafa prime mover such as gearcd-motors, or it may be of the conventional independent unit
type which is commenly known a5 a gear box.

Depending on the orientation of the driving and the driven shafis, reduction uwnit can be
categorised into the following classes.

1. Spurand helical gear reduction units. These types have parallel shafts and may pongjstof

one or more stages of reduction (Fig. 8.1).

2. Bevelgearreduction units, The axesofthe ghaftsintheseunits are generally atrightangles
te each other (Fig. 8.2 The axes may be co-planer intersecting cach other or they may be
non-intersecting type asin the case pf gear boxes using hypoid gears, viz., cardifferentials.

3. Worm and worm-wheel reduction units. The axes in these units areat right angles and are
nen-intersecting (Fig, 8.3).

Besides the above common types, gear boxes may consist of one ormore combinations of the
aboveclasses, such asbevel spurorbevel helical gears where the input and the outputshafisare
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Fig.8.1. Spurand helicalgear reduction unit

atright angles to cach other, spurorhelical gears combined with worm drivesand otherassorted
drives. In a combination drive with worm, the worm is used asa high-speed component because
the efficiency of a worm drive is greater at high speeds. Planetary gear boxes are used where a
high reduction ratio and a compact design are the main criteria. For the same power and gear
ratios, a planctary gear box can be se designed that its weight is only half or one-third of the
weight of a conventional gear box. In co-axial gear boxes the axes of the input and the output
shafts are in one straizht line. The dIHEdREIIHEI,EEI'rt]'n!.t}'pE lies inthe Fact that provision of an
intermediate projection from the floor of the gear box casing is required to hold the bearings of
the two shafts. The arrangement 15 also prone to misalignment.

Rigid housing ina gearbox ensures correct alignmentofthe shaftbearings. Gears with small
moduleshavegreateraccuracy of driveand create lesser noise duringoperation besides reducing

the manufacturing cost. Copious lubrication must be ensured to decrease wear and increase
overall efficiency.
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Fig. 8.3 Worm and worm-wheelreduction unit

Gearad Motors

Gieared motors are such units inwhich the prime mover(electric motor)and the speed reduction
unit (gear box)y are joined together, so that they make a single compact unit. Among many
advantages, thisarrangement savesa lotof space asitdispenses with the use ofanintermediate
coupling. and also as itallows the motor shaft to protrude inside the gear box. Themotor andthe
gear box may be separate and then bolted together for compactness. O, the electrical and the
mechanical components may be enclosed in a common housing.

Dependingupon the type of mountingand the internalsused, geared motors areclassitied into
flange-mounted or foot-mounted types. Both these types are used in industries, such as roller
table drives for rolling mills, textile machines, and a host of appliances. Normally, they are
meant for small power applications. As far as internals are concerned, these motonsed speed
reducerscan be categorised accordingto the gearing system used, like the worm-gear drive, spur
or helical gear train with parallel shafts, planetary gearing or any other suitable combination
thereof. A flange.mounted geared motor is shown in Fig. 8.4,

Forquictnessofoperation, high speed-reduction ratic andfor shaftaxesatright anglests each
other, worm-tyvpe reductionunit is normally used. Thiscan be of doublereduction typeifvery low
speedsareenvisaged. Forintermediate speed reduction range, parallel shafttype speedreducers
arcused. For large speed reductions where economy andcompactnessarethe design criteria, the
planctary gearings are employed.

Selection Procadures for Standard Gear Boxes

Standard worm, spur, helical and other type of gear boxes are manufactured by firm specialised
in the field. These firms offer catalogues and other relevant technical literature giving detailed
information concerning their product range as well as the data tohelp select the right types and
sizes of gear boxes for the service conditions in question, Besides, 15: 7403 lays down selection
procedures for worm and helical gearboxes. While selecting the standard gear box, the relevant
calculations should be made as per 15: 7403, the salient points of which are discussed below,

For selecting the correct type and size of the gear box, the followingdata concerning both the
prime mover and the driven machine are essential.
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i. Type: For prime movers, €.g. electric motors, internal combustion engines
For driven machines, ¢.g, cranes, machine tools
i. Power:For prime mover — rated power
For driven machine — actual power requirements
iii. Speed
. Dperatingconditions,e.g, . ambienttemperature, dutyfactors, any special workingconditions.

REDUCTION GEAR BOX MOTOR SHAFT
MOTOR

QUTPUT SHAFT j

BEARIN
Fig. 8.4 Gearad motor

Commercial gear boxes are assigned power ratings by the manufacturers of the gear boxes.
These power values, called the “rated power™, are given in the manufacturers catalogues along

with the relevant data, One sample data sheet is shown in Table 8.1.

A gear box is classified according to its size, rated power, maximum torgue capacity,
maximum speed, reduction ratio, input and output speeds, and dimensional constraints, if any.
To facilitate systematic selection of the correct gear box cotnmensurate with the operating

conditions, the following guidelines in the form of steps are given.
1. Calculate the actual power required for driving the machine at the desired speed.

2 Determine the type of load (L, M. H or HI}which is likely te be encountered by the driven
machine during service from Table 5.2,

3. Dependingupon the prime mover, durationof service and type of load asgivenin Table 8.2,
select the service factor (3F) from Table 8.3,

4. Calculate the “equivalent power” by using the relation

Equivalent power = Actual power x Service factor

5. Selectthe nght size of the gear box from the manufacturers’ catalopues, so that the rated
power of the gear box selected is equal to orgreater than the caleulated equivalent power

for the given speed ratio of the gear box.
Besides the above criteria, other aspects listed below should be checked as well.
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Tabla 8.2 {Conid)

Miscelaneous Topics 8.3

Driven machine Type of load  Driven machine Type o load
Large=—mine, alc ] Flaner blling host M
Larpe —industral M Re-saw marmy-ga-round conveyor 1
Lighl —smallar diameber u Raoll cases H

Slab conwayor H
Feeders: Small waste comweyarhell ]
fgran M Smat waste corveyor-chain ]
Balt ] Zardng labis ]
Diiss u Tipple haisl conveyar M
Reciprocaling H Tople haoist gnyn M
Boraw 2] Transler COREYHs L]
Food indusiny: Transfer ralls kA
Beef slicer I Tray drive b
Ceral coaker u Trimmer Teed )
[raugh mixer L] Wasie conwveyar M
heat grinders M Machine panis
Ganeralors — hol welding u Berding rol M
Hammer mills H Punch press—gear diven H
Malching prass—bell driven HI
Hiosls: Plate plarsrs H
Heawy duly H Tapping machine H
Medium duty 1] Oither machine [aale and man drive X
Skip M Auifiary drives ]
Laundry washers resaning 1] Metal emils
Laundry tumblers b Cravw bench camiage and main drive (Y]
Line shadis: Pinch dryar and ghiters M
Drreing process=ing equipmenl LT Table canveyars nonneversing group drives H
Light u Wilire drawing and fatiening machine M
Crihaar line shafls L Wiire winding machine M
Reaversing HI
Lumber indusiry’
Barkars — hydraulc-mechanical Il Mills—ratary Type
Burner sanveyar 5] Bl L]
Chain =aw and drag saw H Cemenl kins [T}

Chain transler H DOryers and coclers L8]
ﬂrmawa!ll franser H Eidns —alher than cament A
Drex-baarking drum H Pebhile LE]
Edger faed ¥ Rod
GZang feed M Plan [
Green chain I Wedge bar 14
Live rofs H Tumbling barretls H
Loqg deck H
Lo hawl =—incline H Misars
Leg haul—wal type H Cancrele mikers=—oartinues A
Leg luming davice H Inletmitlent M
Main log canveyar H Caorsian dersity ]
Off bearng mls "] Vanable densily kA
Planer feed chaings M il ired sty
Planer Nocr chains ¥ Chilbars 7]
Paraffin filler press M Rubber calendars [T
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I'shle 8.3 Servico faciors

Fervice frchovs
Duratian Mature of load on gear unif trom driven machine
Prime mower of service
(haursfday) Heavy shiock
Unifform Moderate Heavy shack Helical and

shuck WO Spur
Electric mobor or steam 2 0.76 0.9 1.26 1.40

turbing 4 0.8 1.0 1.3 1.5
B 0.3 128 1.45 168
12 1.00 1.25 1.55 1.T6

4 1.25 1.5 1.78 .00
Multi-cylinder intemal 2 0.5 1.1 1.25 1.68
combustion engine 4 10 1.25 14 1.78

B 1.4 1.35 1.8 1.90

12 1.28 1.6 1.75 =00

e 1.5 1.76 200 ple

Single-cylinder infermal 2 11 135 178 1.6
combustion engine 4 125 15 185 200
& 1 35 165 1485 215
12 15 1758 208 238
24 176 20 225 280

Momentary or peak load: This means a load which acts for a duration of not more than 15
seconds. Normally, the conventional gear boxes are so designed that they can tuke momentary
loadsof twicetherated capacity, whichmeansthatthey cantake 10%ov erload. Incasethe peak
power requirements of the driven machine exceed even thisamount jthen itisto be checked that
the selected size should have such power rating that its rated power is equal to or greater than
halfthe peak power.

Brake forgue: When the prime mover is equipped with braoking arrangements, it is to be
ensured that the torgue rating of the selected gear box is greater than that of the brake.

verhung lpad: Sometimes, the output shaft of the gear box carries a sprocket, pulley ora
pinion. Thisimposes overhungload onthe shaft. The equivalent overhungload can be caleulated

by using the formula

Shaft power (kW) » Load factor
Shaft speed (rpm] x Pitch of sprocket, etc. (mm)

Overhung load (N) = 8555 x 10’ x

The lond factor is to be taken from the following table

Cwerlunmgmember Lowd factor
Sprocket 1.00
Spur pinion 1.7
Vee belt pulley 1.50

Flat belt pulley 3.00
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The overhung load thus calculated should be less than the maximum permissible overhung
load om the gear box,

Determinationof Speed

The angular speeds obtainable in a conventional gear box are normally calculated on the basis
of geometrical progression. Thismethod 15 particularly applicable in case of machine wol gear
boxes for varying spindle speeds or feed movemenis.

While designing geared transmission svstems, the problem of properly proportioninga train
of gears to attain a given velocity ratio ora given series of speeds is often encountered, [n such
cases, & uniform reduction between the different stages is conducive to a high efficiency and a
logical sequenceof events. When geometrical progression is used, successivespeedsare obiained
by multiplying each preceding term by a ratio or constant muliiplicr. This is elaborated below,

Whenthe maximum andthe minimum speedsaswell astlic number of specdsare known, then
the following Formula is applicable

£t i (8.1)

it

Using logarithim. the above eguation can be rewritten as,

1
| = — -}
gl 53 (bogn,, - logn,,)

wherepp  andp  arethe maximum and minimum speeds in epm. S is the pumber of speeds
mEr n Fe } = - . )

of the gear reduction unit. and £ is the ratio er the common factor with which any gpeed 15 10 be

multiplied in order to get the next higher speed. Example 8. lillustrates the procedure.

Example 8.1: 0 pen;
n = 1MHpm

L S rpm

To find the speeds of a double reduction unit.

Eolution: Simce it is a double reduction unit, the number of stages of reduction is 2, and the
number of speedsis 3. The number of shafits 15 3 as shown in the figure accompanying Table 8.1,
The speed of the input shafiis 1000epm, and the speed ofthe output shaft is S0rpm. Therefore.
the reduction ratio £ is JOOWS] or 20.

Using Eq. 8.1, we have

Fa .n;{ﬂ'”‘ = ¥20 = 4.472136
Sip

The derived speeds of the shafis are as follows

Jed shaftioutput): S0 rpim
2nd shaft{intermediate): 50x 4472136 = 21236068 rpm

Istshaft (input): 2236068 x 4472136 = LOOGrpm
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Thejob of a gear designer in gencral is notsomuch as o design a gearbox than to select one,
For proper selection, catalopues and manuals of standard gear box manufacturers contain
exhaustive guidelines.

As an example, one such data sheet is shown in Table 8.1 for a deuble reduction gear box.
Ultimate selection of the proper size of the gear unit ismade after copsidering various service
factors, thermal considerations, cooling syvstems, lubrication and other relevant parameters.

For numbering the size of the gear box, different manufacturers adopt different vardsticks.
Often the size indicates the centre distance between theinputand the outputshafisim mm. Still
other companies wse some other parameters or may assign the size number arbitrarily or in
numerically ascending order. In any case, once a size is sclected, the gear box housing becomes
fixed in dimensional parameters. Different nominal power ratings fora particular gear box are
obtainedby varvingtheinputand theoutputspeeds, keeping the transmission ratio asconstant.
Thiscanalsobe achievedbyvaryingthe tranamissionratiobychangingthe internal compencnts
aof the gear bex as in a change-gear system, keeping the centre distance the same.

[tcan be seenfrom Table & 1thatthe powerrating does not necessarily vary on prorata basis.
Forexample,in caseof size 2000 and transmisgion ratio L& the powerratings forspeeds 7a0and
1500rpm are 40 and TIKW respectively, and not40 and B0kW, The difference is atiributable to
various practical operatiomal factors and manufacturing constrainis.

Forthe sake ofrationalisation ofparts, and alsoto gimplifymanufacturing procedures as well
as e minimise production costs, gear box components are not always made strictly as per the
designed or caleulated values. Thus, forexample, a shaftofa particular dipmeter maybe meant
for catering to different torgues within allowable limits.

8.2 Gear Box Housingand Accessories

Gear box housings or casings are containers in which the internals, namely the gears, shafis,
pinion shafts, bearings, oi] seals, beariog covers and other components are mounted.

Theprereguisites forareasonably free, longlasting. non-jamming, vibration feee and eMcient
load transmitting gear-drive are proper mounting ond alignment of the bearings, maintenance
of the correct centre distance and provision of lubricating arrangements ensuring proper and
regular supply of lubricants, besides other factors, Closed gear box housings, if properly
designed, can achiove such objectives.

As material for gear box casings, good guality cast iron is used in most of the cases. Siecl
castingsorlightmetal castings are also popular, but they areused in special cases. Fabricated
housgings arcalso Aot upcomMmon.

Castironhouwsings have good dampingpropertics and freedom from neise. Lo apite ofthe foce
that patterns are required for such housings, it often pays to use Cl castings. even when small
numbers are required, because the initial costs for patterns are nullified jp the long run. Steel
castings, which are obviously much costlierthan Clhousings, areused only in those caseswhere
Clcasingsarenotstrong enough towithstand the operational stressesinvolved. Becauseof their
lighter weight, lightmetalhousings are usually used In automotive applications. Gearhousings
are also made of fabricated, welded steel plates and sections. Housings of this type are
recommanded fora singlepiece or for very small pumberofpieces. For very hig housings, the cost
ofpattern issaved iffabricated design isused. Thewelded construction alen affords the designer
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to reduce weight of the housing considerably. Noise damping property, however, 15 not as good
asthatofthe Clcastings. Fabricated casings are oftenprovided withribz forextrastrength. They
must be heat-treated to relieve thermal stresses.

It is relevant to mention here that, in broad terms, the approximate cost break-up fora spur
of helical gear box iz as follows:

Housing:  36%

Crears: 2%
Shafts: 21%
Bearings: oG
Cihers: [ 2%

A gear box housing in general consists of two halves — the upper half and the lower half. The
plane of separation of the two halves also normally containsthe axesofthe shaftsand bearings.
Sucharrangement facilitateseasy mountingand dismantlingofshafts andbearings. " hemating
surfaces of the two halves are properly machined and suitable gaskets are provided between
them to secure tightness againstentryotf dust and leakage of oil. Theupper and the lowercasings
arc then bolted together and are also provided with dowel pins for proper alignment. Oil seals
are fitted inside the grooves on the bearing covers through which the shafts project out. These
serve the dunl purpose of preventing the gear oil fromJeaking outand extrancouscontaminants
from entering the gear box. Felt sealingrings are alsoused for the purpose. The radial oil seals,
which areusually fitted to the gear box bearing covers, are of specificationsas per 15: 5129-1 964,
Bolt holes are bored on the bottom flange of the lower casing for securing the gear box to 1ts
support or to the civil fouhdations.

Figure 8.5 gives the dimensional parameters ofa pear box. The following guidelines may be
used for determining the main parameters of a cast iron gear box.

Fig. 8.5 Dimensionalparameters of a gear box

If the overall length of the housing is L mm, then the wall thickness of lower half will be
t=0.012L+5 mm,wall thicknessofupperhalf =08tal £, thicknessofmatingflangesofcasing
£,= 1.5¢ , and thickness of bottom flangei, = 21,.
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Gear Box Bearings

Depending on the type of design, size and operational parameters of the gear box, both anti-
friction bearings and journal bearings are used. Anti-friction bearings are mainly suitable for
gear drives with small and medium loads and speed. These bearings require little maintenance
andtheirstartingresistanceis negligible. Theyare lubricated bygreascorby gearoeil, depending
on the overall design. Deep groove ball bearings are mostly used because they can take both
radial and axial loads. Cylindrical bearings are suitablewhen only radial loads are encountered.
Forhigh radial and axial loads, self aligning spherical ball or roller bearings as well as tapered
roller bearings are generally used. Besides, suitable combinations ofthe above types of bearings
arealsoemployed. Toalleviate space problems, needle bearings are sometimesused. Calculation
ofanti-friction bearingsare generally based on a service ife of at least 15, M0operational hoyrs,
The bearings are generally secured on the housing by means of bearings covers.

Tocompensate forthe possible thermal expansion efthe shaft during service, and alsoto take
care of the assembly tolerances, one end of the shaft and mounting is usually provided with a
floating bearing to allow axial movement. Such bearings do not transmit any axial or thrust
loads. The floating bearing effect can be achieved by using separable type of cylindrical roller
bearings, by using ball bearings but at the same time providing a little gap between the leg of
the bearing cover which entersthe gear box housing and the outer ring of the bearing, and by
othermethods, the detuilsofwhichare giveninthe catalopues ofstandard bearingmanufacturers.
‘Sheother end ofthe shaftand mountingisnormally arranged to have a fixed bearing. Only fixed
bearings are used in a design when it is imperative that axial loads are to be sustained in both
directions.

Anti-friction bearings are, however, not suitable for high speeds as they create problems of
noise. lournal bearings are preferred for such cases. These bearings are generally used for big
andhighspeed geardrives, andthey are usually hy dm—n:l:.rnamma Ity lubricated with pressurised
oil. Lubrication of gear drives in y:ncral has been discussed in Ser, 8.6,

In any type of housing, the recesses or grooves in the housing halves for mounting the
bearings must be bored to a high degree of precision. Both the halves are assembled, secured by
bolts and pins and then bored in assembled condition. To prevent misalignment, it must be
strictly ensured that the opposite recesses are perfectly coaxial. For proper seating of anti-
frictionbearings, takingintoaccount the effectof stressconcentration. the bearing manufacturers
havestandardised the values of the filletradii of the stepped shafts and of the housings on which
these bearings are mounted.

BearingCovers

Thebearing covers arebolted onto the two halves of the gear box casings. They servethe purpose
ofclosingthe holes ofthe casings made for mounting the bearings, helpingtoretainthe bearings
in their proper places and also for mounting the sealingdevices. Normally, the sealing devices
areinthe form gf felt sealingrings of radial oil seals. Theyarefittedinside the groovesorrecesses

inside the bearing covers which are made forthe purpose. To facilitate preparation of manufac.
turing drawings, details of grooves and recesses are given in Table 8.4 for felt sealing rings and

in Table 8.5 for radial or rotary shaft ol seals. A general arrangement of bearing mounting
components is shown in Fig. 8.6.




B8 Handbook of Gear Dasign

Dimensions in MM

Table 84  Groowe lor fell sealing rings

—— i GRCUND AND POLISHED
L
—r 'I_ & -E i e '.::‘:
| I i !
E—_—t B . < SRR
Filt Sealing Ring Giroinve for Fgh Sealing Ring

Sealing

ring d, - e, B d, d, d, ¥

Mo
Fi & P - 30 P3| 31 3
Fi 6 25 5 a7 . 38 4
Fi 7 0 5 4z 1| 43 4
Fi & 35 5 a7 38 48 4
Fi & 1 E 52 41 63 4
Fi 10 45 B 57 46 68 4
Fi11 50 6.5 a6 51 &7 B
Fi12 . BS &5 7i ] 72 5
Fi 13 B0 &5 76 815 77 5
Fi 15 €5 8.5 a1 B6.5 az B
Fi 18 70 7.5 &8 715 aa 8
F 17 75 75 &3 8.5 a4 é
Fi 18 a0 75 =] 815 a9 8
Fi 19 B85 75 10a 865 104 é
Fi2D o0 8.5 110 az 111 7
Fi21 45 as 115 a7 118 7
Fi 22 100 10 124 102 125 8
Fimt 110 10 134 12 135 &

2 115 10 139 17 140 B
Fi 28 125 11 155 137 1E4 q
Fi 30 135 11 163 137 164 g
Fi a2 140 12 172 142 173 10
Fia4 155 12 182 152 183 10
Fiaa 160 12 192 182 153 10
Fida 170 12 202 172 203 10
Fi40 180 12 212 182 213 10




Mizscellanoous Topics 84T

Table 8.5 Groove tor radial ofl seals (kased on 5 5128-1969)

b0,
fmin}

Ip—=

GROUND
&

]
L

¥ \*L\: OIL SEAL A
dy = ds x b
® N \ 15: 5129
LI
-
(=13
a16 b = uai |
{rninj
b ¢, i
Widih of seal (0158 0.3 b= 0.3)
main min
7 138 7.3
L] 1.50 B3
] 185 8.3
10 100 0.3
12 2.10 12.3
15 2.55 153
0 1.30 0.3

¥hile: mounting, the lip of fwa oil seal should always be tmed owards the side o
ba sealed. For representation of a seal ina drawing, an arow directed towands the
side o be sealed shall be used as shown.




81l  Handbook of Gear Design

Fress fit allowances and iolerances on housing bore
(Oimensians in mm)

Tppe A Seals
Howsing bone Oufside diameter of soaf Pogsible pross i variafion
Namina bare
diameder af Maximum ifinimuwm
howsing d, High lmit Law fmit Mgty it Low fim interforence  inderferance
Up o 25 +0.03 -0.03 +0.20 +0.10 0.23 a7
25-56 +0.04 —0.103 +0.25 +0.18 0.28 012
5815 +0.03 =00 «0.30 020 0.33 LRI
125-300 0.0 =0.04 +0.38 +22 0.42 IR
200 and above +0.05 005 048 +0.92 0.53 0.27
Type B and © seafs
Housing bone Curiside dizmeder of spal  Possible press 11 varksfion
Nominal bare
diamedor of Maximum Ifinimwm
Frousing d, Highr Brmit Jow [mil High Bmir Low Kt inferference  inferforence
Up i 50 Mominal =004 12 +0.04 0.15 00
50-90 Momina -0.03 <014 .08 017 0.08
80116 +0.03 -0.03 <018 +0.08 0.1 0.06
11E-170 «0.03 -0.03 «{.20 010 0.23 ooy
170-215 .04 =0.04 +0.23 +0.13 0.27 oos
Z15-230 +0.04 -0.04 +0.25 +0. 18 0.29 011
230 and above + 0.0 = .04 + Q.30 + 020 0.34 LR

Type A—Rubber-caced seal
Type B—hetal o2 - seal
Type C—Suil up S4dls for shaft diametar fram 22 mm omeands

2.3 GearCutting Processes

For producing gears, a numbar of metheds are followed, namely, sand casting, die casting
centrifugal casting, powder metallurgical processes, punching, broaching, extrusion and similar
methods, But by gnel large steel gears carrying large loads compared to their size are cut with
form cutters or are produced by one efthe gear generation processes.

Such processes are broadly classified into three categories mentioned bebow.

Processes uging formcutters  Thismethod is normally used in amilling machine and a cutting
tool having the shape ofthe space between the teeth isutilised. Circular milling cutters having
profiles matching theshape of the tooth space are widely used forshort production schedulesand
for gears where absolute accuracy is not of prime importance. A gear milling cutter has been
shownin Fig.8.7. Foreach pitch and gear diameter ideally adifferentcutierisrequired because
gear teeth having specific pitch, base circle diamerter as well as pressure angle have a unique
tooth shape, and as such necessitate a particular cutter. In practice, however, standard cutters
areavailable and a setof® cutters is normally sufficient to cover the range from a 12-teethgear
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GEAR BOX HOUSING

FIXING BOLTS

BEARING COVER
FELT SEAL ot
DISTANCE FIECE
SHAFT
BEARING

g )
Fig. 8.6 Bearing mounting
toarack with reasonably accurate profile. A separate setof cuttersis, of sourse, required for each

module or pitch. Details about milling cutters and other types ofcutters and generatingtools are
discussed in See. 8.5.

Fig. 8.7  Milling cubber

Aform cutter may also be used inreciprocating type of machines, suchas, aplaner or a shaper.
Insuchcases. the cutteris not circular but resembles a planingor a shapingtool. Butthe process
being slow, it is of no practical use.

Processes using templates or master formers  Here the ool isguidedby a tracer arrangement.
Thetracer point moves overa template having the desired shapegfthe geartooth profile and the
tool duplicates this motion on the gear blank, and consequently the curvature of the gear tooth
is cut and produced on the blank. This method is mainly used for cutting very large gears.

Processes using generation riﬂfi{lh‘ﬁ These are by far the most frequently used methods
employed for accurate and high degree of production. The generation processes are broadly
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Eia, BB Raasr shaninn by sisan-ivne fiillar

classified intogearshapingandgearhobbing. Inalltypes ofgeneration processes, acutter makes
itsmating component; itsaction being, analogous to that of a wood serew which makes itsown
counterpartor female thread as itspirals inside the wood, Similarly, ifa hard gear is revolved
incontactwith a soft blank. the resultingrolling action would be o generate matching teeth on
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the softblank. Ifthe hard gearisin the form of a cutter, havingeuttingangles, edges, reliefs and
other features, its teeth will roll into contact with the blank and cuttecth having the curvature
required for proper meshing of the mating pair.

In gear shaping type of generation, the cutter may be in the form of a pinion a5 in the case of

a Fellows gear shaper, or in the form a rack having the same pitch asthe gear to be generated.
These methods are shown in Figs 8.8.a id 8.9,

CUTTER

[

GEAR BLANK

&

P FESSCIAEE N

AOLL CIRCLE

Fig. 8.9 Rack-type cutler

The pinion cutter simultaneously reciprocates and rolls on the face of the gear blank which is
also imparted a rollingmotion. Thus, both the cutterand the blank slowly revolve together, § g,
the same movement as in the case of two gears in mesh in conjugate motion. In a pinion type
cutter. however, the possibilities of application are limited as compared to the rack type cutter.

Inaracktype cutter,theblank isgivenarollingmovement relative to the cutter, and the tooth
is produced on the blank by the reciprocating motion of the cutter. In all the cases of gear
generation, the "cutting" and "meshing"” motions act simultancously in a synchronised manner.
In general, parts with narrow face widths are particularly suitable for generation ef gear teeth
with gear shaping methods.
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InFig.8 10 MM represents the pitch line ofthe tool which is a rack type cutter, the basic rack
being used as the generating tool. We have seen in Chap. 1that for involute-shaped teeth, the
basic rack has straight-sided faces and flanks. This fact enables the tool manufacturer to make
rack teeth to almost any degree of accuracy. For generation, the essential requirement is that
MM rolls on the putch circle of blank without slip, In Fig, 8.10 the pitch circle has been kept
stationary and MM has been shown o roll on iton either side efthe pitch point P Inthis way
it 1s casierio represent the generation principle on paper. Thus, the successive positions ofthe
rack arcindicated bya,b,¢, -... 4+ asitrolls on the pitch circle. Positions a to k representrolling

\ PITCH CIRCLE

e OF GEAR

Fig. 8.10 Generationof Gear teath
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of the pitch line onthe right hand sidegf P, while those from % to p show rolling on the left side
of P .{See also See, 8.5 and Appendix A)

Ihe hobbing process employvs a rotating cutter, called hob, which 15 in effect 1 worm having
gashed teeth to form cutting edges with appropriate relief {Fig. 8.1 1}3.The blank revolves in a
horizontal plane while the rotating hob moves downward across the face of the gear to generate
the teeth. Indexing system maintains the relative turning ratio between the pair, and change
pear combinations permit the desired number of teeth to be generated.

In any of the gear generation processes, since conjugate forms are produced on the blank by
the cutter, conjugate action is ensured which iz one of the fundamental critenia of gear drive, ns
we have seen in earlier chapters,

'-.M'-HH~

JaB

——

Fig. 811 Generating a spur gear with a hob
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The straight type of bevel gears are produced by agenerating machine which reciprocates a
cutterina maotion more of lesslike a shaper, butthe cotter doesnotresemble a pinion or'a rack".
The special geometry ofihe bevel gear necessitates the use of a special tool to cuteach side ofthe
bevel gear wooth,

A number of generation methods have been developed for spiral bevel gears. The principal
oncs among them are! the Gleason svstem, Klingelnberg Palloid system in which a conical hob
is used, and Oerlikon gears which are generated by annular cutters.

8.4 Gear Finishing Processes

After cuttingiecth onthe gears by any of the processes deseribed in See B 3, finishingoperations
agre required to improve surface finish, to correct errors left by the gear cutting machine, to

achieve a desired accuracy in tooth profile, to attain a certain prespecified precision grade, and
torectify the distortion of the teeth cavsed by heat treatment. The undesirable effecis caused by
tooth inaccuracy become particularly pronounced in case of gears running at high speeds and
transmitting large forces, because these gears then become vulnerable to additional dynamic
forcescaused by the errors in tooth profiles, The finishingprocessesare necessary toredoce these
errors as much as pessible. Several methods or combinations thereol are employed to effect
finishing processes. The most common of these processes— shaving, grinding. lapping and
burnishing — are briefly discussed below.

Shavin

Inthis El!lﬁhingpmttﬂﬁ, acutting toel inthe form of a hardened pinion orrack isused. The teeth
ofthe cutter are sercated with many smalland fine notehes or cutting edges. Thiscutter meshes
withandrotates the geartobe finished. The rotationis synchronised with alongitudina] motion,
sa that the entire face of each gear tooth comes in contact with the cutter. Boih the cuiter and
the gear are run wogether in mesh at high speed. As a prerequisite, the gear should be of
machingable hardness, usually up e HRC 38, if shaving is 1o be effectively vsed asa finishing
process, though gears may be shaved having hardnessup io HRC 47 in certain case. Generally,
shaving is @ much faster process than grinding.

Girinding

The process is usually used abier the gearshave been hardened. Finizshing by grinding invelves
similar methods as adopted in the case of the forming process or the generation principle, only
thecutterisin the form of an abrasive wheel. When the gear teeth are hardened 1o ahigh degree,
then grinding is the only process to linish gears.

When the hardaess of parts exceeds HRC 3R, it becomes very difficult to cut them by
conventional means. When they are in the range of HRC 60 in hardness, it is practically
imposgible to cut them. The hardness of a fully hardened mariensitic steel is generally around
HRC 53 te HRC 63, Hence grinding iz the only solution in such cases, Broadly speaking, of all
the different finishing processes, grinding produces the most accurate tooth profiles,
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Lupping

Imthis process the unfinislicdgear and a lapping gear are rotated in mesh in the presence of gn
abrasivecompound. Lapping is an inexpensive process for correcting slighterrors which may be
caused during hardening, Sometimes a gear is lapped after ithas been shaved asthis finizhing
process produces high degree of precision. Sometimes a pair of production gears may also be
lapped with cach other.

Burnishing

Burnishingisafinishingprocess in which the machine operates by rellingthe geartobe finished
imcontact with a master burnishing gear or gears. Pressure is applicd to the burnishing goars.
Hardened mating gears can be burnished by running them in mesh with one another. This
process is suitable for gears which have been cut but not heat treated.

8.5 Profiles of Gear Cutters and their Actions

It has been stated before in S, 8.3 that all gear cutting methods can be categorised into two
general classes: the forming method and the generation method. The cutting tool belonging to
the first category is made to have a shape which corresponds to the desired tooth space, asinthe
case of milling cutters. The profile of a typical circular type milling cutier is shown in Fig, 8,12,
The tool in the generation method is given a shape which is conjugate with the form of the tooth
tie be cut. The cutter and the gear blank roll in contact in timed relation to esach other and
simultanecusly. they are also given afeed relative to cach other e remove metal from the hlank,

Hobhing iz a generation process which is wsed for the munufacture of spur, helical of worm
gears a5 well as herringbone-gears, crossed-helical gears, single and multi-start worms,
sprocket-wheels, splines, serrations, besides some special applications, such as the hour-glass
and cone type worm and worm-wheels.

Thecutter, called the hob, is like a worm. Formaking a hob, a cylindrical blank is first turned

andthen s helical thread analogous to & worm thread iSmilled. At this stage, the hob is actually
a worm. To convert it inte a cutter, flutes are milled across the theead, so that the thread ig
interrupted at a number of places. These flutes may be either parallel 1o the hob axis oratright
angles to the course of thread. Afterwards, relicf is provided at the sides and the tops of the
individual hob tooth thus produced. the hob is hardened, ground and sharpened. The profile of
a typical hob cutter is illustrated in Fig. 8,12,

The hob cutter and the gear blank being cut can be compared o a worm and worm-wheel in
mecsh. The cutting action continues till the blank is finished. Precision gears can be gencrated
with a high degree of accuracy! and at a high rate of production by hobbing method. Another
advantage of this process lies in the fact thar the profile of the hob thread is nearly the same as
the shape of a straight rack-tooth, the difference being practically negligible. This aspecimakes
it possible to produce hobs readily and with a very high degree of accuracy, unlike curved cuttar-
tecth used in some other generation processes.

Inthe involute system, sinee a straight-sided rack can mesh with a gearhavingany number
of teeth, 8 single hob can be employed to generate gears of any number of teeth, and all of theni
will mate properly with cach other and alsowith a rack. While setting abhob on the machine, the
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GEAR MILLING CUTTER
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dia.

GEAR HOB
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Fig.8.12 Profiles of gear cutter

axisof the hob for cutting gearsis tilted accordingto the hob-threadangle g in case of spurgears.,
and in addition. also to the helix angle pin case of helical gears, taking into account the hand of
the heliv.ie @z, the sign dependingupon the hands of the hob flute and the gear-tooth helix.
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The same hob may be used for cutting spur gears as well ashelical gears of gither hand orof any
helix angle.

Four ¢lasses of hobs in general use are mentioned below,

Clazss & Precizion ground. used for finishing gears of highest accuracy.

Class B:  Commercial ground, satisfactory for finishing gencral purpose types of jobs.

Class T Accurate but unground, suitable for finishing gears of finer pitches.

Class I} Unground, used commercially for roughing cuts.

Imany class of hoba, the cutters must be properly and accorately sharpened to produce good
quality resulis.

The speeds and the amount of feed for cutting spurand helical gears are functions of many
factors. Some gencral recommendations are given bhelow,

For cast iron: 1260 30 py/min, (usual value 25 mu'men)

For steel: 120 45 /o, (esual valoe 30 meimin )

On specially designed hobbingmachines, the speed for hobbing steel with ordinary HSS hobs
can goup to L50m'min, Mon-metallic materials can be cut at still higher speeds using carbide
tipped haobs,

For asingle-cutjob, the feed per revolution ofblank is0.8 to 1. 3mm. For roughing, it can vary
from 1.5to 5 mm. In selecting the amount of feed, care should be taken in considering the safe
metal-remeoving capability of the panicular cutter. After rough cut, finishing cutsare given, the
fered being 1to 2 .85mm depending on the finish required.

For hobhing helical gears, the speeds are the same asin spurgears. However, to maintain the
same quality of finish, the feed per revolution should be reduced as the helix angle incroases.
Criher factors remaining same, the required feed for a helical gear is found by multiplying the
corresponding appropriate spur gear feed with the cozsine of the helix angle.

While gencrating gears with hobbing method, proper coolant should be wsed. The recom-
mended coolants are: sulphurised mineral oil combined with lard oil for hobbing steel, and
soluble ol in water for brass and bronze. Castiron generally does not reguire any coolant expect
malleable Cl which needs coolant.

Gear Cutter Profiles

For generating gear teeth which will conform to the parameters of the basic rack discussed in
Sec, 2.1, the reference profile of g gear cutting ool should be properly laid down. This has been
done in Table §.6. For standard tooth profiles, the euwtter profiles have beon divided into the
following four categories.

I, Reference profile of cutter with cutter addendum given by

h_=1.167m

The above cutter conforms ta the DIN basic rack asper DIN 867, Here. the dedend umof tooth
af the gear is given by h.r“ [.1&Tm .This profile does not conform te the basic rack as per 15: 2535
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Table 85 Reference profiles of gear cutting toals

m (= 5, bl h_H b1 g BV p f,~0.2m f,

i 1416 1.57 1.167 1.25 150 [l <] 1485 0.21 08 The radius ,on the i
125 582370 1.86 1.48 156 183 0.08 2 022 0.12 of the bool s made
15 47124 56 1.76 188 218 010 255 024 020 equal to r, except for
I75 Ga4o78 275 2 219 249 . .10 201 0.5 025 pirion type cufters. In
2 B 2633 514 253 280 2a2 0.11 326 28 0.30 the case of the kter
235 TORRS 183 263 281 .14 0.11 AED 027 (i ] anly the sharp edge s
25 7RS40 e} pel = ] 313 346 .12 a0d 028 0.50 slightly chamfered. H
275 BEIN 4.2z a2 344 im 012 4. ] .50 radius differing from
3 BL424R 4T 350 175 4.11 0.12 42 230 00 the values listed is
255 102102 511 im 4008 4.43 013 485 a0 0ED regquired, this shall be
A5 1065 5 50 408 438 475 013 535 31 070 specifiedat the time of
a7 117810 LE: 438 489 E08 013 563 03z [LTE the crdering

4 12 5644 .28 467 500 E.AD 0.14 ] 033 0.50

45 141372 T.a7 55 583 B4 014 BAD 0,34 =]

5 15,7040 7485 584 6.25 G.EE 016 A 0as 100
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62 och) FooUBlEORY



Table 86 [Contd)

m g, 5, Al kM A el h IV PIv 10 2m ,
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6 1BBS56 42 .00 TE) 785 (iR ] BEA a7 120
o E B B R S S - S
8 251337 1267 9.54 10040 1056 0Aav 11.20 i 160
2 I - 14.14 1050 1125 From and incl - 12.50 .43

0. 314185 1571 1167 1250 moduledrgfe = 1378 hadd 21’%
11 345575 1728 1254 1475 rericd proflesl — 1508 LB 2.:
12 378Eat 1865 14.00 15.00 and[loe Ve — 18.37 047 240
13 40807 andgz 152 16.25 used, depanding — 1766 Q.44 280
14 4539823 2100 #8.a 17.80 ani the sire of - 18495 49 280
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I h,=125m hz245m &' =225m +0.25 Ym - plsinatAg/2tan a
P ={hmIﬂ—.hrﬂl sin a= 0.25 ﬁ sin a
V. h=125m h,z245m h'=2.25m *0.6 Ym -plsina+Ag/2tana

p=l:.hm [V - .h.IJE:in a=064m sin a

Giear teeth canbe cut by form milling cutters, using a set of eight cutters, valid for eachpitch
or module. The cutter serics are tabulated below

Cumar Mo Mumber of feath of pear o be cor Caer Mo Humber of toeth of gear ta be cut
1 135-a rack - 128
F 556.134 & 17-20
a 3854 7 14-18
4 20-34 a8 1213

In gearmilling, the tooth surface shapes produced are approximate within reasonable l[imats.
Those gears. however, meet the ordinary operational requirements. In contrast to the milling
method, generation processes prnducc accurate tooth surfaces. Moreover, as stated earlier, any
generating type of cutter of a given module can be used for any number of teeth of the gears to
be manufactured.

Besides the disc-type or circular-type milling cutters discussed sofar, end-mill type of cutters
arealsoused. These are generallyused for cutting spurorhelical gearsof large modules (10 mm
and above) where it is not possible to cut the teeth by hobbing method.

In case of worm and worm-wheels, the worm threads can be made on a lathe with proper tool
and fixture. Worms are also produced by milling. Production of worms of different profiles has
been discussed in Sec. 4.2.

Forhobbing a spurorhelical gear, the diameterand the helix angle of the hob are not functions
of the gear. With a worm-wheel hob, however, the matter is different. Such a hob must be acopy
of the worm. As a result, parameters, such as the hob diameter, angle of the thread. lead of
thread, must be the same as these elements of the worm. Generally, two types of hobbing are
done to produce worm-wheel teeth — the in-feed bobbing where the hob is fed radially into the
gear blank by pradually reducing the distance between the tool and the blank, and the
tangential-feed hobbing where, keeping the centre-to-centre distance between the axes of hob
and hlank constant, the tool is fed along the axis. In other words, the tool-feeding directions of
the two methods are at right-angles to each other. The second method produces more accurate
results. Besides above, single-tooth fly-cuttinghobs are also used to produce worm-wheel tecth.
I'hese have low production, capacity.

For ordinary purposes, the hobs which are most widely used tor worm-sheels are those based
on a worm having straight-sided linear section which corresponds to the Archimedean worm,
This gives high accuracy.

For generation of straight-toothed bevel gears, two reciprocating tools or cutters are used in
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a special type ofmachine. For curved-toothed bevel gears, face-mill type cuttersareused. Sparal
bevel gears can also be generated in special machines by means of conical hobs.

Finally, in choosing the most appropriate method from the many processes available for
manufacture of gear teeth, the gear designer should bear in mind the following considerations:
The capacity of the machine to be commensurate with the size and shape of the gear, proper
material selection, the magnitude of production range, the length of time involved, the technical
competence of the machinist, and most important — the economic viability of production.

8.6 Gear Lubricationand Cooling

Lubrication of gears is required to ensure smooth operation of the drive. Hence, a thorough
knowledge of the different aspects of lubricating methods and nature of lubricants is imperative
for a gear designer. In recent years, the technology of lubrication and lubricants has become
extremely complicated and sophisticated. This section deals with the broad features of the
subject.

Lubricationand Lubricants

In any gear drive, the fundamental types of metion are rolling and shiding. These occur
simultancously, but their magnitudes are functions of the type of gears and speed of operation.
For example. in case of hypoid or worm-drives, it is the sliding component which is of greatest
relevance.

To effectively meet the detrimental effects caused by these motions in an inter-meshinggear
systam, lubrication isessentialifthe tooth surfacesaretohavea reasonablelength ofservicelife.
A quick failure by seizure of the tooth surface may be the result of the absence of a lubricating
medium. Slid* »r friction leads to the gencration of heat which may be sufficient enough to raise
the local tempt  uore to the melting point of the metal. Welding at spots may occur with the
resulting dislocation of picces of tooth surface. Inadequate lubrication may lead to gradual
wearing away of the tooth surface. With proper selection of gearmaterial and lubricant, metallic
contact can be prevented when the lubricant has sufficient film strength. The lubricating

medium should have enough viscosity to develop o suitable oil flm between the tooth surfaces
and to sustain this film under load. The main considerations, therefore, are that the lubricant
must withstand the load, and the gear material must be strong enough to resist the contact
pressures transmitted through the lubricant without succumbing to fatigue failure.
Basically, the gear lubricant is intended {0 serve the following main purposes.
1. Toreduce the wearing off of mating surfaces in general.
2. Toreduce friction and power loss.
¢ Toactas a coolant by dissipating heat.
4. opprevent pitting, welding and breakage.
&, Tocarry additives to the tooth surfaces.
6. Tocarry away undesirable contaminants in the effluents,
7. To minimise noise, vibration and shock.
8. To prevent corrosion.
Besides these some other mimmor functions gre also carried out by the lubricant.
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Proper selection of gear lubricants involves considerable knowledge and expenience, The
designer must know the basic parameters like type of gearing, operating conditions and the
desirable characteristics of the requisite lubricant. Operatingconditions involvetemperature to
which the gear setis subjected, tooth pressure due to load, service speed, exposure to contami-
nation by non-lubricating, outside agencies in the form of solids, liguids or gases. 0il companies
furnish extensive charts which incorporate these factors along with such essential data as
viscosaity, load-carmying capacity and other information 1o facilitate the selection of proper
[ubricants.

Besides causing heavy functional deterioration, faulty lubrication leads to many types of the
surface defects discussed inBec, 8.7. It is. therefore, imperative that correct lubricant must be
selected and the protecting film of lubricant maintamed wniformly and continuously on the
meshing teeth of the gears. This film may be very thin in case of boundary lubrication. In that
case it should be ensured that the lubricant has ample adhesive properties and resistance to
rupture of the film. Some wear wall still take place under boundary lubrication conditions, but
the extent of serious damage can be avoided by regularly renewing the film. Even with splash
or circulating type of lubrication, boundary lubricating conditions may sometimes appear with
possible rupture of lubricatingfilm resulting in the usual harmful consequencessuch as welding
af metals, surfacetear and galling. The development of sophisticated extreme pressure (EP)oils
has reduced these damaging effects (o a large extent as discussed later in this section.

The development of gear lubricant technology for the last 3 or 4 decades has been mainly due
to an overall advancement in the engineering field. [t is also due to the wide use of automaobiles
and automotive vehicles that the improvement of gear oils has been achieved 1o a large extent.
When hypoid gear differential drive came to be used, the service requirements demanded high
performance from the gear oils which resulted in the development of the EP oils.

Apart from o few open type gear svstems where grease is used, gears are normally lubricated
by oils. Use of straight mineral oils 15 syfficient in most of the cases of gear-drives. In certain
special cases where maximum oxidation stability 15 essential, turbine-quality oils of viscosity
grades 50to Ycentistokesat around 40°C arerequired. In general, wear reduces with increasing
viscosity of oil.

Az regards EF oils, although they were developed primarily for the lubrication of hypoidgears.,
other typesof gears are also serviced by this category of oi)s because of the many advantages they
offer. Another type of oils which operate at high pressures is the multi-purpose (MP) gear
lubricant. Many industries prefer these oils to straight mineral or EP oils, and quite a few
consumers use this type only in all gear setsin their plant units. This leads to rationalisation of
stock and simplification of inventory control due to reduction in the various grades of oils which
have (¢ be kept in stock.

In short, for normal gear-drives, straight mineral oils without additives should meet the
requirements in most of the cases. For higher duty, pear oils containing mild additives can be
used. When this is not considered sufficient, the EP oils containing high percentage of additives
are employed.

As pointed out earlier, selection of & proper lubricant will depend upon the gear parameters
and service conditions, Table 8.7 is intended to give an idea of such selection criteriawhich are
commensurate with the peculiarities of the drive. Broadly speaking, smaller the velocit, and
greater the twoth pressure and surface roughness, greater must be the viscosity of the oil.
Besides, a higher viscosity is conducive 10 a higher hydrodynamic strength.
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Table 8.7 Relation between wiscosity, velotity and tooth pressureifor sebection of lubricant]

Type of dufy
Circumifmrential
wehooity Lighr Meofum Hoawy
¥ (ms) P = A00Nicm? "p=400-1000 Micm 2 P = 1000 Miem?
[Kinewmnatic viscosity o qil in centistoke(cS1) at 50'C
Below 0.5 150 250 455
0.52 50 L=0 225
2-6 ED 50 150
12 a5 0 a0
Here p (Nfem#)=Tooth pressure = ;‘E‘;ﬂ-, and the parameters, m, ¥, andb have the usual
meanings.

Table H.Hg[.gwr:.ti guidelines in which the viscosity has been shown as a function of the velocity
anly. [t is valid for closed gear-drives with oil temperatures ranging between 45 and S0°C.
Table B& Relation between wiscosity of oil and velosity of gear

Bazed on Mashinenelemente. Miemanniyol 11, 1965 ediion, tabde no 221,
p. 122 Springer Verlag, Hiidalbarg

Velocity
¥ 0.32% 0.4 10 1.6 2.5 4.0 5.3 10 15 25
imis)
VWiscosity ncSt 175 145- 100- a3- 64- 55- a7- 5 az- 27
& = E 50 50 =00 1EE 138 114. 24 7B Ed 54

To arrive at the above relation, the following formula may be applied

Yiscosity (eSt) = 100/ o™ 1o 200 %9y in mis)

Thus, for v = 4 mfsec, the viscosity = 100/4%4 10 200/4%4 = 57 to 114c5t, which tallies with the
values given in Table 8.8,

Surfacefinish of teeth has a direct bearing onthe efficacy of maintainingthe lubricating fim.
In gencral, when loads are moderate or low and speeds are medium or high, the more accurate
the gearsare, the loweris the viscosity of the ol required. However, mlh%‘lighl}' polished tooth
surfaces and extremely low sliding velocity, it is difficult for a hydrodynamic film to be
established or maintained.

Characteristics of Lubricants and their Nature of Action

In a pair of rotating gears with lubricated teeth. a hydrodynamic wedge is formed which tends
to keep away the meshing teeth of the pair from one another by forming a thick fluid film in
between the teeth. This, however, is true only when the load s low,. With increasing load, the

tooth pressure in the contact zone increases which in turn decreases the thickness of the
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separating film. Eventually, when the lead becomes very high, the fluid film fails to prevent
metal to metal contactat raised spots, resulting indeterioration of tooth surface. Nature ofwear
depends on the speed of the system. Sofar as gear lubrication is concerned, speed canbe divided
into three zones —slow speed which extends up to around 1000 rpm. medium speed from 1000
o 8000 rpm and high speed from 8000w 30,000 rpm. These three regions are characierised by
absenceobwear, abrasivewear and scoringrespectively. With high loads, EPoilsarerecommended,
as stated earlicr.

Toserveitafuncrionssatisfacrorily, agear lubricantshould have the followingcharactieristics.

L. It should stick on the tooth surface, resisting the action of centrifugal force.

2. [t must be compatible when mixed with other lubricants or additives.

3. ltscomponent ingredients must not precipitate or settle down,

4. [tmustnotreact chemically orotherwise with gear box partsand fittings such asoil seals
or gaskens,

B, Tt mustpossess “oiliness" that is, itmusthavesuch additives soas to preventfilm rupture
as the type of lubrication changes from thick-film to boundary lubrication during course
of action.

O, 1t should be resistant o oxidation,

7. It must be amenable to demulsification.

8. Itmust have good detergent qualities, film sicengih and foam inhibition characteristics.

9, It must have satisfactory viscosity-temperature characteristicsand shear stability.

10, Itmust be reasonably priced, 1,0, available at an cconomic price.

Gearlubricants, whether oilsergreases, areblended products, Products from mineral oilsare
the main constituents, but & number of additives are used to lend the desived properties to the
lubricants. Besides oil and grease, solid powdery materials like MoSsor syntheticmaterials like
PTFE is also sometimes uged as lubricants in mechanisms where fluid lubricants are not
admigsible. In some cases, the lubricant may be 8 gas.

Methods of Application and the Respective Fields of Lubricants

Lubricants can be applied in several ways to the gears, namely: by hand, by feeding by drips;
eitherby gravity ar by circulation system by bath oraplash:by force-feed system usingoil under
pressure created by pumps; by spray orjet; and by creating a mist of il in the svstem.

Selectionofthetypeoflubrication fora gearing svstem will depend upon the nature ofitsduty,
circumferential velocity, availability of facilities, cost and other factors.

Grease lubrication is resorted to when hydrodynamic lubrication is not poessible, g @ in case
of low circum ferential welocities, The coefficient of feiction is higher compared to that in case of
il lubrication. The heat transfer throwgh lubricant is practically nil.

Splash lubrication affords simplicity ofoperation and does not need elaborateand complicated
syatem. Here the portions of the running gears dip into the oil sumpand the tecth surfaces are
thus lubricated. Sometimes spray discsare provided which scoop il from the bottom and throw
it into the desired places of the gear. The depth to which the gears are supposed to be dipped
should not exceed the value of six times the module. On the otherhand, it should not drop below
the value of one module. In any case, when splash lubrication isused, itis to be ensured that a
high oil level 15 avoided, because in that casethe gears have o dip deeper and ahigh amount of
power loss, generation of heat and a high level of noise will ensue.

Mormally, avelocity of 13-15m/%s should be the upper limitin case of splash-type lubrication.
With higher velocitics, pressurised spray-type lubrication is used. In planetary gear drive, oil is
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plso sometimes delivered atthe tooth surfaces through holes intheghaftond thence to the holes
at the roots of the teeth of the planet pinions.
As for the guantity of oil required, the following puidalines may be followed.

For splash lubrication: 4-8litres of ml fillings are needed for each kW lost
For spray-type lubrication - 1.5]itres per minute per 100 kW power output,

It has been found that athigh velocities, best results are obtained when lubrication is done
by thin oils sprayed directly on the tooth flanks. Such objective can be achieved by centralised
circulatory pressure-lubricating system. For such cases, the typical values of velocity va
viscosity are as follows

v = 12:20m/s and viscosity = 45-53 051t
U 20 m/'s and viscosity = 30-45251f

Higher the velocity, finer should be the oil-spray. The mist thus formed is sufficient o
lubricate the gear teeth in the proper manner.

In spray-type lubrication, the pressurised oil is normally provided by a gear pump, The oil
pressure in the pipe-lines is usually around 100-300kPg, The spraying is done throughout the
lengthofthe teeth like showers. Quantityefoil required for such lubrication is about 0.5litre per
minute per centimeter of tooth width.

Typesoflubricatingsystem as a function ofthe circumferential velocity aregivenin Table 8.9.

Table 8.8 Lubrication system wis-a-wis circumferential velocity

Volocity, v Type af ubrication system
imis)
Upiboe Application of greass is sufficient
B-4 Splash lubrication in cass af high rolational spesd: albarwise, grease lubricaionis snough
d-12 Splash lubricatan
Crver 12 Spray or el kibricalion

In case of worm-drive, grease lubrication should be adequate in the velocity range pg
(L8 mfs, wherep = the circumferential velocity of the worm. Splash lubrication is recommended
uptoy= 10m/s.

For oil lubrication of worm gears, the general recommendations thatcan be given are: For low
speeds anoil ofviscosityofaboutd3¢8¢; toraverageconditions of about 32¢8t and for high sliding
velocitiesgf ahowt 17¢84to be used; the reference temperature being ] ()" in each case. Straight
mineral oil is good enough for ordinary worm-drives.

For lubrication of bevel gears, the methods recommended are the splush method and
the pressure orjet method. The splash type of lubrication is suitable for gear velocities up to
10m/s. When the speed goes higher, churning of ml takes place resulting in overheating. For
velocities greater than 10mfs, pressurised jet of il directed towards the tooth surfaces should
be resorted to. The lubricants normally used for spurand helical gears are also used for normal
running of straight, gerp] or spiral bevel gears.

Heat generation and cooling: It has been mentioned betore that one of the functions of the
lubricating medium is to act as a coolant to carry away heat generated during gear operation.
Heat is developed when there is relative sliding contact and motion between any two metallic
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surfaces, including gear teeth faces and flanks. Ithasbeen found thatinspiteofthe presence of
lubricating films, surface temperatures may reach several hundred degrees Celsius even at
amall loads and sliding velocities. Gear oils help in dissipating heat generated by friction,
Genorally, eils are not the ideal coolants because of their low specific heat. Besides, effective
conling is a function ofmany factors, namely, the quantity of oil coming in contactwith the gear
surfaces, ambicnttemperature, viscosity ofoilsand the method ofapplication of oil overthe gear
teeth, As a general rule, low viscosity oils are more effective in hoat transfer,

High capacity gear units are usually provided with pressure lubrication. The pressure ol
aystem generally consistaofasump, apump. a beat exchangerand nozzles to direct oil sireams
on to the gear teeth. The heated oil which drains back to the reserveir is cooled by the heat
exchanger and is then pumped to the jets which direct it to the gears. The spray should be so
oriented that it strikes the leaving sides of the teeth for better effect.

A portien of the heat generated will be dissipated through radiation and convection, butthe
bulk of it is carried away by the coolingoil. In caseoflight duty drives, noexternal conling system
is provided for. But with ingreasing loads, improved cooling is effected by built-in fans or
impellersanthe shafis. Fins or shroudsonthe hoonsing arealso sometimes provided forensuring
better eonling efTects.

Although a gear drive is the moest efficient mechanical system as vet devised for the
1rans.miﬁ.&innnfpuwerhﬂwr:r:n shafis. the heat developed duetofrictional losgesmay sometimes
become quite considerable, specially when the gears operate at high speed or when the teoth
pressure ishigh. Oil meant for cooling should be directed towards the gear body and nottowards
the area of meshing for better resulis.

Though the temperature of the gear casing indicates the state of the gears as far as heating
igconcerned, the actual temperatureofthe gearsthemae lves is considerably higher. High-spoed
gears mostly are provided with gafficient backlash so that the teeth do not seize when they
cupand due 1o heat.

Heat digsipation will depend, among other factors, on the operating conditions and the state
of the sureounding air. The following guiding values can be given for ordinary purposes.

I still airthe rise in temperature of & gear casing can be approximately given by

0 =98 = 107 = E‘E {8.2)
where A& 15 the area of exposed surface of gear case in m? and other symbols have the usual

meanings. [n case there isanatural circulation of air around the gear casing, then

(C) = 6 x 107" x a‘iﬂ (8.3)

Teats on gearing mounted on plain bearings have shown that in still air, the rate of heat
dissipation will be around 380 Jmin'm2of exposed area. This can be increased to 1030J min
me with a Now of air ata rate of about 130 mmin,

Inall the above cases, the expression Fyu represents the total power, thatis, the total sum of
the entire power transmitted inside the gear box in guestion. Additional cooling svstem should
be provided if the rise in temperature is more than around 50°C,

Inagearbox_ the total powerlpes Py (Jfeec)istranaformed into heatenergy H (keal/he). Taking
1J =1/4187 kcal, we have.

Rate of heat production & (keal’hr)= P, = 3600 14187 = 0.86 P,
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The value of Py is usually taken 1o be around 3-5% of the useful power delivered by the gear
box. Heat dissipation is carried out through radiation, fan and lubrication, first to the gear box
walls and thenee to the atmosphere. Ribs on the walls help dissipation. Experience shows that
with a supply of unhindered current of air, an amount of heat up to 22 keal/m® h*C can be
dissipated, Thisfigure comes down tearound Tkeal/m® b Cin case of closed gearboxes withouwt
any arrangement of fan, Heart to be dissipated is proportienal to the temperature difference
betweenthe temperature of the gear box (which approximately correspond tothe oil temperature
and which should not exceed 70 C)and the outside temperature which should be around 35°C.,

B.7 Types of Gear Failures and their Causes

For preparing an efficient design, the gear designer should have a thorough knowledge of the
possible canges of gear failures and the remedial measures thereof. He must be in a position to
predict the service life of the gear set with reasonable accuracy afier assessing all the relevani
factors involved. For this, a good know ledge offailure criteria is imperative. Correct analyais of
failure should be made and in this, the designer can draw from past experience toarrive atthe
real cause of trouble. Various causes of gear failures will be discussed and evaluated in this
Recticn.

Accordingtogearexperis, there are ecighteen recognised ways in which the gear tooth surface
may fail and two ways in which tooth breakage may take place. Some of these canses of failures
have already been discussed inSeeg 2.23and 2.25. These will be briefly reviewed here along with
other causes of failures.

We have seen in ecarlier sections that the meshing action in a pair of gear teeth involves n
combination of relling and sliding motions. The line of contact continuously changes and shifis
its position during action. The line isactually a band havingacertain width under tooth pressure,
50 that the area of contact describes 1t more aptly. [t has been mentioned in Sec, 2.23 that the
entire contact area 15 subjected to continuously fluctuating stresses and thismakes the teeth
surfacesvolnerable tofatigue failures. In fact, it has been emphaszized before thatthe failure of
geartecth islargely due wfatipoecfonekind oranother. The whole gamutofthe causesoffailure
need not be discussed here, enly the common ones have been described.

Wear Wear has been defined as a surface fatigue failure phenomenon in Sec, 2,23, Surface
deterioration of this kind results in pitting which has been elaborated in the above mentioned
section along with the possible remedial measures, such as hardening of the gear teeth.

Normal wear and gbrasiveirear When metal slides against metal, aninevitable consequence
is the gradual loss of material from the surfaces of the teeth in mesh. This can be termed as
normal wear. Proper lubrication is one of the effective ways of minimising this loss, Abrasive
weartakesplace dueto surfaceinjury ¢ordamage caused by particles trappedin between the tooih
surfaces. These particles may be present in the lubricant as impurities or they may be flakes of
material detached from the tooth surfaces.

Scoring Thekindof pearfailure known asseoringhas been covered in Sec. 2.25.As pointed out
before, scoring is essentially attributable to the lubrication failure. Couwrse ridges and radial
geratch lines are formed from the tip of the teeth down to the pitch circle. Lack of adeguate
lubricant may cause metal to metalcontact, resultingin momentary welding between contacting
surfaces doue to molecular adhesion. High localised temperatures may induce plastic flow of
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metals which in turn may result in spot-welding. The contacting surfaces may tear apart when
they separate out. Extreme pressure (EP) lubricants are used (o prevent or minimise scoring as
they contain welding-inhibiting agents, such as sulphuror chlorine, Besides improper lubrica-
tion, aspects such as misalignment, interference, involute profile eeror, tooth spacing errorand
perof surface finish are also contributery factors to scoring failures. Scoring i also termed as
seuffing, galling, seizing and roping.

Toorh breakage Thiskind offailure occursdue to fatigue, and sudden overload orshock. Fatigue
breakage isthe result of a large number of repetitions of the load. This kind offailure starts with
a crack which progressively widens till a portion or a whole teoth breaks away.

Toothmay break dueto transient overload caused by momentary fluctuationsof torgue which
may considerably exceed the normally transmitied torque for which the gear set is designed.
Crwerload may also oceur due to the inherent tooth eerors which prevent the rotating masses o
attainuniform angular speed. This in turn crentes dynamic loads which add exira burden on the
toothed aystem. This aspect has beon Tully treated in See 2 22,

Corposion Thisis caused by chemical action by the wrong kinds of lubricanes or it may be due
to agencies prevailing in the surrounding atmosphere which may be of corrosive nature,

Lubrication failvres  Besides scoring, there are other failures which may be attributable to
lubrication. The desirable properties of lubricants and their proper functions have been
discussed in Spp, 3.6, The failure of the lubricants o attain the requirements expected of them
will resultin tooth failure. However, it must be éniphasised here that theee are several factors
which cause Tailure due to extraneous causes other than lubrication, but which are apparently
thought of as failures due to faulty lubrication. For example, tooth surface finish is directly
related to the possibility, or otherwise, of the failure of tooth surfaces. Better the Finish, greater
isthe loadcarryingeapacity and the ability for proper maintenance by the lubricant. Tlhere mighi
be someinherentdesign defect which could be the real cause of failure, yet this failure would be
blamed on the lubricant. Similarly, manufacturing defects may also give rise to such

misconceptlons.

Spalling This isalse o surface fatigue Failure similario pitting, The damage to tooth surface
may be extensive. Chunksoftooth break away as small or large flakes. Casechardened gearsare
more prone to spalling. Unlike pitting, the damage is not confined to the pitch line area, but may
occur at the tip area.

Interference  We have seen in Bec, 2.9 how interference and undercutting weaken the teeth
which might eventually vesult in tooth breakage. By adoptinga proper design and the right type
of manufacturing process, this tvpe of failure can be avaoided,

8.8 Gear Noise

Inmspite of the monumental research work done on the subject, gear noise { as well as measures
forits reduction jis one of the least understood areas ofgear technology. Reduction ofgear noise

15 being tackled with renewed interest these davs asitis believed that loud discordant sounds
or predominently high-pitched whine of a high speed gear-set has a particularly detrimental

physical and psychological effect on the machine operater or others who have to work for 8 long
time near such a syatem. Moreover, vibrations created by spund waves can be very disturbing

for the normal functioning of machine tools, qautomohiles and marine engine drives.
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Even if all the relevant machining instructions, telerances, and other Factors are observed
faithfully, there is ne guarantes that a noiseless gear-set will result. However, to develop a
reasonably noise-free gear aysiem, certain guidelines can be given, Hut the designer has io
depend mainly on the results of practical experience to attain such goal.

Impulse forees or pulsations in a gear drive are ¢reated due 1o various causes. lmpulse is
generated dy ring mgahing of teeth, lifollows, therefore, that noise in agear system is afunction
of the accuracy of the component gears. Depending on the quality of manufaciure, the various
grrorsand other parameters o fa gear will vary from the theoretical values, These include tooth-
form error, tooth-pitch error, radial and axial run-out. During operation, the mating teeth bend
under load. Pitch crror leads to unequal transmission of motion, The resulting angular
acceleration and deceleration generates additional dynamic forces and fluctuating torques an
the rotating masses, These dynamic forces, dalong with other factors like the mutual sliding of
meshing teeth and the behaviour of the anti-friction bearings, are the causes of the gear noisc,

The following measures may prove to be effective for the reduction of noise level.

1. Gearnoise is proportional o the sguare of the pitch-line velocity of the meshinggears, and
therefore the reduced velocitics produce less noize. Thisisoneofthe advantagesofthe planetary
gaars.

2, Dueto the change in pitch and bending of teeth, the pair ofteeth which come in mesh next
are subjecttoan impactatthe beginning ofthe contact, Theensuing noise is proportional 1o the
magnitude of the pitch ervaor. This effect ismost prenounced in case of spur gearsand increases
with the increasing speed. This can be somewhat pllevipted by providing tip relicf of teeth and
lapping the teeth tohave a crowning. Experience shgws that gpgl] modules produce less noise.
Tooth errors are mainly responsible for noise especially in case of low loads. Therefore better
guality of toothing, smoother tooth surfaces and improved alignment remove noise producing
possibilities. Grownd or scraped teeth surfaces give best resulis.

3. Longer duration of meshing pericd generally reduces noise level. Helical gears are better
than spur gears in this respect, because the engagement of tecth is gradual and more tecthare
in mesh simultancously which helps 1o cancel out the bad effects of tooth error resulting in
smootheroperation. High helix angle ensures noiselessness. Alsohigh contactratio (about2)in
case of spur gears resulis in misimam noise.

4. Gears may become more prone fo vibration due to resonance. Therefore, the natural
frequency of the system must lie away {rom the critical zone or the inclination towards
cavibration should be corrected by providing appropriateshape and vibration-damping methods.
The damping canbe effected by shrink-fitting castiron rings in the gear tooth rim, firting the rim
with lead rings, filling the cavity of the rim of big cast gears with noise-damping matcrials,
mounting an elastic bodv {orbugh) between the hub and the tooth-rim, and similar meagures.

5. Gear box housing should be so designed that the resonance effect 15 avoided by damping,
Wehs and ribs should be appropriately placed to attain this objective. During assembly it 1510
be seen whether the housing could be isolated by a vibration-damping medium such as rubber.

6. The material should be so sclected thatithas danipingproperties. In this respect cast iron
goars give better results as against sieel gears, Considering the susceptibility of gears towards
accuracy asregards production of noise, non-metallic gears give better resulis as they can stand
three to fourtimes asmuch error as steel goars and can still operate without trouble arisingout
of inaccuracy. Hanee, if gilener during service B {he main design criterion, non-metallic
materials are primarily selected for gear. They are obviously not suitable for heavy duty gears
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1. Higher viscosity and high-additive lubricants decrease the gear noise only marginally,
Reoscarch in the field of gear nodse gives the following eelation

r = ct"F (8.4

where p = Sound pressure in micro-bar (uhliy = Circum ferential velocity (mfs), Fy=Tooth load
(Wi Indicesaand barefound tobearound 0,6-1.2and 0.5-1. 1respectively. Faciore Isaconsiant
for the particular gear box. In terms of power output, the relation is

p= 0.11.P(uh) (8.5)

Intensity of sound = 55 + 2 log P (phon) (8.6

where Pis the power in KW,
Generally speaking, the noise level atthe work place should be as low as possible. [o case of

variows gear drives, certain guiding values for intensity of sound can be given which have been
measured ata distance of 500 mm and which are usually encountered in industry.,

Very well machined worm-drive 7010 75 phon,

Smallto mediom spur and helical gear drives in indwstrial gear boxes with low speed 75 1o

Biphon
Turbine gear boxes 85 to 100 phon
Bigmarine gear boxes 100to 105 phon
Rigid standards for permissible gear noise have not been made, but the American Gear

Manufacturers Association [AGKMA) has given the following provisional noedse Limiis for high
speed helical and herringhone gear-sets:

107 dBbetween 20 and 75 He, 90dB berween T3 and 1530 2 94 dB between [50and 300 He,
92 dB up to. 10,000 Hz (here dB (decibel] 15 the unit of sound level and Hz (hertz ) for the
frequency. |

8.9 Spare Part Drawing of a Gear from Sample

In the practical industrial field, an engineer working in the design office of a factory is often
confronted with the problem of making a manufacturing drawing of a gear which is used as a
sparepartinan equipmentorin a gear box drive. In such cases, the problem ofthe designer is
the reverse of the wsual ome. That is, instead of designing a gear feom the given drive-data,
arrivingatthe proper dimensions of thegear from the relevantparameters, workingeonditions,
strength and other requirements. the cngineerin this case is required to make ashop drawing
from the sample given, so that a spare part can be made accordingly to run the concernad
machine.

Often these gears are in worn-oul condition. The Jegigner has to take several suitable
decisions, namely, choice of materials, allocation of appropriate tolerances to the extent it is
possible, specificationsformachining, surface quality, heat-treatment, mounting instructions (§f
any) hardness, besides arriving atthe relevant gear tooth data and gearbody dimensions using
the measurements taken from the sample. ITthe material ispfprimeimporiance, then drillings
should betaken framihe sample and gnglysed chemicallyto ascertain the coniposition and hpat.
treatment, if possible. Otherwise. syitahle common materialg will gppypthe purpose. Hardness
can be similarly testedby suitablemcansorits yyloe ean he decided 8for considering operatianal
constrainis, seevice conditions and other 5lliod Factors,
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Ithasto be assumed in such a case thatthe actual measured values may ormay not tally with
the eriginal degigned values or with the thesretical calculations which the designer makes for
this purpose. Inthat case, slight adjustmentshere and there have (o be made by trial and error
method sothat all conditions are more orless satisfied. Besidesthe actual measurementsof the
gears, of prime importance isthe accurate measurement of the centre distance, The designer's
gear caleulations are vindicated if the gear or gears, which are made as per the spare part
drawing, run smoothly when mounted on the shafis at the actual centre distance, meshing
condition do not pese any problem and the gears have a reasonable operational life.

Though thedesignermay be asked tomakethesparepartdrawingofonegearonly, itis alwavs
conzidered advisable to make the drawing of the other gear of the pair too, so that both the
members of the gear-set are changed ifrequired. It may not be soimportant for spurgears, but
forhelical gearsitis virtually imperative forsmoothrunning of the system as the heliz angle of
thesamplegear found by crude measurement could never be the sameasthe original one. 1f both

thiehelical gears, having the new calculated value of helixangle. are changed. this problem will
notarise, The Example 8.2 illustrates the procedures which should be adopted when a pair of
mating gears are given for drawing.

Example8.2: The following data are determined by actual measurement of the two gears in a
medium tofastrunming drive:2,=18 2, =T3,d,,=102.42, d,,=380.52 centre distance (o) =231.5
(171

Tomake manufacturing drawings of the gear pair,

Sadution!  Inthiscase, since the gear has an odd number of teeth, vie 73, its outside diameter
ismeasurcdby suitable gadgetsby mountingiton amandrel andusingdial indicatorsinghe shop
orin the inspection department. This way the measurement will be accurate. The tip diameter
of the pinion ismeasured by vernier calipers.

The whole depth of tooth is measured and is found to be around Hlmm. Comparing with the
table givenin Appendix D, the corresponding module is found to be 8. It isassumed that topping
has been dene since the gears appear to have been corrected.

Mext, an impression is taken of the top land of the teeth 1o determine tentatively the helix
angleatthe tip circle (f,), For this purpose, the top lands may be first smeared with industrial
blue or a similar thing and then the gear in question is rolled on a white sheed of paper. The
resulting developed impression will leok more or less like Fig. 3.1{d). The helix angle from the
impression i8then measured with the help of a protractor. This angle, however, is not the helix
angle at the pitch circle f, To find §, we use

tanf = tan Jﬂ}e;lg, (see Chap. 3)
ﬂn=9":h}' measurement). Hence
102.42 10242
fan 9° = tan ff ¥ ———— = fan fi x .
A mzgech A% sy im« sec ff

ar

sin § x ﬂf—i]dz = tan 9 whence i = 87
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Therefore
o
ok mi, = E_K.LE..E B HE andd, = 5—-—?5!---- JhB.58
1 cos 1, cos B cos 8

Inthis connection itisto be especially noted that though the magnitude of pis same for both
the gears atthe piteh circles, the helix anglesatthe tip cireles of pinion and gcur,ﬂ.&nd Bog,are
different. Therefore data relating to any one of the two mating components should be adbered
te for calculation. In our example, we will use those of the pinion.

The transverse pressure angle oy 15 found from

fan 2" = tan , x cos §° whence o, = 2050 11°
From Table 3.3 1the working pressure angle o, &5 found thus

g 18+ 73 ecos 20711
cos 8 2 CO8 X,

.50 =
By solving, we get
Oy, = 217 20,
From Table 3.3 we get the total correction factor

2tan 207 (x,+xy)

inv 21" 20" = TEIE

-:i mw 2"]. 11!

We getthe values of the involute functions from Appendix H. By substituting these values, we
hawve

D.B2LT = 2 ST (x, * x4 + 0.01533)

18+ 73

By solving
Il +_‘|:= =l.34

The individual correction factors x| and xp can be found by using Table 3.3,

102.42=2 (231.50+ 5=, 5)= 36858

IR052 =2 (231.50% Smny H1==D0.88

By solving, we get

xy=lband ry=0.2
Therefore

Xyt xy= 0,16+ 0.220.36

Thistallies with the value of total correction a s found before. In casethe calculated valuesand
the measured values donot tally, then slighiadjustmentsaretobe made in differentvalues, e.g,
tipdiameters, helix angles. and correction factors, with aview tokeeping the centre distancethe
same soihat there 15 oo difficulty in mounting the gears.
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To check top clearance, we find first the value of topping by using the equation

-+ J68.58
ym = a, +{x,+ x,jm -g = [ 2 ] + (0.36x 5) - 213.5 = 0.03mm
The top clearance
= 2315 - [102.42 '; S5 +ﬂ.m—11.2.5]= 1L25mm

1

As perthebasic rack (I5: 2535), ¢ = 0.25m. Thereforee = 0.25 x 8 = 125 mm

The top clearance, therefore, is in conformity with the standard value.

Somemore dota are required to be given in a shop drawing for manufacturing and inspection
purposes. With the help of Sees 2.27 and 2,28, the following values are calculated.

Forblock measurement, the number of teeth to be measuredz”. and the base tangentlength
W, are found from See, 2.28.

3 for the pinion as per its data
S5(7. 380334 0014402 IR+ 2 x0.16x 0342025

38.745 mm

For the type of application in question, & quality of 7 will guffice as per Table 2.27. Zone of
tolerance selected is o for base tangent length W and S for centre distance. For inspection
purposes, the double flank roll-gear test for total composite error 8" is chosen.

From Appendix 1, the tolerance on the tip diameterd, is hi, and the permissible radial run-
out af tip cylinder is found to be equal w

00254, + 15 =0.025x 102.42+ 15="17 66um = 0,.018mm

The tolerances on W are found from Appendix K

:r
W

mon

=53 um == 0.053 mm
~ 79 ym==-0.079 mm

These values arcinthe transverse section, To getthe values inthe normal section for actual
measurement, the values given inthetableareto be multiplied by cos f as explaimedinSec, 1.28.
The final values are

=053 mm
= 0.078 mm
Appendix L gives the tolerance on the centre distance to be
+ 0.035mm

As explained in Sec, 2.27, these tolerances are to be multiplied by a factor
tan 20" _ tan 20
tan a,, tan 21° 20"

= 0.932
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The final values are
4+ (034 mm

Forthe double flank total composite errortest, the reader should refer to See, 2.27.The value
15 given by

Fr= 56+ 4.5p, = 56 + 4.5 (m+0.25/d) = 56 + 4.5 (5 + 0.25/90.88)
= B9 pm = (OB mm

As before, this value is multiphied by 0.932,ziving
F*= 0.083 mm

After calculating all the data nsdescribed above. they are to be entered in table along side the
relevant drawing as shown in Drawings 2.1 and 2.2 given in Sec, 2.30.

In Drawing 2.2,the values forz®, W, F.” and the tolerances on W have been omitted. This
has been deliberately done and is meant to be an exercise for the reader. These values as well
asthe run-out values along with other instroctions meant for the note are to be determined and
immserted in the drawing by the reader.

In selecting the quality and zone of tolerance and other relevant parameters, it is reiterated
that there is no well defined thumb rule for the selection as this is entirely dependent on the
experience and discretion of the designer and his assessment of the prevailing operational
conditions. Thishas been already pointed out in Sec, 2.28. 1f for example, backlash warrants it,
the tolerances can deviate from the standardsand the tables given. These should be considered

as broad puidelines only and not as inflexible ones.

8.10 Gear Pumps

These positive displacement pumps arequite frequently used in industrial equipments_ hydraulic
lines, and lubrication systemes. The most common ty,. . is the external gear pumps shown in
Fig. 8.13. Spur gears of equal size are normally used which operate inside a casing. One of the
gearsispositively driven by meansof akey and the othermember ofthe meshingpairisnormally
an idler gearwhich runs free onthe shaft. Various types of gears may be used, butthe spurgears
are most common. When the teeth of the rotating gears unmesh, a partial vacuum is ereated
which draws fluid into the pump. The fluid is then carried 1a the discharge side by the rotating
gear teeth as the fluid, which is confined in the space between the tooth-gap and the inside
surfaceofthe fixed casing, is forced to move continuously along the periphery till it is discharged
on thedelivery side. The fluidis forced outofthe tooth space on the pressure side.and asthe gears
rotate, the space vacated by the moving teeth is filled with the fluid again, and the process thus
continues, Gear pumps are normally provided with relicf valves.

Efficiency of a gear pump will depend on the accuracy ofcomponents, their fittings, aswell as
on the magnitude of the leakape oil. Leaking causes a loss and brings down the sfficiency. By
suitably selecting the design criteria, gear pumps can produce pressures up to 1400 /em? or
sometimes even higher, though these pumps are ordinarily limited to medium to low pressure
service only. These pumps are small in relation to their capacity and are ideally suited for
pumping light lubricating oil, though they can be designed to pump different types of fluids.
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Fig.8.13" Gear pump

These pumps are uswally self-priming up to moderate suction heads, Helical or herringbone
goarsare also used in these pumps to reduce the high-frequency pulsation which causes noise.

Thegears are closely fitted in the housing and the teeth form a sealagainstthe housing, The
material, tolerance, and other parameters for the components will vary according o design,
Mentioned below are some common practical design data.

Whole depth of tooth = 2.2 1o 2.25m Tolerance: quality and zone = §¢h
Centre distance tolerance =g 00 { generally)
Tolerance on tip circle diameter of geard, =/ Tolerance on the inside diameter

of housing = & 6

All surfacesincluding teeth should be ground. Tooth surfaces should be case-hardencd o HRC
63 £ 2, Material of gear should preferably be 17Mn 10r 95181570,

Meglecting leakage oil, the theoretical value of flow in case of pump with equal gears of 20
pressure angle, is given by

¥V o= —énbn lfdf—n:?—% rr*djfqulhppruﬁmntefnrmu]a1;-’ = G9xdxmubun]

The symbols have the usual meanings used in the gear technolegy. The unit of V will depend
onthe units used for the gear and other parameters.

£.11 Hunting Tooth System

Ithas been discussed that due to the sliding action between the tooth surfaces of mating gears
and dueto otherreasons aswell, wear on the tooth surfacestakes place. Although, theoretically
the surfaces of all the teeth in a gear should have identical properiies as regards hardness,
surface finish, magnitude of different cerors, material and metallurgical properties, tolerances
and othertooth parameters, in practice this is seldom so. [tisguite likelv that afier a reasonable
runningin time, cach tooth develops individual characteristics. Cast gear tecth may have
individual characteristics from the very beginning itself due to imperfections in castings, lack of
homogeneity inthe material, slag inclusions, blow holes, surface irrogularities such as raised
portions, cracks and uneven hardness,
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If the reduction ratio of a gear pair 15 an integral number, the numbers of teeth of the two
members comprigsing the drive have a common divisor. Consider, for example, a pair of gears
having24 and T2 teeth. The reduction ratio is 7224 or 3. Mow _ for one complete revalution of the
gear, one particular tooth of the pinion mates with 3 particular teeth of the gear. And thistakes
place for any number of revolutions the gear pair makes, Similacly, each of the otherteeth of the
pinion mates with a pamicular set of 3 teeth in the gear in cach cage. This results in uneven
distribution nf\l.rgar,-l.'.'lnr:piniﬂn tooth may be harderthan itsneighbouring toeth. When the first
tooth mates with its own setof 3 gear teeth continually, it makes the 3 gearteeth in guestion to
wearputfasterthan 3 gearteeth corresponding tothe pinton tooth with lesserhardness. Thecase
may also be reverse, that is, aharder gear tooth may make the pinion teoth vulonerable o wear
and other undesirable effects.

To control this situation properly and to help in equalising wear on all the teeth of the pinion
and gear, and also to improve accuracy of tooth-spacing, the “hunting tooth” system has been
universally adopted. In this system, which is particularly desirable in case ofteeth surfaces with
low hardness, one of the two mating gears is provided with an extra tooth than the number
exactly required for a particular ratio. Considering our previous example of a gear pair having
24 and T2 teeth, ifthe gear ismade to have 73 teeth, instead of T2, keeping the number of teeth
in the pinion unchanged, then the reduction ratio becomes 30416667, which is very near the
required value of 3.

Sincethe numbers 24 and T3do not have acommen diviser, it is ensured that any teoth of one
compoment ofthe gear pair will, intime, contact all the teeth ofthe matingconiponent asthe two
members rotate during service, and thus the continual meshing of the same pair of teeth an
regular intervals isavoided. This progressive nieshingofteeth reswlis in am even distribution of
wear because all the teeth develop more or less the same wear pattern. The teeth are then
eventually worn te a comparatively true and identical shape.

Itis desirable that the number of teeth of one member should be a prime number, but 5o long
as the numbers of teeth of the two gears have no common factors, the hunting action will take
place. For cxample, conzider the gears with 28 and [95teeth. The factors are

2x2xT=28 and JFx5x13=195

Since no common Factor is present, huntingaction is assured. Besides, ifa cutting tool operating
on the basis of meshing action like a gear 15 used Tor machining, a tool having acommon factor
betweennumberoficeth ofthetgpl and number oficethof geartobemachined should be avoided.
Thus, a shaving cutter having 91 teeth should not be used 1o machine either gearas 21 canbe
factorised as

91=13x7

Factors Tand 13 occur in numbers 28 and 195 respectively.

8.12 The 05-System of Toothing

In this system, each gear of a mating pair is pasitively corrected by an amount
rm=%*05m

That is, x = + (0.5, irrespective of the number of tooth of the gear. Hence the name of the
sysieim.
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This system is valid for all gears, having number of teeth 8 and above. The teeth have a
relatively high load carrying capacity. This svstem can be used very easily with simple
calculations by the use oftables given in NN 3985 for the purpose. The systemhas, however, its
own limitations, namely, it can be used mainly for transmission in slow speed or step down
systems, and it cannot be used ifa pre-specified centre distance has 1o be mamtained.

In08-toothing, the contact ratio is greater for number of teeth less than 12and up to 15than
in case ofteathingwithout profile correction, i e, ordinary, uncorrected gears, because due to a
high value ofx, the undercutting is avoided. By greater number of teeth, however, the contact
ratio is lower than that of the corresponding uncorrected gears.

Because the correctionfactor xisconstant, all gears with 05-toothing can be paired offif only
the module isthe same. This characteristic isadvantageousfor inventory control and sparepart
availability because gears can be had "offthe shelf” in the store or ex-stock from the market.

Recalling Eg. 235, the centre distance of a corrected gearing is given by

Zy* Zy cosn
2 CO% 0,

o = mM

The working pressure angle g, can be calculated from

, + .
inv o, = 2 tan 11+l:.t': X o o
L

Sincexy=xq=* 0.5 and o = 20°, we get

z * z, 0.93968

= 2 Cos 0X,, (&7
i +
andinva, = =4 Efm'ii 0-5) 4 fnvn = %_T@_.i‘: + 0.014904 (8.8)
1* 1+

Fromtheaboveequationsitisclearthatfora particular module the centre distance depends only

onthe sumofthenumberofteethofthe matinggears,i.e, 2+ &5, Thischaracteristicof 05-system
is important for change-gear arrangements because the centre distance remaining the same,

different trunsmission ratios are obtainable by changing the 2,2, combinations, provided that
the value of 7, +zy is kept constant.

Themodern trend inlf_{:nr design isto adopt the 05-system in asmany cases as possible forthe
advantage enumerated above. In short, this system conibines the advantages of positive
correction as discussed in Chap. 2 with the added facilities for interchangeability if required.

Relevant equations for the calculation ofthe usual parameters of a 05-gear are given below.
These can be arrived at by inserting the value ¥ = #0.5in the equations in the sections dealing
with corrected gears, taking a = 20

Tipdiameter d, =2(rt m*+ 05m=-ym) = Zm (/2 *+ 1.5- ¥ (B.9)

Topping factor ¥yom=|1-

e [ 0.93969 1] 610,

2 £OB iT,,
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Rootdiameier d.l' = g = 2[125;;: = D5m) = m |:z + 1= 25)=m(z - L5) (811

Z, ¥ z, 0.93969

Centre distance a = m (3.1
2 cos d. ..
Working pressure angle g, is given by
2 0.5 + 0.5 0.72794044
inva, = tanZh | b-- v = ———F 01490438 (R.13)
Base tangent length for inspection 1s given by
W= coa 20 [{z=06) rtz inv 20'] +{2x0.5xm x sin 20
=m =% 093969z = 0.5 x +2 « DOT4904381 #i{m = 0.34202) (8. 14)
Chordal tooth thickness
- L334T6E56 L] .
= mz[f ® ? (B.15]
Chordal tooth height (withewt topping §
=M1t mx = [1 = cos (193476656 180" ;
= : N e 2 (8.16)

8.13 Shrink Fit Calculations for Power Transmission

When parts are fitted together by shrink fit,the surfaces of the components must haveenough
resistanceagainstalidingorturning between matingparts. [tisoften required 1o design machine
elements which are meant to transmit torque through shrink fit or to check whether a certain
pair of shrink-fitted items are correctly designed to transmit a specified torgue. One of such
common cases isthe torque transmission by a gear which isshrink-fitted on to a shaft. Example
B.Aillustrates such a case.

T fo —4 |Sedlna)

¥ -
Z2l8 (ol |
_|dl_ £

2
S

E

Fig.8.14 Pinion shrink-fitted on a shaft
Basod on Mews Fmigh,ﬂﬁhm:.lqu fuer den Maschinenbaw. Haanchen and
Dwcher, 3rd Edifion, 1967, Fig Mo 211 p 188 Carl Hanser Verlag Munich
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Examples.3: Figure 8.14shows a pinion shrink-fitted ona shaft. The matenal of pinion is 40
Crd, and that of the shaft is 45 C8, Within the allowable tolerances specified on the drawing,
whatare the maximum and minimum contact pressures developed atthe matingsurfaces? What
are thlgmaximum and minimum compressive stresses which the shaftissubjecteda? Determine
whether the system is capable of transmitting a nominal torque of 2600 N m and the factor of
safety thereof. Take a service factor of 1,25,

Solution: The shrink-fit chosen i8 WIHT/ui, The tolerances have the following values,
TiREFE *D.]"ﬁ
o +0, 124
T = G0 80,g= 90
The maximum and the minimum interferences are given by
By = (146=01=146 um and £ 4, =(124 -3Sum =89 u m

As per Appendix V, the value of B, for series 4 and 2 triangles finish of surfaces is 10pm. The
contact pressure at the mating surfaces is given by

= - -!-_
(K * K;) Dy 10

P 1 N/ mm* (or megapascal, MPa) (8.17)

Factors K gand £ are auxiliary values to be taken from Fig. 8.16. In the above equation and the
subsequentequations, subscript O stands for the outer part or diameter and sybseript [ forthe
inner part or dinmeter.

For materials other than steel, the following relation is 1o be used to find K values

Koauriat = Kyl ¥ EE-E: (8.18)
maks

where E is the n.odulus of elasticity
DMameterratioisgiven by @y = —H"— and &, = %xr
o 0

where Dy =0utside diameter of the outerpart .

Iy ::_Dmm:t:ralthi:ju}int=]nﬁidr:diamcl:rufthtnultrpuﬁ={Jut5idrdiam:t:n}ﬁhe
inmer part
Dy =Inside diameter of the inner part in case of a hollow cylinder
In this case [}y = M mm and since it 15 o solid shaft, Dy =0, therefore, @) =0
A generalised case of pressure distribution is shown in Fig. 8,15,

Fig.B.15 Pressuredistribution in a shrink-fitted systam
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Dimension of adhesion is given by
Ziinym) =J - 2{Gp *+ G} {8.19)

where £ stands for interference, and G and () are magnitude of smoothness in case of outer
and inner parts respectively. These are given by

Gﬂl! 'U'.ER!D and G}E 0B R”

In this example both Ry, and Ry are equal to 10gm, Therefore, G =0 = 8um,
Corresponding to the maximum and minimum values ofinterference, there will be two values
of &
£ may = 146 = 2(6+6]= 122 ym
Z ain = 88— 2(6+6) =65 um

Corresponding to g, =90/166 = 0.54 and §; =0, the values of K are found from the Fig. 8.1610

e
Kg=0.1x104mm¥N

K = 0.03 % 10 mm¥N
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Fig. 8.16 Auxiliary values, K

Based on Wewe Festghaistarechung fuer den Maschinenbaw Haenchen and
Decker, Ird Edition, 1967 Fig Bo. 210 p. 167. Carl Manser Verlag, Manich.
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The maximum and the mmmimum contact pressures are given by

122
P = = 104 N /mm*
max 91+ 0.03) x 107 % 90 % 10° i
65
Fridn = = 56 N/mm®

(0.1 + 0.03) x 107« 80 x 10°

he compressive stressin case of a solid shaft is equal to the contact pressure. Therefore
Ty imax) = L0 N/mm® and a0 = 56 N/mm?®
In this example, the maximum torque required to be transmitted is given by
Tene =Nominaltorque x Service factor (8900
= 2600 % 1.25
=3250Nm
The area of contact 15 given by
A=) «xl =90x £ 140 = 39584 mm?

The slidingtorgue. 1.2, the torque required to overcome the frictional resistance at the surface
of contact is given by

T,=axDyxAxp xF (8.21)
where F= Thecoefficient of adhesion found from the Table 8.10.

Tabde 8.10 Coefficient of adhesion F

Iatenial Coefficient F Shrinu-freg
Steslislesl (.10 15 in il
Steelisteal (hordened § 4.3 dry
Saeel (castirom) ERERE T dry
Siecd (hardenedistesl (case) w04 in ail
Sleelibrazs o bronzx A 70,04 dry

Taking F=10.12 and the minimum value ofp, i.e 56 N/mm?, we have

T, = éxmxmmxsﬁmuuﬁnm
= 11970M m

Factor of safety or the safety agamst failure T T = 11970. - 3 7

Since the factor of safety required in such cases isusually 1.5t0 1.8 the above shrink-fit system
is adequate to transmit the required torque.
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The preheating temperature of the outer part 1s given by

1.5 = £,
ax Dpx 1007

T(inK) = Ty (B.22)

where a = The coefficient of linear expansion

T. = Room temperature in kelvin (K
The Iatlu:'lur 1. 5ensures gyfficient expansion to facilitate the proper joining of the parts.

B8.14 The 5l Units

In science and technology the units and the systems of measurements of phvsical and other
quantitieshave evolved from the crude systems of the past to the extremely sophisticated ones
used in the modern world of high technology to meet the extremely high degree of accuracy,
precision and exacting demands of measurements. The British system, or the FPS system, was
followed in the industrial countries in initial stages. Later, this gave way slowly to the French
or metric system or the CGS system. The CGE system was primarily used for scientific
measurements. In Continental Europe, another slightly different system was followed in
engineering and technology. This was known as the “technical system’* as distinct from the
“physical system™using CGSunits. The technical system was again sub-divided into two forms:
the old and the new. In the old technical system, the unit of force was kg and the unit of mass
was kg/g, where g = theacceleration due to gravity = 9.8 1 m/sect, The unit of mass was thus left
unnamed. Thiz led to confusion askg isthe unit of mass in the physical system and not of forge.
To correct this ambiguity, the unit of force was designated as kilogramme force orkgfand that
ofmassas kilogramme-mass orkgm in the English speakingcountries for calculations involving
metric technical system. In the new lﬂ:hm:j system, the word kilopond (or kp) was coined to
represent the unit of force. This was defined a3

Lkp = The force required to impartto a mass of 1kg
an acceleration of 9.8 1 m/s?

ar 1kp = lkgx 9.81 m/s?

The unit of mass was again left unnamed as kgis the unit of mass in the physical system and
notinthetechnical system—ald ornew. Later on, the symbol kp wasdiscardedin many quarters
because the word pond was phonetically similar to pound which might have again led to further
misunderstanding. The symbol kp was largely replaced by kgf.

All these confusions and anomalies were set aright by the introduction of the international
svstemof units (S which developedintially from three basic units: the unit of length asmetre,
the unitofmassaskilogramme and the unit of time assecond. Thiswas abbreviated asthe MKS
imetre-kilogramme-second) svstem of units. Laterthe unit of electric current or ampere (A jwas
added and the system came to be known as the MKSA system.

Further units were added and the present system units (51 jcame into being. [t now consists
of seven base units, two supplementary units and a number of derived units as detailed in
Appendix T, This international system ef units isin fact an extension and refinement of the
traditional metric system. “his system is known as: Systeme International d'Unites, for which
the abbreviation is 51 in all languages. [t embodies features which make it logically superiorto
any othersystem as wellas practically more convenient. [tisrational, coherentand comprehensive.
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TheS1,like the traditional metric system, isbased on decimal arthmetic, 1,8, units ofdifferent
gizesare formed bymultiplyingor dividinga single bage value by powersof 10 Thuschanges can
be made very simply by adding zeros or shifting the decimal poins.

The Slisacoherent system. Asvstem ofunits issaid to be coherent if the product or guotient
of any two unit quantities in the system is the unit of the resultant guantity. For example, in
coherent system in which the foot is a unit of length, then the sguare foot is the unit of area,
whereas the acre isnot. Thiscoherence aspect of S1greatly simplifies teclinical caleulations. For
example, eguations involving physical principles can be applied without introducing such
numbers a5 5350 in power calculations, which in the English system have to be used to convert
units. Thus conversion factors largely disappear from calculations carried outin Slunits which
leads to 8 great saving in time and labour. The S being an absolute system and not a
gravitational system (asthetechnical system ], the faciorg has been dispensed with, The unit of
force is newion (M) and is defined as the unit of force required o impari o a mass of Tkgan
acecleration of 1 mfe®, Thatis

1K = lkgm/e?

Thizhasimportant consequencesin caleulations andisefparticular interest to the scientiztsand
engincers because the confusion regarding the wnits of foree, mass ete. which ofien they had to
face, have been totally remaoved. There are seven base unitsfrom which units for other guantitics
are derived. The unit horse power (hp) is no longer used and is replaced by the derived unitwatr
(W). Another great advantage which has ensued asaresultofusingthe Slunits istheattainment
of the goal of international understanding between the scientisis and the technologisis. Units
such as erg, calorie (cal) or horse power-hour (hp. h) which were used to measure energy in
various disciplineshave been now replaced by one unit only, viz_joule (). This universality has
now become even more pertinent because the scientists and the enginecrs of different coundrics
hawe now to work in close cooperation in felds like control technigues, space technology, nuclear
cngineering and other techno-scicatific areas,

Most of the industrially advanced countrics using metric system are switching over tothe 51
wnits. In India, in many spheres such as schools, universities, industries and other allied fields,
the adoption of Sl units is being actively encouraged and this will help 1o end the confusion and
wastefulnessresultingfrom the present multiplicity ofunits. The Indian S3tandard Specifications
are now practically all in Slunits

Appendix T gives tables of the basic Slunits, derived units and conversion factors, The units
which are relevant to gear technolegy have been mainly included in these tables.

B.15 Preferred Numbers and Sizes

Preferred Mumbers

Inthisageofglobal standardisation, increasingi nternational cooperationand exchange pfideas
and products in trade, commerce. science and industries, it stnds w reason that along with so
many other things, the numbers and sizes should be standardised too. Besides, within the
country itself, there should be standardised numbers and sizes to effect rationalisation and 1o
avoid multiplicity of product sizes produced by differentmanufacturing agenciesof thecountry.

It is, therefore, logical that seme sort of standardised values should be pationally and

universally adopred. The question now is: W hat should be the basis of such standardization” The
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most obvious solution which ene may jump at is o employ a simple arithmetical progression io
arrive atthe standardised numerical values. Butthe drawback of this series lies in the factthat
the ratio of successive terms in such a series varies widely, Consider the step from Lto 2: the
variation is 100%.The same difference, viz. ] produces only [0%variation in case of 10to 1land
an insignificant 1% in case of 100 1G],

It is now generally accepted that such number series should be a geometrical progression
becanse itoffers several advantages. Here,cach term is largerfrom the preceding term by a fived
percentage. Such a series provides small sieps for small numbers and large steps for large
numbers, Anarrangementlike that meets best the most reguirements in the practical field and
isalsoin conformity withthe medeofvariations found in naturefe.g. organic growth, radio active
decay, and other natural lawswhich generally follow power curves). By studying the arithmetical
and the geometrical serigs we can seethatthe arithmetical serieshasthe characteristic tharthe
differcncesbetween adjacentvalues are equally large, while in geometrical seriesthe percentage
gtep betwoen successive values are equally large.

Series of pumbers which are standardised on a certain basis so that these numbers are used
inprefercnce to any other numbers are called “preferrednumbers™. The principal reason behind
such concept is to provide a master series from which suitable terms can be selected to suit any
needs.

When a product is 1o be manufactured, a thorough planning is required as te its number of
gizes. Several factors come into consideration. If the sizes and types are many, this will lead 1o
increased production costs, inventory control, difficulty in stocking, storage and distribution,
besides other inconvenicnces, A rational approach, therefore, is necessary to limit the number
of sizeswhich, at the same time, gy st also meet the consumer' sdemands covering a wide range
of choiee. The manufacturer can strike a Balance between his constraints and the consumer's
needs by following the standardised sizes for the manufacture of products.

In short, for variety reduction and dimensional standardisation. it is only a guestion of
compiling a suitable series of numbers or sizes which, should be followed to achiewve that goal.

Havingdecided the ratiopale behind the standardisation of numbers and sixes, wo must now
iry to decide its basis. [thas been already montioned thatthe geometrical seriesis asuitable one.
Ithasbeen found from experience thatthe consumer’srequirements are generally satisfied when
the range of sizesfollows, more or less closely, a geometrical progreszion. Based on this concept,
agrecd series of preferred numbers have been carefully worked out whicl, while not restricting
the liberty of choice, provide the designer with a guide to minimise unnecessary variations of
articles marketed sothatthe requisite range is covered by aminimum number of different sizes
withthe resultingeconom) toboth the producer and the wser. Experience showsthatifananicle
issomarketable that every size can be produced in economically viable guantities, then there
isnovaliedreason for severe standardisation. When the consumption figures are small, however,
it is preferable to stick to standardised values or sizes.

Thebasisofthe preferred numbers, therefore, isthe geometrical progreszion. Besidesthe fact
thatin such aseries, cach term islarger than the preceding one by a fixed percentage, one more
advantage pf thizsericsstems from the factihatifithe linear dimensions are chosen inthe series,
then areas, volumes and other functions of powers of dimensions are also numbers of the same
SEFies.

The preferred numbers are classified into five principal series, namely, RS ,R10, R20, R40 and
RED, wharethe numeral indicatesthe particular root of 10 onwhich the series isbased, The letter
Rstandsasatribute to Col. Charles Renard, a Frenchman who first coneeived and proposed this
SysICm,
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In the preferred number series, numbers become irmational with the exception of 10and the
integral powers of 10. That is why the terms must be conveniently rounded offin orderto be of
practical usage. Values given in Appendix U have been obtained after careful Considerationand
pgreement at international level.

ﬁ;ﬁ:‘; a most exhaustive study by the experts, the following system forpreferred numbershas
evolbved,

The first number of a series is 10 and the other numbers are obtained by multiplying (or
dividing) the first number by the constant factor relevant to this series and repeating this
operation with each ensuing number. For example, in case of RS series, the constant factor is

Y10 = 15849 .. = 16
In the range of 10to 100, the preferred numbers are found thus

1

Ix I.6=18

lox [Oo=25

2EZx l.6=40

d0x 1. 6abd

63 16 100

It can be seen that this senies gives numbers which are, more or less, 6084 apart. Similarly, for
other series, we get

R 10 = Wi0 = 12589 = 125

R20=%1p = 1.1220- 1.12
R40 = Y10 = 10593 = 1.06
RBO = W10 = 10292 = 103

This indicates that the successive terms in the respective series from R1(to R 80 increase
Epmumal::lv by 25%, 12%, 6% and 3%mespectively. For preferred numbers below 1.they are
obtained by dividing the numbers between land 1 by 100rby 100.ete. asthe case may be. For
numbers above 10 they are obtained similarly by muluplymgth: numbers between land 10by
10or 100, etc. For example. from the preferred number§. 3/10= 0.63. 6.3, wecan get 6.3 = 100
=630, and so on.
The numbers of series R § should be preferred to the numbers of series R 10 which in turn

should be preferred to the numbers of series R 20, and se on.

Prefarred Slzes

Preferred sizes are a selection of sizes based on the preferred numbers. The numerical values
more or lesstally with the preferred numbers with a few minor variations for practic al reasons.
The purpose of preferred sizes is to limit the number of arbitrarily chosen sizes. If preferred
sizes are used, then there should be a continual reappearances of the same sizes. This in turn
facilitates simple and economical production, use, assembly and aboveall, interchangeability of
products. Thesesizesare ﬁndmunm'cuqmg application forthe preparation ufpmdULt standards,
rationalisation of number of tools and gauges. limiting the number of jigs and fixtures. and for
limiting stocks to an orderly series of sizes. Use of these sizes leads to simplified practice for
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selecting sizesandratings ofmachines. In short, the aystem affordstohave a comprehensive plan
inall fields of manufacture. The sizes efshafting, for example, would be so designed that they
are inconformity with the sizesofbearings. The sameargumentapplies to other itemsof design
and production.

Appendix U gives tables of preferred numbers and preferred sizes. Preference for numbers
have been emphasiscd by boldtype. For preferred sizes above 1000 th ¢ basic preferred numbers

mav be used.

B.16 Limits, Fitsand Tolerances

Selection of proper limits, fits and tolerances is an important aspect of mechanical design. Fol
designing mechanical componenis in general or for assigning the correct fits and tolerances for
specialised engincering items, the reader may refer to the appropriate books or reference
material onthose subjects. The discussion inthis section isconfined to only those aspectsaf fits
and tolerances which are relevant as faras the gear design is concerned.

WValues ofdimensional tolerances are given in Appendix 5. Surface quality symbolsand their
vialues are shown in Appendix V. There is a direct relationship between the dimensional
tolerance ofapartandthe permissible surfacerough ness. Assigning of undue accuracy will only
enhance the production cost ofthe piece unnecessarily. Thedesigner should carefully select the
tolerance, zone, and the surface guality reguired, keeping in mind the ultimate use to which the
product will be subjected.

In this connection it should be borne in mind that the dimensional tolerance system has
nothingto dowith tlye gearquality and tolerance systamdiscussed inSeeg 2.27and 2 28, Thetwo
syatems are based on different considerations altogether and must not be confused. Discussed
below are the general guidelines for the dimensional tolerance systems.

General Terminology
Fit: Whentwoparts areassembled together, the relation resultingfroni the difference between
their sizesis called a fit. A fitis normally classified into three undermentioned Lypes:
(1) Clearance fit, where a clearance is always provided between the mating paris;
(1) Interference fit, where an interference exists when the parts are assembled: and
{1ii) Transitionfis, whereafter assembly, githeraclearaneefitoran interference il may result,
depending upon the actual sizes of the mating parts.

Tolerance: Due to the inevitable inaccuracy caused by manufacturing methods and otler
factors, itisnot possible tomake apartprecisely aspera given dimension. Even ifitcan bemade,
it will not be cconomically viable and the manufacturing cost of the part will be prohibitive.
Hence, game minor *doviation” from thejdeg) dimenzion has w be acceded to. This deviation is
called tolerance, which is the difference between the maxsimum allowable and the minimum
allowable values, called limits.

Among the various methods ofapplying the concepis of fits, the principal ones are the “shaf
basis” system and the “hole basis™ system. The hole basis aystem is generally followed because
of its inherent advantages in certain aspects. Mormally, it 1s easier to produce a shaft with a

specified tolerancethana hole with the gametolerance, Lt follows, therefore, thatil the tolerance
of the hole is standardised, shafis with different tolerances can be machined to achieve the

desired fits more casily and cconomically. Consequently in modern engineering design, the hole
basis systemig most extensively used. Tho zone ol hole, usually selected in the holebasis system,
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15 H and for

toleranced hole dimensions bear the symbol :H 7.
The guality of tolerance selected will depend upon the part and the type of its application. In
15:91% the quality iscategorised into 18grades: (11,0, 1to 16in decreasingorder offineness. For

normal work-pieces, grades §to 11are used for machined parts.

reneral engineering purposes, the tolerance is of 7 guality, Hence, most of the

Someotthefits, based on the hole basis system, which aremost commonly used and which are
especially relevant to gear technology are given in Table 8.11.

Table 811 Types of fils and iheir application

Type af fit Symbol Example of spplcation Remark
Shimk it HEx S Gear and shall where @is Selecion wil depend
Ay a iorque is ransmitted upan the coefficin
HTwa bry fil onky af thermal
B Sion
Press fid H Tirg Goar and skafl Mormally for light o
rrsaciivems duty
Light Press fit HTing Gaar and worm-whesls When shall dismeter
whene shafts is fited =50 T o abowe,
with 2 parral e ey NG is normalky
chosen
Forem fit HMmE Gaar and shafl with key Easiar dismanting
Pushfit and HTRE Gear and shafl with key When shall diameter 5
easy push fil H]F.I'le Bedow 5 mm, 8o kB
i nomally chosen; with
f8, an easy push i
Ensues
Sliding fils H7Tiha These lits are Lsed for Fit should be propesty
HTge pears slidng on shafis, chosan depanding
M7 ? salines. ard for movable an lhe magniludes)
Ha=8 dcars n change-gear Fains slidng required
H8/d8
Rureing Hah1 Ol smals with medallic Boe Spc. 6.2 far ail

housing. DIM recommends
& bar hubr on which Hhe
seal is mounted snd b 11
for shali

saal as perlS
specificaions

Besidesthose givenin Table 8.1 1 somemorefitsand tolerances which arecommonlyused are

aiven below.

Cirelip; Many pinion shafts are fitted with circlips. Grooves for such circlips in the shaft are
providedwithtolerances, suchas, H 12, H 13, and H 14, Thisis shownin Drawing2 .1 in Sec, 2.30.

: Tolerances for keyways in housings and shafts are given in appendices dealing with
dlft::n:nl types of keys, Tolerances for splines are also given in similar manner,
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Seals: Radial oil seals and felt seals are used in bearing covers which are fitted on gear box

housings.Tolerances for the above items are shown in Sec, 8.2 on gear box housing and
ACCoER0TICE,

Bearings: Anti-friction bearings are generally used in gear boxes and shafis. In an antifriction
bearing, all the components are manufaciured to very close tolerances and to exacting material
apecifications, Depending on the type of bearing, magnifude and nature of load o which it is
subjected, operating conditions, and otherconsiderations, the fits and tolerances which are most
suitable for the bearing selecied have been internationally standardised by the bearing
manufacturing companies. Since the types and sizes of such bearings have a vast range. their
loading conditions, temperature considerations, expected life requirements and other allied
factors vary according to their applications, the tolerances meant for anti-friction bearings are
notelaboratedhere. The readermay refer 1o the catalopuesofany siandard bearingmanufaciurer
from which the tolerance can be selected commensurate with the type and magnitude of gear
forces, bearing loads, service conditions and other relevant parameters,

Forjournal bearings a suitable slidingorrunning fit should ke chosen sothatample clearance
is provided between the journal and the bearing. Io many such cases, the maintenance of a film
of lubricant is the deciding factor.

I case of both the anti-friction and the journal bearings. loads on the bearings can be puraly
radial, purely thrust or a combination of radial and axial forces. Caleulation and selection
procedures for the bearing for each type of loading condition are exbaustively dealt with in the
cataloguesand manuals or anti-friction bearingmanufacturers. Forsuch caleulation and design
procedures in case ofjournal bearings, the reader may consultthe relevant books dealing on the
sukject.
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APPENDIX A

Construction of Involute Gear Tooth

Method 1

The involute tooth profile of standard 20° pressure angle can be drawn as explained below.
The values of the diameters of the tip circle g, the pitch circle d ;and the root circled,, are
calculated as per the following relations.
d =m2

d, =mz+Im
d =mz-2x125m
The involute 15 generated from the base circle the dismeter of which 1s given by
d,=d cos 20"

By geometrical construction, the base circle is found by first drawing a vertical central line,
pndwith 0 ascentre, thecirclesare laid out asper the values previously calculated [ Fig. A- 1all.
Thepitch circle intersects the vertical central line atC . Thisisthe pitch point. The line of action
iz then drawn making an angle of 20" with the horizontal line and passing through C. A
perpendicular from the centre isdropped on the line of action meeting itat A . The circle passing
through A with O ascentre isthe base circle. On both sidesaf A, the line ofaction is divided into
equal parts locating the points E;, E;, E.E " E . E ,, etc. Here, point A on the base circle
and point E onthe line ofaction coincide. Points E_ E_ete, arethen transferred onthe base circle
by means ofcircular arcswith E as centre, giving paints A A .,q,"f eic. Tangentsare then drawn

Frum the points A,, A ctc. On these tangents, points C, C , ... ,C] are, marked offmaking A
E.CAL, .E.‘- JLAL =B LCAC =ECet, Jmmnhth:hrpmntﬁ:,w:ﬁrnr: to themnvao lute
:.urvcwhch in r:ase-:rt a J;,curtnu-th extends from the tip ‘circleup 1o the base circle. For the sake
of clarity and to avoid making the drawing cumbersome, many pomnts, e.¢ E ,E ,, EL E;, A |,
A, C €y, ctc. have not been shown in the drawing.
From the base circle, the tooth profile is extended up to the root circle as a radial. At the root
where the radial meets the root circle, a fillet 1s provided, the value of which is deterniined

according to the basic rack profile discussed in Sec, 2.1,
The profile of the other side of the gear tooth can be similarly drawn, keeping in mind that the
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circular tooth thickness at the pitch circle is half of the circular pitch, 1 5=p 2 =gm /2. This
locates the point on the other side which corresponds to point. C of that side, the profile of which
has been drawn.

Method 2

An approximate and simplified method of drawing the involute tooth has been shown in Fig. 41
{b}. This method is adequate for ordinary representation on a drawing when an accurate one is
not needed. Afterdrawingthe necessary circles as before, the base circle is drawn as shown, Next,
an arc is drawn with radius (R )=AC with the centre at & . T iis arc C ,CC,, gives areasonable
approximation oftheinvolute profile which isadequate forall practical purposes asfaras graphic
representation is concerned. The same process is repeated for the other half of the tooth profile.

Fig. A.l  involube tooth

Mathod 3

The graphic method of drawing the involute curve is the most accurate one, though itisrather
a laborious process. For both uncorrected and corrected gear profiles, this method gives the
correct profiles. Sometimesthis method is also used for making templates and form tools.

First, the values of the relevant circles are found by calculations, using the formulacgiven in
Chaps 2 and 3. Recalling the parametric equations of the involute curve { Egs 1.6 and 1.71, we
start to plot from the base circle. Then assigning arbitrary values tor the angle, we find the
corresponding values of theX andy coordinates. Plotting these values on a graph paper ora
white shectof paper and passing a smooth curve from the base circle to the tip circle and joining
these points, will trace the involute profile.

Tb find the other profile of the tooth, suitable changes are made in the equations since the
curve now veers towards the left. The tooth thickness at the base circle is then calculated and
marked on the base circle. Thex andy axes should now be suitably rotated to correspond to the
new location of the origin of the other half before applying the modified equations. The other
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profile isdrawn in a similar way to complete the whole tooth. As a check, the tooth thicknesses
atthe pitch circleand the tip circlemay be calculated by using the formulaegivenin Chaps 2 and
3. Thecalculated values can then be compared with the drawingjust drawn o ensure accuracy.
I'he rest of the tooth profile, i g. the portion from the base circle to the root circle as well as the

fillet, is drawn as before.
Since the left and the right hand profiles are mirror images, a much simplified method will

be to draw first one profile on a transparent tracing paper, reverse i1, and then re-trace the other
profile after suitably adjustingthe reversed profile to coincide with the previously located tooth-

thickness points on the three circles as indicated above.

Method4

By using the principle of gear cutting by peneration method, the involute tooth profiles of a gear
can be drawn on paper. The specialityafthismethod isthatnot only the faceand flank comprising
the tooth profile can be drawn, but the fillet curve portions of the teeth are also represented
realistically. As indicated elsewhere in the book, this curve is a trochoid and not acircular arc.
This aspect 15 not taken care of in the other methods described so far, which are only good
approximations of tooth profiles. By using the generation method and depending upon the
human and instrumental accuracy, a reasonably good replica of the tooth can be drawn, which
can be used asa paper template for making a form tool or as a master profile to guide the twol
in a copyingmachine. By this method, the trochoid is automatically generated along with other
portions of the tooth profile. However, all the methods described so far produce sufficiently
accurate tooth profiles, mainly in large gears with large modules (around 30 and above). With
smaller modules, it becomes increasingly difficult to maintain the draughting accuracy and
errors are likely to creep in. The generation method is deseribed below step by step:

Step 1: Onatransparent tracing paper, draw the profilesf the gear-tooth cuttingrack. Thisis
the template of the tool for generating the tooth profiles. Fix it rigidly on the drawing board by
adhesive tape or tack pins. The addendum ofthis cutting rack is 1. & module with respect to 1ts
pitch line MM, which divides the rack into equal lengths of tooth thickness and tooth gap. This
rack produces gears conforming to the Basic Rack asper 15: 2535, in which case the tecth have
dedendum equal to 1.25m. In this connection sec See. 8.5 on cutter profiles.

Step 2: Ona separate, loose transparent tracing paper, draw the pitch circle of the gearto be
drawn. (n this paper. the tooth profiles will be generated.

Step 3. Thepitchline MM ofthecutter rack is divided inshart, aqual parts say Sor 10 mm each,

and numbered a, b, c.... a5 well asa’, b’ ¢", etc., on both sides of the vertical centre line. In a
similar manner, the pitch circleof the gear is divided atequal intervals and numbered 1 2 3, ...
and 1°, 2", 3°, etc. To facilitate correct alignment, draw thin vertical lines through these points
parallel to the centre line in case of the rack and radial lines for the gear to be drawn. This is
shown in Fig. A. 2{a). Obviously, smaller the intervals, more realistic and accurate will be the
ultimate result.

Srepd: Next, place the loose tracing paper over the template in such a manner, that the pitch

line of the rack tool is tangent to the pitch circle of the gear at the pitch point P as shown in
Fig. A2 (a). The vertical through P is the centre line of the pitch circle.
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Fig.A.2 Generation of involutetoothing
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Pich Circle
ol Gaar

Fig.A.3 Completely generated invalutetoothing

Step 5: Therack, which isunder the transparent tracing paper having the gear pitch circle, is
visible though this paper. The profile of the rack is now traced on this paper by a sharp pencil.

Step i Mow, shiftand rotate the paper, sothatthe pointsa ofrack and 1of gear coincide. This
means that the pitch line of the rack has now rolled on the pitch circle, so that this line is now
tangent to the circle at point 1.In this condition, the radial line through 1 will be exactly
superimposed on the parallel line through a of the rack. Draw the outline of the rack as before,
MNext, shift and rotate the paper sothat points b and 2 comeide in the above manner and draw
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the rack outline. Repeat the whole process for all the points on both sides of the centre line,
pamrmg ¢= 3., k= 8, & =1, ... i = 8% Care should be taken to ensure that the pitch
line of the rack is always tangent to the pitch circle at all successive points.

StepT  Thedesired profileisthe envelope of the rack profiles thus drawn. Pase a smooth curve
to delineate this envelope. It can be scen from Fig. A2 (b) that the tooth profiles are gradually
taking shape. It is particularly noticeable in case of the middle tooth in the figure. When the
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Fig. A.5 Comected tooth profiles made by generation method

CUTTER

Fig. A6 Undercutteeth
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Fig. A.8 Tooth checking by base tangent length method

\\H /w

Fig. A% Tooth checking by chordal tooth thickness and span measurement methods
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right amount of correction factor relevant for the particular gear and AT (g) with too high a
carrection factor {peaked tooth).

A preliminary check as to the correctness of the drawan profile can be made onthe drawing
board by using the principle of “base tangent length”™ method of measurement deseribed in
See, 2.28. Having calculated the values of z'and W as per the formula given therein, the lengih
Won the drawing can be checked against its calculated value as shown in Fig. A. 8 Here, the
anvils represent the parallel seales, set squares or any other drawing instrument used for the
purpase of measurement of the value of W,

In See, 2.28, we have seen that the base tangent length method of tooth checking has 1ts own
limitations. ltcannot be employed in case of ahelical gearhaving high helix angle coupled with
comparatively narrow tooth width, which may not permit to span the required tooth distance W
ifxigtoohigh, Insuch cases, checking by measurement of chordal tooth thickness of individual
tooth 15 resorted to. Besides, if the tooth sizeis very large, this method may be the only choice
left for practicable measurement. Both of these methods have been represented in Fig, A9,
Depending upon his discretion and practical consideration, the designer hasio decide upon the
most convenicnt method and choose (pr devise) a suitable gadget accordingly, so tharn tooth
checking can be made on the drawing board.



APPENDIX B

Construction of Cycloidal Gear Tooth

Geometrical Method

When o circle rolls on g straightline, a pointon the circumference of the circletracesn path, This
path is the cycloid curve. The curve can be drawn by solving its characterisiic equations by
assigning arbitrary valwes to the variables in the equations and then plotting the resulting
vitlues on paper and passing a smeoth curve joining the poings thus obtained. The curve can be
drawn geometrically as explained below.

Cycloid

Letthe circle of radius O-Tin Fig. Bl (ajroll on the straightlimeT-6", Goe half of the circle 15
then divided into any number of equal parts. In this case, we have divided the semi-cirele into
gixpares, denoied by the aresT-1, 1-2,2-3,...,5-6. These arcs are then laid off on the straight line

T-6" sothatare T-1=straightlineT-1",arc1-2 =straightline 1'- 2*, ete. (ltisobviousthathigher
the number of arcs in which the semi-circle isdivided, more accurate will be the resultingcurve. )
MNext, perpendiculars are erected onthe points 1°2° 3", etcof T8, Through the points 1,2,3, ete.,
whicharealready locatedon thesemi-circle, lines paralleltoT. 6 aredrawn. Thesclines intersect
the diameter of the circle at points 1,,2,,0,4 | etc. They also intersect the perpendiculars at
poinis 1",2" 3", etc. From 1", the horizontal line 1"— 1,is cutin such a way that 1"—a= 1—,
Similarly, portions 2" —h =2—2  etc_, are laid off. locatingpointsa,b,c.die, ete. A smooth curve
is then drawn through these poiniz. This curve Toa-h-c-d-e-f {68"] is the eyveloid curve.

Epicycioid

When the generating cirele rolls on the ouiside periphery of another cirele, then a point on the
gencrating circle traces an epicveloid in similar fashion as the eyveloid. As shown in Fig. B. | {h),
the epicyeloid can be drawn thus as before, the semicircumference of the rolling cirele being
divided into six equal arcs,viz. T-1, 1-2, 2-3, ete. On the directing circle of radius AT, lay off arcs
sethatareT-1'zarc -] arc I'-2=arc 1.2 gie, as shown in the figure. Draw radial lines joining
the centre A with 17, 2%, 3', etc, Next, draw arcs through peints 1,23, e1c. These arcs intersect
the diameter T-6atl 2 3 etc., as well as the radial lines at 1", 2" 3" etc. Then on the arc 1"
-1, lay off a distance from1”sothat 1"-a= 1-1 , locating the point a. In similarmanner, points
@, be, ete., are obtained. The curve Tegetrgodee-fl6" is the epicycloid.
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Fig. B.| Generationof cycloidalcurves
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Hypocveloid

When the generating circle rolls on the inside penphery of the directing circle, a point on the
circumference of the generating circle traces a path known asthe hypocyeloid curve. As shown
in Fig. B.2(g)the hypocyeloid Toa-b-e-d-e-f(6") canbe drawn inthe similar manner asinthe case

of an epicveloid,

Fig. B2 Cycloidaltoath

Graphical Method

Fordrawingthe above curves accurately, graphical method may be adopted asindicated before,
Therelevant equationsafthecurves, which are givenbelow, may be solved after assigningproper
values for thie variables and then the curves can be plotted on a graph paper or a white sheetof
paper. cheosing & proper scale.
Cyeloid
The equations for the cyeloid are

x=alg=sing)

y=a{l-cosg)

where a =the radius of the rolling circle. The origin of the curve 15 at the intersection of the
x-ax1s and the v-axis with g¢=10.
Epicyclowd

The equations for the epicyeloid are

x =fat blcosp—a m:-:[m il]
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¥ = {at bl sin § = a sin [E—i—ﬁr
a 41

where a = the radius of the rolling or generating circle

b =the radius of the directing or piteh circle
The origin of the curve is at the intersection of the directing circle and the x-axis in the Lst
quadrant with g=1.

Hypocycloid

The equations for the hypocyeloid are

x={a-blcosg+h i'tH[E'E:J"' i]

y:ﬁa—b}ﬁnﬂ-bain(u;bw]

where 8 =the radius of the directing or pitch circle

b =the radius of the rolling or the generating circle
The origin of the curve is at the intersection of the directing circle and the x-axis in the 1st
quadrant with =10
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Construction of Conjugate Profile

A exﬁlaingd in Chap. 1, conjugate profiles are those curves which conform to conjugate action,
thatis,.the two profiles in mesh make it possible for the driving and the driven components (of
which the two profiles are the mating curvesjtohave a ui:nﬁ:anlangu]arw:ln::jly ratio. We have
also seen that gears with teeth made of involute or cyeloidal surfaces follow this rule,

Apart from gears, it is sometimes required to bave o conjugate profile when one profile and
other relevantdataare given. With thehelp of the law ofgearing, this can be achieved. As stated
carlier, according to this law, the common normal w the two mating surfaces at any point of
contact must alwayvs pass through a fixed point, called pitch peint Pl siated on the line of
centres, irmespective of the position of the point of contact during the course of action. We shall
now sec how we can draw the second profile corresponding (o the first one whirk is given.

In Fig. C-1{a)AF ,isthe profile for which the conjugate profile isrequired to be constructed.
The pitch cireles of the two rotating components are given as shown. They intersect the line of
centres ) (), at the pitch point P .

Consider any point B, on the given profile. Draw a tangent to the curve at B, . Drop a
perpendicular B, B” on pitch cirele 1. Now, & 1s the point where the two conjugate profiles
originally met and B, isthe point on profile 2 which met B, at B when the two profiles were in
contactatthatpoint,ie.at B, In other words, the point B, and B, merged with B when the two
profiles weee in contact at B, The problem now is to find points ﬁ and B,

To achieve this, profile Lmust be rotated back around centre O, till the point B 'l comes to
pitch point P, PointE i now rotated back as shown by the arrow, With P as centre, draw anare
withradius B B which cutathearcfrom B, atB sothet PE =B B” The pointBisthuslocated.

Mow, sincethe twopitch cireles are inrollingcontact {withoutslippage).ifthe point B 'J-.':nfpju:-h
circle lisrotated back 10, an equal amountofarc lengthof piteh circle 2 isalso simultaneously |
brought back o P.1n other words

a.n:B;P= arn:'B,;P or IiTI; = g;’-r"
Point B, is thus locared.

Tofind the required point B yon the second conjugate profile, draw an are from B with O jas
centre as shown by the arrow. With B', as centre, draw an arc with radias equal to8 B~ This
arc meets the arc from B atB, sothatB° 8 =B B’ Point B, is the desired point on the second
conjugate curve corresponding to &, of the first curve.
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Fig. C.l Construction of conjugate profile

To summarize. B is the original point of contact of tha two conjugate profiles. After mutual
rotation, the separated points on the two profiles now occupy the positions B j and B,. When in
contact at B, the common normal to the two profiles passing through the pitch point is BP.

In a similar manner, the complete conjugate profile 4, F jcan be constructed point by point.
The curved line AFigthe line ofcontact, i, g the line on which all the points ofcontact atdifferent
stages e,

It hecomes sometimes difficult to lay equal arcs when the radii are different. A practical and
maore or less accurate method is desenbed below with the aid of Fig. C . 1¢{band ¢).

1.-'-'|.n:3 of Fig. €. 1¢k) is given. Itis required to lay an arc equal in length on the circle in Fig.
e N

Mow, wejoin @ with b to get the chord ab. Bisect ab. The radii r,an d r,are known andabcan
be measured off by a sustable scale,

E=nx 28 =ppxld,

or
rL ;
gy = ” fy iall angles in radians)
2
i:-!h =r sin& orab = 2K sin 4,
Therefore

sin B, = ﬂ- or @, = sin-j ;ri
i

Mow, to find od, we use the relations

cd

3

= p sin@y, orcd = 2% sin@, = 25 5'1“[%‘91}

Hence

cd = 2k sin [—-’-1 sin=1 -EE.]
Fz EF{
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Since, as stated earlier.r , and r , are known and the chord ab can be measured, the chord
o can be calculated. If this straightlengthed is cut off on the circlein Fig. C.1{c), thenthe arc
belongring to the chord od is eoqual o 5 |




APPENDIX D

Basic Dimensions of Standard Gear Tooth

{Basic Rack as per 15: 2535)

All dimensions inmm

Moduie Equivaient Circular Addendum Dedondar Whain
oP Pick depdfr
0.3 84 86T 0.943 0.30 0.575 LT
0.40 83.500 1.267 0.40 0.500 0.800
.50 S0.800 1.671 0.50 0.625 0125
OB 42,300 1.BE5 (o o) 0760 1.350
0.0 36.288 2184 0.7 0875 1575
0.B0 31.760 2613 0.a0 1.000 1.800
0.80 28232 2A¥7 040 1.125 2035
100 25.400 3.142 1.00 1260 2280
126 20.320 3.837 126 1.682 2812
150 16953 4712 180 1.876 3376
1.75 14514 G458 176 2188 34934
200 12700 6283 Pl ] 2800 4.600
2325 11280 T.060 225 2812 5082
2.50 10160 T.B54 250 3.125 5825
276 o 2% H5.639 275 31436 A 1R
A0 G486 9425 300 3.750 8,750
.25 7818 10218 328 4,082 T332
350 T.257 10,968 A8L 4.375 T.BTS
aTh B.TT3 11.781 a76 4 E8A 8.434
400 B350 12 568 400 5.000 G000
4 50 844 14137 4.50 B5.8z5 10125

{Contd,)
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{Cantd)
Modula Equivalent Circufar Addendum Dedandum Fhole
op Pitch dopth
500 E.0d10 15.708 5.00 £:250 11250
f.50 4618 17.279 A BATS 12375
£.00 4.23% 1B.850 ELOD 7.500 15,500
6.5 3,008 20428 .50 B126 14 825
700 A62E 21301 700 BLT50 16.750
.00 3176 25.132 8.00 10,000 18.000
.00 2EID 2B ITY .00 11.250 20350
000 2540 1418 10.00 12 500 2500
100 2309 34,558 1100 13.750 24.750
12.00 21417 ST E0G 2.0 15000 27000
12.00 1.654 d0E41 13.00 168.250 20250
14.00 1,814 43, cag 14.00 17 500 31.500
15,00 1503 47124 15.00 18.750 33,750
1600 1587 5266 16,00 20000 6000
1800 1411 G540 16.00 23 500 A0.500
2000 1270 82 32 20.00 25000 45,000
2200 1.155 69,115 2300 27500 &0 500
24.00 1.0548 75.508 2400 A0.000 S 000
27.00 0.o41 B4.EZ3 27.00 L3750 A0.TED
0,00 0847 o4 248 000 ST 500 A7 500
A3.00 0,770 10GETI F3.00 41250 74350
5,00 0706 113,097 36.00 45003 B10006
3900 0651 122522 500 4B 750 AT7ED
4200 {05 131 .47 42100 E2.500 94.500
45,00 0 554 1d1.372 4500 G250 101 250
50,00 0500 157 080 50,00 B2 500 2 500
55.00 L4632 172,786 5500 E8.750 123.750
B0.00 0,423 188 486 B0.00 75000 138 000
F5.00 .35 204204 A5.00 B1.250 146 286
T0.00 .36 219311 TO0a B7.500 157 500
TEOD 0338 235610 75.00 B3 750 =

Notg: Equivwalent OP s given Er comparison only
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Gear Materials

i Material I% 15 Symbod 15 Symibal Typical uses
Mo Ma o) {oid]
1 Casd 210 FiS 200 Grade 20 Gears of light duty work.
2 Iron FG 260 Grade 25 ow speed (upio 0.8 mis),
hand -apersted winches, elo.
& Cast ron with 1865 G 50017 ‘Geams wilh increased load
i spheroidal graphite EG GO capacity and ressiance o
cantact slress
5 Cast 1030 Grade: 28-52 Grade 2 Medum spsed gears (up o
Li] Ehen| Grade: 3057 Grsde 1 By ), crarewheslgeans canes
cross ievel and long traved
pears
T Standard o Fe 410 Srd2
B sruciural 1570 Fe 420 S50 For genaral purpase geans
a wheme| Fa 820 SteEld
10 Fe 650 5T 70
11 45 CB G 45 Lo =peed, light duty geas
12 FHeal 1570 60 C4 C Ed Medum speed. medium duty
13 treatabie a1 L gears. Geas  or gear il
14 sieeal a7 512 Mngd pumps. Gears for comeentional
15 40 Cr 1hdo 28 piar bores. Crass snd lang
travelgearsfor cranes. Medum
1o high spesd gears, maschine
ool gear bomes, sie.
14 10 &g 10 My duty ransmisson
17 Carmm 16 C4d Cia ears
18 carbiurising 157 7 Mn 1 Cr %3 General purpose gear booes
19 sleed 20 M iCrl where hardenedgearsurfacais

imperalive. Hoisting, crans,
bEming geans nvohdng medium
to by duly

(Conig)
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{Canid)
Sl flateral 18: I5: Symbod 18, 5ymbo Tymcal uses
Fla, e, {new) [eel]
20 Flams or 45 C 8 C 45 For pears of heay duty
21 v chicsn 1570 AhCr4 40Cr 1 For pears wilh high suface
22 Fardening AT S 28050 hardress andwhare the
el sirsses are high and exacting
3 Sleal hardened 1570 40Cr 4 40 cri Gears for superficialy hand
24 in cymide bath AT Si 2 Min 80 oo sudaces

Lt 4en1 51 ek 51 Endlimit Pem. Ban. 55 Sur. Bi. Sir. Br. Hardness

a . H& Head
E:rp_ T a,0.2) % - Treatment
Hoerage values [Ml'rnnﬂ

1 200 L al 35 255 1670 =3

2 260 s s 45 ars 2060 e

3 EO0 a0 - i 470 1960

4 800 arm s 154 RS 2260

5 520 260 205 o0 65 1470 Arnealed
5] 570 00 235 110 480 1T

T 410 2E0 220 110 I35 1230

B 490 0 255 120 o 1470

o 620 350 305 125 440 1770 Arnealed
10 f="s} 410 a70 160 510 2040

11 BOO JED a0 150 400 1810

12 TO0 430 a7 1580 800 60 Quenchad
13 SO0 &850 400 17 745 2550 hardened ard
14 a7s 190 D 2160 lempered
15 700 . 00 Lin's} 185 745 3340

18 500 300 260 130 1630 S790

17 00 a0 a7 165 1730 B350 Hardened
18 B0 Bah 2EA 1780 6380
19 Ha0 GBS 2610 17an G380
20 E40 a0 180 1640 GBA0
| a230 B4l 200 1620 S7a0 Hardened
x B0 B4 15EQ 54490
i 1370 1640 5640 Hardened
24 1470 ga0 1620 5400

e

. Inmosi cases the sirength values given ame the sverage anes and are for guidance anly. Insome cases, when

a rmgu'r:u.pmﬁa-d irt 1kt reslevard codes fram which the sirength values hanee bagn taken, e (o valoes g

win bere for safiely.
2 ¥

Ao of o8B ard HE for Indian steats are manky basad on Sose of souialentor nesr-aguialent fanreign
steels. This is e o lack o sufficent expaimeantaldiasta on Indan sieels. These vakies, boweern, can be used
for calculabion.

- Exgepl=urfacs faligue strength( g ) the strength vl uess in case of cass-hardenedsieels refer o cons properties.

For case-hardened siesls, the of g ard HE shown here ane fypical values cblsned sfier suface
Fesrdimnireg.

- Thevvaluesof permissible bandingsiress 7 areguidingvalues only They can be changed, depending on locading

cordilions.




APPENDIX F

Table of Contact Ratios (CR) of
Spur Gears in Mesh

Ba=ad an Grundzuegs dar Varzahnung, Thamas, 1857 Edilion, fabls no. 11.10.p.247.

Agdondinm = /T, pressure angike = 1"

Car Harser Verlag, Munich

<,

Z,

12 13 14 15 16
12 1.0496
13 1.181 1.268
14 1267 1.3558 1442
16 1.462 1461
16 1400 1498
17 1.497 1.506
1B 18058 1.514
18 1512 158X
20 1819 1.627
i 1.5256 1.633
22 1.531 1.539
23 1.538 1.645
24 1542 1580
= 1847 1.555
26 1.540 1 EE6
a7 1.5684
28 1.568
20 1572
30 1.576
o0 1.267 1.2558 1.452 1.548 1.843
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£,
Z,
17 18 18 20 25 a0 &0 100 200
17 1.514
18 1.522 1.528
18 1.529 1.536 1,543
20 1.535 1542 1.640 1558
7 1 841 1.548 1 858 1582
¥ 1.547 1.564 1581 1 558
= 1.553 1.560 1.567 1.574
24 1.558 1.565 1572 1578
65 1.563 1.570 1.577 154 181
o 1.567 1.574 1581 1888 1615
27 1572 1.570 1.588 1580 1.0
8 1.576 1.683 1.580 16507 1.624
= 1.580 1.687 1804 1801 1828
o 1.584 1581 1.580 1605 1632 1656
a0 1.816 1622 1620 1638 1664 1686
50 1.637 1643 1,650 1657 1685 1707 1.758
100 1.883 1.680 1.696 1708 1731 1753 1B04d  1.BSD
200 1.714 1720 1727 1734 1782 1784 1835 1681 1912
500 1.733 1.738 1748 1753 1781 1803 1854 1800  18M
1.748 1.764 1761 1788 1788 1418 1.867 1818 1946
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Tables of Trigonometrical Functions

Sine 0' ... 48"
Minules for sine
Deg. a° 10° 20 0 aa* 5 &0
1] 00000 00028 0.0058 007 0.0116 0.0145 O.017s ED
1 00175 0.0204 0.0z33 0. 0262 0.0251 0.03z0 0.034% BR
2 0.0349 0.03TH 0. 0407 00436 0.04E5 0.0454 0.0523 ET
3 0.DE23 0.0552 0. 0581 o060 0.0640 0.06ED 3. 0638 BE
F O oaaE a.a7z7 00755 0. 07ES 0.0814 0.0843 0.0872 ES
5 0.0872 0. 0801 0. 082% 0. 0958 0.08E7 0.L01E 0.1045 g4
B 0.1045 0.1074 0.1103 0.1132 0.1181 0.1190 0.1Z1% Fike]
7 0.1219 0.124E 0.1276 0.1305 0.1334 0,13&3 0.13832 Bz
B 0.1352 0.1421 0.144% 0.1478 0.1507 0.1536 0.1564 g1
] 0.1564 1.1553 0.1622 0. 1650 0.167% 0.1708 0.1736 Bl
1D 0.1735 0.L755 0.1734 0.1822 0 1BS] O VRBD O 1808 73
11 . 1608 0.1537 0. 15965 0.1534 0.2022 0.205L 0.Z07% 73
12 0.2073 0.z108 0.2136 0.Z1E4 0.7153 a.2271 0.2250 i)
13 0.F250 0.227E 0.Z306 02334 0.Z353 0.2351 0.241% 76
14 0.Z415 0.za47 0.2476 0.Z504 0.5532 a.2560 02588 5
i 02584 0.2616 0.2644 0.2672 0.2700 0.z7z8 0.2756 74
15 0.Z756 0.2Thd .281Z o.22840 [l 0.2E56 0.2524 k|
17 O.2924 0.2952 0.2979 0.3007 0. 3035 0. 3062 0.3030 TE
18 03080 0.3118 0.3145 ¢.3173 0.3201 0.3223 0.3256 !
19 0.3256 0.3283 0.331 0.3338 0_33E5 0.3393 0.3420 ™
20 0. 3420 0.3dd8 0.3475 0.3502 035259 0. 3557 1. 35084 53
a 0.3584 0.361 0. 3636 0.3665 0.3652 03719 0.374E6 &B
22 0.37T46 0.3773 0. 2800 0.3az7 0_3a54 0_3gs1 o.3507 &7
ik | 033907 0.3934 0.3881 0.3987  O.&014 0_a041 0. 40ET EE
z4 04067 0. 40594 0.4120 0.4147 0.4173 0_47an 0.4226 &5
= 0. 4226 0.4253 0.42749 a.4305 O.4331 0_4358 {4384 &4
6 i %8 0.4410 0.4435 0.4432  0.&£488 0.4514 0. 4540 [ |
7 04540 0. 45566 0. 45532 0. 4617 0.4643 0.8669 0. 4655 £2
za 0.4595 O.4720 0.4746 O.4772 0.4797 0. 4623 0.4E43 Bl
== 0. 4E48 0.4874 0. 4855 0.4524 0.4850 0.4875 0. 5000 &0

(Cownid.)
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Contd)
Sine 0' . 48
Mimutes for sine

Deg. a il a0 3 40" 50 aa’'
an 0 E000 05005 05050 0 EO7E 05100 0.5125 0.5150 ]
31 08180 05176 0.B200 0.6225 0.5280 05275 0.62e4 58
iz (L5200 0.5324 05348 08373 0.5%08 08423 0.5445 a7
33 (L5446 0.5471 {5405 0.e510 0.6544 05568 [.B5a2 58
34 0oG562 0.5516 0.5540 0.5854 0.5858 0.5712 0.5735 55
15 (LR ] 0.5760 05783 0.8R0T a.Eam 0.5854 0EATE 54
g 05878 0.5801 05825 0.5048 0.5472 (.5985 ga018 53
a7 Dan1e 0.E041 08085 05088 oet11 06134 D.8157 52
a8 L8167 0.E180 08202 08225 0.E34B 0.6Z71 [ 51
1] fRli Pt b 06318 08338 0E3E1 0.6383 08404 DUB4 2R &0
40 E428 06450 0B4T2 08404 06817 06539 DESET 49
41 0.8561 DLBSA3 0.GE04 0BG DEGdE 0.6E70 06691 48
42 06891 0BT 0.E7 3 06758 DETIT 0.E7ag «0LEE20 47
43 0.6820 08841 0.6882 08884 0AGlS 065826 06947 46
a4 0.6847 0ESET 0.E3E8 0. 7009 07030 0.7050 07071 45

an a0 40 ' 20 1o a Dieq.
Minutes for cosine
Cosine 45" 80"
Sine &, 00
Minubes for sine

Dag. o 1 2o ao 4 50° o’
45 0.7 0.7093 a.viiz 07133 07iE3 773 0.7193 44
48 07103 07214 0.7234 07254 07274 0.7294 DFa1d 43
47 0.7314 07353 0.7353 07373 0.rae 07412 7.7431 42
48 0.7431 07451 0.7470 0.7490 0.7504 a.7528 07547 41
45 D.7547 0. 7566 0.7586 O.7804 O7E2S 07642 07680 44
L 0.7GEO 07870 [0.7ESE 07716 DITis 07753 07T 9
51 077 Q7730 0.7E08 0.7826 D.7Ed44 a.78E2 0. TEAD ]
52 0. TaED 0.7838 07918 G.Taad 0, TiEq & TER 0. 7TO8E 7
aa bulie =11 0. 8004 0.BOZ1 0.8038 0 A0S5E 0.B073 0.82440 ‘36
54 0. 5090 0.E107 OB 2 O.E141 DE158 LBE1TS 0.8192 5
£5 08192 08204 0.a225 0.E241 DLB258 0AaZT 0. 5280 34
56 0.aZa0 08307 DB3Z3 0.B330 EIES 0.83mM 0.8387 a3
57 0.H3RT 0.8403 084148 0.8434 8450 08485 0.8420 X2
58 0 B4B0 0,540 D.B511 0 BS3E DAE4Z 0o ESET DAEFZ a1
54 0.8572 0.B5&T O AED 0.BE16 AE31 D.EE4E 0. 566860 i

:




A28 Appendices

{Contd)
Sine 45'_ G0
Minutes for sing

Deg. o 10 0 30 4 50" &0
(1] 0.BEED 0EETS i BERS BAT0d  D.ETIB 0.BTIZ AT 46 74
&1 0.B74E AT 08774 .87 &8 0.Ba02 0BE1E 0LER2Y 8
B2 0.BEZD 08843 0.B&ST a.8700 0.0aEd O_RasT OLES1D a7
B3 0.ES10 08T 08938 .8943 0.B9E2 08975 O.BIEE o]
B4 0.55848 05001 0.9013 09028 0.0038 09051 08063 5
B5 00063 0.9075 09088 0.9 00 B.oi12 00124 08135 24
] 09135 09147 091508 08171 09182 09194 09205 73
87 0.5205 08218 09238 0.923% 09250 09261 08272 22
B8 0.9272 09283 0.9253 0.9304 09318 0.9325 0.5338 Py
(i 0.0338 0.3348 0.2358 0.2367 09377 00387 0.83497 20
TO 0.9387 0.9407 08417 09426 0.8436 09448 08455 19
| 09455 09485 0.9474 0.9483 0.9492 0.8502 08511 18
73 09511 0,050 0.9538 0.9537 00548 09558 05853 17
T3 09563 09572 {1 9580 D.8588 00506 0.8605 M.0613 18
T4 08615 0.9621 0.968 09836 09644 0 S6E2 0065 15
75 09659 0.96ET 0.9674 09881 09689 00606 0.8703 14
76 09703 08710 08717 08724 09730 0.o73T 0LoT44 13
7 04744 08750 0.aTsT 08763 09789 08778 n.aTat 12
TH 09781 DATET 0.8793 08793 09805 0.8a11 0Lo816 11
T 08816 0.GH22 09827 09833 0.9838 Y- TR 0.5848 A
i} 09848 DLaA53 03858 0.3063 0. BBEE 09672 D.GaTT 5
ai 08877 R ER 0 BESE O BESH0 09804 09899 06903 B
B2 0.9%03 09807 06811 awaid 08818 .99z 09925 7
B3 09638 0.8929 L9932 0.9936 09539 09842 02045 B
B4 0.0045 9948 Baas1 .0a54 0.8657 09554 0 s 2 5
BS 0.9062 D.am64 0.0067 0 0060 09971 00674 D.20TE 4
B 090976 09978 OLaaED 0,950 09503 09305 0.0GRE 3
BT 09986 19968 R R Oo8e0 09882 09893 0. S 2
BB 0.5904 0.9995 9806 OaeT OBy O el 0 S 1
1] 098885 0. 20080 DLe9953 OGN0 000008 000008 1.0000 0

&0” 50" 'y L] 10 o' Dag.

Minutes for cosine

Cosine 0", .48




Appendix G A28

(ot}
Tangent 0 ..A5
Minutes for tangent
Deq, o 100 20 a0 40 50 50
0 0.0000 0.002% 0.0088 0.0087 00118 0.0145 0.0175 B9
1 &8.0176 0.0204 0.0233 0.0262 a0 0.0320 0.0348 BB
2 00348 00376 0.0407 0.0437 0.0458 0.0495 0.0524 B7
3 00524 00853 00582 0.0612 0641 0.0670 0.089% BE
4 0.0509 0.0720 00756 0.0787  DOBIG 0.0B46 0.0875 86
& 0.0875 00904 0.0834 0.0863  0.0892 0.1022 0.1051 B
B 0. 1051 0.1080 0.1110 0.1134 0.1168 0.1198 0.1228 B3
7 01328 O0.1257 0.1287 01317 01348 0.1376 01405 B2
8 0.1405 0.1436 0.1465 0.1495  0.1534 0.15564 0.1584 &1
g 0.1684 01614 0. 1644 0.1673 01703 0.1733 0.1763 a0
10 0.1783 01793 01823 0.1853  0.1B43 01914 01844 7o
11 01044 01874 02004 02035 02046 02045 0.2128 T8
12 02126 0.2156 02186 02217 02247 02278 0.2309 7
13 02300 0.2330 0.2370 0.2401 0.2432 02462 02483 T8
14 0.2453 03524 02556 02586 02617 0.2648 02670 76
15 0.2673 02711 0.2742 02773 0.2805 0.2835 02867 T4
18 02887 0. 2R30 02031 02683 02904 03026 03057 T3
17 03057 0.3080 04.3121 03155 03185 0.3217 0,324 72
18 03248 0.3281 0.3314 0.3348 03378 R RR] 03443 71
19 03443 03476 03508 03541 03574 D.3G0T {03840 70
20 0.3840 03673 0.3706 0.3733 03772 L3805 0.3639 89
21 03630 D.3BTE 03606 0.3038 03873 04006 0.4040 &8
22 04040 04074 0.4108 04142 04178 04210 04246 &7
23 04245 04279 04314 0.4348 04383 0.4417 0.4452 B&
24 04452 04487 04522 04557 0.4502 04638 04685 B
25 04663 04630 0.4734 04770  D4B06 0.4841 04877 B4
26 0.4ETT 04813 0450 04986 Q8337 N 0 8088 B3
27 O EOGE 0.5132 05189 05206 0.5243 0,528 05317 82
2B 0BT 05354 &.5302 .5430 O EIET 35505 0B84 &1
8 08543 0.5581 {5615 i B8RS 0 BAGE 05735 06774 ]
ot el 05774 O 8812 LA O BRSO 0.5930 0.59649 el v 6o
31 DED03 DLBO4E 0.G0EA 06128 0,616 06208 0.6248 £
32 06249 0.6IE0 0.6330 0.6371 064132 0.6453 0.6404 57
a3 06494 0.6536 06577 08818 05881 06703 08746 [T
34 DBT45 0.6TET 0.E&30 0.687T3 06318 06059 0.7002 L1
15 0 7002 07046 07088 07133  QFI7T 07221 0.7286 54
il 0.7285 o 7310 0. 7I58 07400 07448 0.7480 07536 53
a7 07516 o 75&1 aTE2T 07873 0770 0.7786 0.7813 62
38 o 7813 o TRED 07907 07954 08002 0.B0SD 0.B058 51
e o 8058 o B148 08195 08243  0E293 0.63432 0.E301 &0

{Cantd)
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Appendix & A

Tangent 45' ,,,.00°

Ilinutes for tangent
Deg. o 1w 2o kL 4 Ll &0

70 27475 27728 2. 7980 28238 28502 2.ETTO 2 Bod2 19
m 2 5042 28318 28500 25887 L0MTE L0475 30777 18
T2 30777 3.1004 3.1387 11716 32041 32T 3.2700 17
73 3.27048 3.3082 3.3402 33784 34124 3.4485 34874 16
74 14874 1.5281 35555 3,605 3.8470 TEaE 37321 18
76 37321 1.TTED 38208 1.BEET 19136 38617 40108 14
T 4.0100 4.0811 4.1128 41863  4.2183 4.3T4T 3.3315 13
44 43318 4.3837 44484 45107 45738 48383 4. 7048 12
T8 4.To46 47720 4.8430 49182 40804 50658 B. 1448 11
78 B. 1446 52287 §.3083 53935 54845 B.5TE4 56713 10
ED 58713 5.T654 5.B708 58758 G.0844 E.1870 B.3138 g
1 B.3138 64348 65505 G.6312 f.0250 B.B6Ez2 71154 B
B2 T.1164 72687 T.428T T.5880 77704 T.8530 B.1444 T
B3 B.1dd4 B.3450 B.5556 87788 9.0088 82583 85144 &
B4 9.5144 97802 100780 103854 107118 110594 11.4301 1
BE 11.4301 11,8262 122808 127062 131068 13727 143007 4
B 14.3007 14.9244 166048  18.3490  1T.16831 180750 18,0811 3
BT 19.0811 202056 214704 220008 MB41R 26.4316 28,6363 2
BB 206363 aae I4.06TH  JB.IBEE 429041 49,1009 §7.2000 1
B9 572900 BE.T5M 859398 114.5887 1718854 3437737 = o

L1 50" a0 £ 20 10° L Deg

Minutes for cotangem

Cotangent0* ...45'




APPENDIX H

Involute Functions

Angio o inw gi= o= dradians |

Degrees

10 11 12 13 14

Minuries
o GO0 T 41 D.00Za8 41 0003141 ™ 000357 54 DO04EE 19
1 000180 31 00240 &1 302 a0 0050000
2 122 161 434 000400 65 182
i | 213 arz GE7 23 384
4 dps a5 620 arr 546
5 aoy 4495 B a2 534 728
[+ 4 &9 607 =1o0 5 G o2 I e
T S8 719 QL0032 0o 8 49 0005810 06
B a74 Ba% 2. 00041508 280
] Tar B4 380 188 4 85
iLi] B B0 J.00250 &7 i 325 (R
11 a0 88 54 ogEss ™ O0326 29 o 00414 85 OO0818 35
12 Do0190 48 285 776 844 0.00520 22
13 142 340 o i1 805 i 11}
4 237 5 13 O D00 40 9 65 395
15 132 628 185 000421 4 582
4L 4 27 Tadd iz 288 770
17 53 B 5O 4 80 4 B0 9 58
18 a8 18 LT 5ol 6 12 000531 47
18 715 O Aams0 91 7 36 775 a3
20 a1z 208 BTE 9 528
21 o 018909 o DO263 25 DOoa4an 14 00043 02 000837 18
22 o 00200 06 443 1 84 2&8 SoT
23 108 5 &0 25 430 000640 0B
24 2 878 4 34 545 290
25 200 Ta7 575 T&d 4 52
L o] Ioa 916 718 o E 874
27 4 o7 o Q0270 35 i 58 0 D00 52 8 &7
b | L 1 64 O QORED 00 289 DOSE0 B0
x5 B85 274 142 4 2584
g 795 Jo4 285 5493 4 48




Appendlx H &.33

[Tt
Angie a inw amtan = a{radians)
Degroes
e \[H 11 12 13 14
Minwles
M 01 0 o5 G.5037% 15 G.00384 28 000447 61 000556 42
3z 985 636 573 a3 A58
33 000210 26 757 T 16 O Ol B0 S8 0.00580 3
34 187 a7o HED 267 2 30
a6 280 0.00280 01 QU360 05 4 37 427
36 400 123 1 &0 6 OF 824
ar 502 248 298 T 823
kT 605 i) 441 8 di 0.00570 20
39 707 493 5648 0.00481 20 218
40 B 10 A 18 T35 281 417
41 000218 14 000287 41 000388 62 G 0484 sa C.00878 17
43 g ansan 1T BES 000370 29 B a5 847
43 121 980 1 7F d0a 0.00880 17
44 226 §00281 15 326 G a3 218
45 330 24 474 0.00471 &7 4 X
48 435 167 623 33 g x2
47 541 404 TT3 E0E B4
48 847 820 923 E Bl 000800 28
49 753 T 47 CLO0EA0 73 B &7 230
50 B 54 875 2224 .0044a0 33 434
51 000220 86 LSOO 03 LO03&3 75 O Q04az o L0055 8
52 000230 73 131 527 X 87 Bd45
53 180 260 ] E84 0006800 48
B4 288 3185 831 Tdz ¢ 5d
=1 boh 1] 518 984 I 4 &80
o6 504 i 44 000581 37 O o0 E o a6y
a7 B 13 TTB 201 27 d 74
=113 722 Qo 4 45 4 Ep n.o0E10ar
5o a3 000310 3L 594 6 39 285
&0 o238 41 000311 M 000397 54 000438 1o 000614 98
Angle a in¥ i = tam pg = & (radians]
Degress
bl 15 16 17 18 19
Minusias
o 00814 58 000748 3 G008 5 0076 O 0.012716
1 o7 B17 052 T8 760
2 917 £4 1 a7 e Az 2 T4
3 o00e21 27 e 107 B5 3 e
4 337 SRS 134 aod a5 4
& 45 813 161 o1 5 agp

(ol




A4 Appendices

{Contd)
Angie a v a = tan a = a jradians)
Degroees
 —— 16 16 17 18 19
Minufes
& TED 6317 B3 9446 523
T 9712 £81 xa & T a5
B 0.00631 84 Gag 2d 0011008 &3
L 347 o o2 03g Q01302 8
1a 811 Ta 6 A4 o7 1 DE3
n Q00638 25 0.00775 8 G027 Q011102 001309 8
12 0.00640 3 T8 4 A55 153 154
13 254 ap g 383 165 1649
14 4 70 833 411 198 204
15 6 BG 857 438 2E 240
L a2 BE 2 45 7 280 X756
7 2.00681 18 907 485 291 3
18 3ar 632 5 b | 546
19 555 657 g2 355 aaz
20 T3 gaz 880 3ar 416
21 000628 82 0.00800 7 0.008E0 8 001141 & 001345 4
s 000562 1 o3 2 £17 451 480
b | 431 o7 G5 463 E26
24 652 062 624 815 52
P 473 wr 722 5847 508
b ] 0 00670 94 133 EA1 580 634
¥ 316 158 TBa 12 87 o
= 53 a3 ana 644 mT
24 TE2 209 8317 arrT 43
30 B BG 234 BEE e e
a 0.00582 O 0.00826 0 000586 5 o011 2 0381 &
32 434 A5 = bl a5z
33 i) a1 =T | an7 69
34 Ea4 337 g2 8B40 28
35 0.08681 10 32 Q01001 2 a7 a 963
38 IF a8 41 906 9838
w & B4 414 ar o 8638 Q07403 6
K| T 440 be -] o7 2 o7 a
38 3.00700 18 466 129 Q01206 110
40 245 452 158 Gaa B
41 A.a07ad 77 S OOREY A 00016 B 001207 1 001418 5
42 T8 54 4 217 105 &t 2
43 936 571 M7 138 =0
44 0.00711 67 g7 a7 172 287
45 a8a 623 307 206 134
46 230 €50 336 39 arz
4y BE2 ETE 386 T2 4048
48 000720 85 T2 396 306 247
49 326 729 426 340 485
50 5a1 756 458 373 623

{Couridl)



[Contd)
Angic a i 2 =fan a= a|radians)
Degroes
—_— 15 18 17 18 15
Minutes
5l 0.0072T o8 000878 2 001048 & 003407 01455 0
52 0.00730 3 #8405 LI dd1 s55@
53 2EE a3 g BT 475 E3E
54 L | 863 517 5B G674
55 738 ags EOB 243 mna
L1 T ol 6 G348 ETB 751
57 0.007aE 12 9413 E&D [ ]
54 4 50 70 ES O S48 az7
L] cap q998 Ta EBL BES
&0 0.007de 27 000608 5 0. 0L07ay O, 012715 0. 0Lda04
Angle o ine am tan a= ajradians)
Degrogs
= 20 A 2 23 24
Minufes
L]
a 0. 014804 0 017345 002008 4 0. 23049 G028 0
a4 3 Jgae 1 2 407
2 ag 2 d5z 45 154 A8 5
3 I T 474 157 207 v |
4 059 27 44 250 LR
5 rag O 252 a2 539
[ 157 EOS 40 g5 637
7 1784 E4T 8B 48 756
" AL 630 13 6 471 E 4
g x4 TR d84 524 BTz
10 0.015333 0.0a7m7 002083 3 0. 023577 002893 1
11 "3 az1 281 631 =] o]
12 372 BES 624 GEA 0. 02048
13 i 1 a0 ETE 738 7
14 i51 g5 2 T2E 791 1E&
15 A5 99E T15 B4 8 g
16 530 0.01804 824 aga X4
17 57a agd 873 952 343
1B 00 1259 421 0. 024006 402
15 649 173 470 oDEQ 462
20 0.01568 & O_0iaa 7 0.0Mol 9 fo02411 4 0027521
il | 724 262 065 1Ea £8 1
2 TED 308 18 223 64,
it B09 . a8 167 n7 o
2 BS o 355 AT 33z Tad




A3S Appendices

{Comtd)

Anglea i aw tan a = a [radians)

Degreas

20 2 x 23 24

Minuos
25 B0 440 266 86 B2 0
26 9310 488 6 441 Ban
27 a7 1 B30 65 40 5 g4n
28 004601 1 ST S 418 B850 QoA o
20 05 2 &2 o 46 5§ i1 050
40 0.0 &0 2 0.0 BBE 8 002151 4 0024660 D081 1

T e

31 113 To BE & s 181
a2 174 755 14 T 242
33 Pl oo B85 B2 5 anz2
B4 5 B4G s 881 363
35 298 R T8 5 oG 424
36 217 Q17 815 Qo2 dB 5
3T aTa ag3 BEE 002504 7 545
38 42 0 0018028 ol 6 103 607
a9 46 1 o7 4 Be7T 158 66
40 {0.01850 2 p.oi912o 002201 & BLO2521 4 0.0AT2E
41 B4 4 166 0EE o iR
42 585 M2 118 126 85 2
43 827 258 170 ag2 o114
44 BE O w4 = 8 a7 d
45 T.0 350 e 495 0.02003 7
48 TH 2 |7 x4 55 1 (-1
47 04 43 arTs 608 16 1
48 BI6 da0 & 6 664 k]
49 BT 8 516 4Ta T24 2885
B 001692 0 .01 88 3 00225828 0028777 002054 8
i T 630 581 034 410
52 0.01700 4 GTG 633 B 1 AT 2
53 047 723 G4 B 515
54 08 & Firl ) Ta6 002600 5 Y]
58 132 g e 0&2 G680
86 174 BEd Bd O 120 T23
5T 7 o1 2 BO2 177 THE
58 %9 @54 B44 235 B48
59 302 0.05000 7 a7 292 2
i3] 0.01734 5 0.02005 4 002304 0 002635 0 0 02eeT s




Appendix H 37

(Contd)
Angle & ime & wtan & = & {radians)
Degrees
25 26 a7 28 20
Minules
(W] 002987 5 006304 T OOFE2E 7 2.04301 7 004864
1 o33 e 0034014 362 100 2535
2 102 0BG 438 182 343
3 188 155 B14 i 45 2
4 g X2 5 590 M7 5332
] 283 Za4 GEG 43 0 61 2
L] BT 364 a2 513 0 2
T 420 43 4 B1B 89 B a2
8 d45 4 504 E9d 67 8 #B3
o XN BF 4 a7 TE2 g7 3
10 613 G444 {3204 7 a44 0045508 4
11 DuaneT 7 03471 4 .oiagi2 4 004302 O 004915 4
12 ™1 i b 201 004401 2 246
13 Bl E B3 G Zra oG 336
14 BTo o6 356 180 4027
15 Ga 6 @arT 432 24 518
16 Ga%i000 DO3IS0E 7 L Ta i = 348 06
17 08 8 138 586 42 701
16 130 209 68 4 a1e TS &
19 106 O 741 G601 284
a A0 b aig GA 5 97 6
21 03132 5 003542 5 fulac =1 {=Rr) 004477 O O0BLO0EE
2 o 44 4 ard a5 G 160
b | 456 BE B 00005 Z g3ifg 252
24 521 B3 7 131 00450 4 344
25 E3 7 e 20a 110 437
28 653 T8 287 195 529
n 1B B3 368 280 62 2
28 TE4 =] dd4 A6 M6
ot | LR agy 8523 45 1 BOB
30 a17 03Ems O B2 8T abt
a1 081683 0.03514 2 0.04068 0 00562 3 Q050004
iz 00304 & 214 7649 o9 005108 7
53 116 287 B30 mh 18 1
34 182 350 918 BE1 T4
36 i g &5 3 Qo7 SET jut it |
|5 315 05 004107 & 0.04505 £ 462
It 382 5'a 156 140 556
38 449 65 1 236 227 650
38 518 T4 A6 33 744
&0 EE3 TOHE 05 &) #2318

(Cond)




A3D  Appendices

{Canid)
M a v & mitan a = a (radizsns)
Degrous
_— 25 26 ar L 20
Minites
1 0.0%265 1 0.036ET 1 0.041475 0.04848 T 005193 3
4 kAl ] S48 0E B &7 5 0.65202 T
43 T8 S 0.03701 8 [T EE2 12 2
o BS 3 ag2 T B 217
45 820 16 & 87 83T M2
di BEE Mo BT 82 4 407
47 0.02305 & 34 05 & 004701 2 & 3
AR 124 188 0042038 10m BT
49 102 462 120 18 & 63 3
0 FLi] 517 204 ITE TEE
51 003332 A 003761 1 0.04228 2 0047364 0.05280 4
52 307 BEE 163 45 2 GE0
53 A 5 ™ 1 a4 4 TR 008307 6
LT 4 BIS 52 6 83 0 172
55 602 oMo 607 ME 268
56 BT 1 o8 5 GRS BOT 365
5T o 00386 o T BOE &6 1
50 B0 & 136 BE 3 EET 558
50 BTE A B35 0.04R0T 4 655
Gl 0.03%04 T 0. 0E0E T 0.04501 7 G165 4 008378 1
Anple @ inv amtan a = a(radians)
Dagreas
I, 30 K| a2 | M
MinLtes
] 083731 . G080 0 0, 06635 4 .07 344 8 fo0Ei0E T
i B8 ™ 4 AT B BT 2 e
2 BaE 0.06001 8 59 1 6o 5 362
3 0 08404 3 124 T 5 BB 48 4
4 o Mo ] ad1 B2 7
5 238 135 834 007406 4 TE O
8 336 441 006704 8 18 8 Ea4
T 433 B4 T 163 nz 0082027
2] 83 1 6853 277 435 16 1
] 620 TH G 382 BE 204
10 TIE BEE 507 B4 42§
11 0.06485 6 008047 2 006762 2 0.0T 4808 008256 2
12 02 4 0 0E10T & TiE e 6a T
13 005502 3 10 BS 3 0.07508 T B3 1
i 22 292 069 182 a6 6
18 9 40 0 0.06808 4 307 003100
16 120 507 200 43 2 5

(Contd)



Appendix H A.39

{ Contd)

Angle a mv ag=lae &= ol redians)

Degroes

— 30 a1 a2 33 34

Minutes
i7 418 Bl 4 6 5 7 ar1
18 B1B TZ1 432 BB 3 26
1% B17 &2 54 5 8l s G6d1
bl mnr oy 7 GE 5 934 Ty
21 Q05581 7 008204 5 GORaTE 2 0.0M806E0 D0E391 3
22 B 163 298 186 008404 0
23 QO80T B X1 Lo56016E a1z 185
24 116 %R0 133 430 321
25 217 4T B 250 565 457
28 nT i ] 38T 6oz 534
7 417 i 48 5 815 731
| 518 B 4 602 S4E EEa
29 E1D o1 3 T30 0.077ars O OREOG S
30 20O 08302 2 Bl 8 200 142
i | o.OsERED 1 006313 1 0.06905 1 Q077rs B CUOBSIE O
32 02 2 241 0OT0T 5 46 & 418
a3 DOSTO23 B0 183 E3 G566
a4 124 46 0 32 711 693
35 2E BF O 430 BT a3z
a8 a2R GEO 544 9E48 970
a7 429 o BE B 0.07a0a 8 OB E
38 531 801 TaT 225 M7
a9 833 0.08401 1 qo7 354 A8E
40 T3B 122 002 & 45 3 526
41 DOSTEIB 0084252 0OT114 B 0LOTEEL 2 (: 0BEEE 4
42 940 A 3 266 741 and
45 008804 5 45 4 A2 E ar1 343
44 146 55 8ie Q.07 0 008708 3
45 249 G677 G2 & 130 223
A6 362 TEAE ™y 280 63
47 45 & qon HET o 803
48 BS B 008201 2 9gE8 220 G4
49 BE2 123 047a g BS 1 Tad
50 TEE 238 ng Ta 1 9z 5
Bi 0058580 006534 8 0.07235 1 0.ames 2 .08806 4
52 a7 3 a8 O 473 0 0800 3 207
53 0.05907 7 a73 G504 174 348
) 181 GAE 7B 108 400
55 HEE 7o 8 Eig 431 7 B3 1
A oo at 1 G50 BB Tra
&7 404 DOEGD2 4 007308 2 oo =) -
&8 =R 137 24 a1z 0.08935 7
) To4 A0 26 964 200
a0 0.05980 % DOBEIE 4 Q07344 0 ooaaT 0.08834 2
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-‘HEHI o By gy = lan a = & [radiana)
Dogroes
o 35 36 ar palid a4
Minws
1] 0o0atad 2 0.09E22 L1078 0 11806 012811
1 48 5 faslil 745 a4 530
2 &2 a8 B53 a1 842 49
3 | Bag HZA a5 qaEE
4 914 Bd Bd4 BT Sar
5 0083058 & B30 oa1 =)= 0. 13006
i3 04 o5 B7E a13 026
T < L Ead o 045
5] 48 9 df a11 &40 DG4
g B33 B azh 857 0E3
10d T o7y 044 QRE 102
11 D000 2 0.0o0a 01058 012003 D132
12 Q09106 7 Q10008 ora 021 141
13 211 02 945 i ] 180
14 356 a2 ] 0ot 1011 057 180
15 B 2 o555 026 075 189
18 64 T a7 45 aax 214
17 ™3 OBE G2 111 238
18 BHA 102 ave 129 E8
13 008306 & 118 096 147 277
2D 250 133 113 165 297
21 o OeZar v 013148 0111350 0.012184 013316
2z 523 165 148 02 336
X3 870 181 163 20 a55
24 #8148 168 180 b= aTs
5 Qg3 212 187 267 385
2 Daa%it 1 =28 215 275 414
a7 24 244 2532 200 &34
28 a06 W0 249 132 454
20 553 276 2668 350 47
30 1 2492 263 348 493
3 009364 O T AOME 010300 012387 013513
3z o8 323 317 &A5 5315
33 00 1d 6 334 pix 404 ESX
34 285 356 a5z 423 572
a5 44 3 ar b =] 441 502
38 a2 AER a6G 458 B12
ar T4 2 404 200 478 632
TR 891 A0 4 L= G52
ag 0.08504 1 435 L3R 515 E72
40 180 4632 455 534 52
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[Caontd)
Angie a ime & mtan & = a{radians)
Degrees
38 38 ar X 35
Minires
41 e f= L] B.10468 0.114723 012852 B.137T12
42 480 d54 430 M Taz
43 B4 1 SO0 s07 520 752
a4 ™M 518 g25 [ials] Tr2
45 54 533 E42 62T Ta2
A4 008600 3 540 S6G Edb Bz
47 24 SES 517 G £33
48 m\E BH1 585 6&3 853
44 EdB g G112 Taz T3
LY (=¥ 14 630 T21 93
51 008685 o 010630 011647 12740 0.13813
g2 006700 2 o47 GBS 759 B34
53 154 GE3 a2 778 G4
84 iog 670 To0 Tar 574
55 459 638 T8 18 &as
SE 61 1 T2 Ta5 B34 014018
57 TE 4 TG 783 853 0as
] 917 T45 T a72 (127
i9 008807 1 Tz TiE aa1 oTE
LT Q0@a2z 4 o.iaTTE a.11806 R i @.14087
Angle a v a =tan a = a (radians)
Degress
—_— 40 41 432 43 44
Mirutes
i 014097 018370 BAETAT 018202 0.149774
1 17 a2 TED 228 B0z
2 138 414 TEd 253 2a
3 158 436 BovT 278 855
4 1A A58 Bl 304 5]
-] 2040 480 H55 339 510
G 23 503 ira 355 1]
T 241 E28 apa A80 65
B 281 EaT azrg 408 G2
g Sg2 1 G50 43 020020
10 %03 591 a74 457 n47
i1 0.14%24 0 15E14 016068 018482 0. 20075
i2 44 636 017022 (1] 1o2
13 FE5 558 045 534 130
14 k6 B0 [113:] 550 157
18 407 T 02l 585 185




Al Appendices
{Cantd)

Angle a v a = tan a= airadians)
Dapress
40 L8 42 43 44
Minutes
1& 428 TZ5 117 &1 A2
17 4448 TAE 142 G317 240
18 A5G 70 166 BED ]
1s 450 T3 150 &ER ric
0 81 5 14 Ti4 23
a 014532 0 15338 o 17258 0 LETSD 0 20351
x 553 BED 22 TEh are
Pt 54 883 nE 752 407
. | 565 05 ki a8 435
5 616 S 335 Ha4 163
26 G3E ] 355 BT0 450
27 659 o713 ik ] B3E 518
Z8 aad =l 408 g2z 545
! | i 0. LE0ls 4% i 55
30 T 01 457 575 503
n 014745 0. 16064 b1MaEd 019001 0. 20631
32 J45 OE7 506 o027 &59
a1 786 110 530 053 687
34 aaT 153 555 a0 TS
35 B> 158 574 10 T3
36 as0 1 T8 a4 132 T2
37 a7l 201 624 158 400
3B #4313 pril 655 185 ax8
an a4 247 678 A3 A57
40 A5E ] To2 2B HES
11 0. 140957 0.182503 01727 0. 19265 020014
42 ] 7 752 bt a42
43 0. 15000 30 7 ne a7
a4 e HE3 Bl 544 a0
45 043 306 a2a m 021028
4E (17711 #0s E51 308 i ]
47 oE7 g3z a7a 424 (1 L]
&0 108 456 oo 451 114
45 130 478 926 478 142
50 152 502 45 505 1m
5 015173 0. L6525 aATaTE R -5 021300
52 155 549 0. 18001 558 st
&3 217 572 O2E ;1 =
54 il 506 a5l 512 b
55 260 619 ams [ 315
56 2a 642 Eril B4 344
57 A0 666 127 683 an
58 A6 L] 152 T 42
50 a48 i 177 747 43
&0 015370 016737 01g202 Q18T 012480
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Cantd)
{ConidlAngle a nY & w & - a (radians)
Degrees
U 45 88 47 4B 49
Minufes
] 021460 0.23288 025206 0 ATHRS 0.29516
1 485 a5 2400 a1 L LH]
2 B1B 330 273 asv 543
a B 5468 agz 307 a3 631
i BT7 393 3 430 B0
=1 GG 424 T4 &E5 e
B B35 45E ADE 5014 74T
7 GES 4aT 442 53R TEE
a ao4 5149 475 T 825
g 723 G50 50 810 54
10 763 582 543 G4 803
1 D.217az [2HE13 028577 0 3TEES 029042
12 E12 G645 611 e 981
13 B 876 645 755 030020
14 E71 T4 &7 a2 oS0
15 00 740 T3 BZ2R [aE
16 oGl FiF 74T BA5 1ar
17 = &K ana Ta1 o2 wr
18 CEo B35 B15 938 216
14 0.22019 BET BAD ors 255
20 %5 fal= B3 03E012 030285
21 023079 0.2¥ 025018 028048 0.30334
2 1048 963 a5z a5 L |
3 1348 a5 GAE 122 413
o4 1BE 0.24027 026021 150 453
25 196 Lha ) 055 196 492
26 228 a1 Q8o 295 5az
27 284 123 124 270 572
| 285 166 155 307 B11
23 3148 188 183 344 B51
%0 348 220 I 381 &En
31 0.Z237E 024257 026262 0284 18 D30T
a2 4M 285 207 455 |
33 4349 v 33z 4805 11
34 4E9 A5G 6 . 530 as1
35 484 382 4am 567 ao1
ag B30 416 435 805 931
37 1] 447 471 B42 ar
&4 =1 A& 506 BED 0.3z
] B2 512 541 TiT oE2
40 B51 5d5 &7E 756 oz

[Comd)
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(Cantd)
Angle a i am tan a = aradians)
Degrees
—_— 45 45 47 48 48
Minufes
41 022682 0.24574 028611 028792 0.3v13%
42 Tiz E11 E2E B30 173
43 T43 E43 EAZ BES 214
44 773 G676 Ti7 QG 254
45 Bad 703 752 943 205
4 EIG 742 TBY Q1 336
47 BaB5 7ra 523 028018 TG
48 EAE Bl HER &7 417
49 v ad1 O3 )= 457
11 CESB B74 2o 13 498
7} | 022985 024807 0 28964 02817 031558
g6z 023020 Q4] 027000 200 580
] 050 a73 ix 1 247 a1
54 0 025006 o7 288 GE2
55 112 040 107 324 To3
56 143 073 142 363 744
a7 4 106 178 400 TaS
1] 206 140 214 439 A28
50 237 173 85 477 BER
60 023268 025206 0275 028518 31809
Angie @ inv & = tan a = a [radians)
Degrees
50 a1 52 51 G4
Minules
i 01808 34470 037237 040202 LR
1 ] 52 285 253 448
2 G2 567 332 305 501
3 DA0a3 Gt RO ass EER
4 ars G368 428 407 811
5 1E TG 478 450 BET
a 156 745 G2d 511 T&2
7 199 7] T Ea2 TTe
1| 244 B34 E20 Bid Bx3
| 283 &9 EaE BB faliye]
bl 324 o TiE 717 945
11 032166 0.34984 0.37 785 0.407&89 044001
12 408 0.A5014 B13 B2l 057
13 450 059 B BT3 113
14 4492 104 10 825 169

(T o rd)
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{Conig)

Angle a inv a = W@n - a (radians)

Degrees

— 50 51 52 53 B4

Minnes
15 534 148 B58 u77 236
16 576 104 03E007 o 41030 281
17T &18 240 055 aez 237
18 BE1 285 104 134 383
18 T3 aan 153 187 450
20 T45 a7E 202 2319 =06
21 D 32TET 035421 0 38251 041282 [ 44563
2z Bao 46T L 344 618
23 272 512 348 a7 arE
24 =111 1] g7 450 733
25 G557 G4 445 502 THES
26 0 332000 548 458 555 845
27 o4z 555 545 BOB ap3
Z8 DES T4 554 B4 gD
5 128 TET E43 Ti4 045017
ap 171 23z (1] TET 047
31 033213 O 2EETE D AET42 041820 0.45132
az 256 =11 7Oz ] 158
a3 293 571 B41 azT 246
14 a4z o 2E01T Ba g 125 204
a5 335 053 541 D 42034 351
16 428 110 1] 0BT 418
aT a71 155 030040 141 47E
8 515 b b nen 194 534
15 558 244 140 248 552
40 &1 295 150 anz 850
41 0.33645 0.35342 0.39240 0.42355 D4ETDE
4z GBS iz 260 404 TES
43 T3 435 340 453 524
44 TTS 42 kL1 E17 BEZ
45 E-EE] 528 441 BT 40
4B 262 575 451 625 =L
47 =] 522 541 G20 046057
48 a9 SEE 552 T34 115
45 o83 T16 542 TE8 173
&0 334037 T3 GO 543 232
51 0.34084 (e [-2-R 1 0.35743 042857 0. 45901
532 125 1 To4 o532 345
53 169 E: 10 E45 43006 408
54 215 o532 E06 61 46T
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{Contd)
Anghe (F inv a=tan a = a(radians)
Degroes
50 51 52 53 54
Wnutes
55 257 288 947 116 526
55 301 0.3T0dT L] 1™ 585
57 345 (T 040049 8 44
58 309 142 100 280 o3
55 434 164 151 335 a2
&0 0.34478 037237 Od0202 0.43360 AGET2
Angle I qp = tan & = a (radians)
Degrees
: s 55 56 87 5& 84
Minutes
a 0-4e822 0.50518 054503 DSEB04 Q63454
1 Ea1 582 572 am 534
2 B4 B4k Bt Bh4 &15
3 047000 Tia 710 050028 GG
4 o0 T T8 10 T
§ 119 BiE kL] 178 854
& 7o 843 918 253 935
T ] B6T SB& 126 0820
& 209 051032 0.55057 403 102
8 359 nai 127 479 183
W 414 161 1497 EE4 fri L]
i1 047479 0.61226 085367 0. 59630 0643406
12 Gag 241 13T Ta6 LFE]
13 a9 as6 407 T 510
i GED 41 477 a85T 542
15 T20 A86 547 9% E74
3 ] TED 551 618 B0 756
17 Bd1 616 Litik) (i 1711 &34
18 a2 a2 TE9 164 | Faf
1% Qg2 T &9 237 0. 65004
20 0 4B023 13 GO0 4 i1
i 0.4B004 059878 0.558T 0. E0AS0 051 &0
22 145 Qi 0568042 i 252
3 206 0.50010 113 Gudd X35
24 26T oTs 184 B20 418
28 ixa 141 255 &aT S0

=m
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{Cantd)

Angle o iy a e fan a< ajradians)

Degrees

B5 ] &7 56 50

Minutes
o 380 207 324 T4 BAE
a7 451 274 0 851 BEE
L 512 340 460 920 752
2 674 406 541 061006 BAS
a0 B35 472 612 Q&5 818
b 048607 0.52594 G BAEH4 0A1 164 068005
52 TEE EilH5 754 238 oAz
5 &30 BT2 B8 6 7
ad BED 734 |00 394 i
35 G B0 a7z 472 30
k" 049006 AT2 057044 EED q24
a7 Cis-:3 =R 116 G226 06
3B 130 383008 BB TOE G
] 182 o7 261 THS 70
40 SRR 141 333 BET TEA
41 0.48317 0.53208 O.5Td0E G182 eaads
432 agn 275 470 062020 L%
a3 443 343 £E2 0an 0.67018
44 505 410 B35 17 104
a5 568 4TH FO8 257 188
T G Ba6 ™ A6 275
a7 B3 13 Bald 416 361
T TEE iR a47 404 447
40 8a 748 ao1 574 v
0] B2 BT {1 BEOE B53 618
51 0.49945 0.538A5 058138 062733 0.67T05
a2 050008 G54 21 a1z 701
53 ore ABdne 205 Ba2 a7
54 135 0an 354 a7z ol
56 1ed 158 433 DLB3052 0 68050
B 263 220 507 132 137
67 126 298 6B 2z 224
1] 90 355 GRE 293 a1
6O L 454 7a0 271 268

B 0.80818 0.54503 058804 DLA3454 088485
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Tolerances on Gear Blanks

1.\ AEFEREMCE SURFACE
AXIAL RONOUT

 RADIAL RUNOUT

==F— =}

BORE DMWANVETER
TIP CHAMETEHR du

Tolerances on Gear Blanks
141 wvaluss in microns aacepl o diameterin mm)

Cuality 3 4 5 i ¥ B & 10 11 12
Bore size inlerance IT4 T TS ITh ITY m7 ITa IT& ITE TR
Shafl size jolerance IT4 T IT® TS ITE ITE IT7 ITr ITR TR

Fadial num-owi ol tip cdinder
Radial run-oud of referenoe
suriacs 00igys 5 0.096dyt g ppgdy + 15 0.0ddy+ 25 Doddy + 15
Axial run-oul al refeence
surfaos

Blank diameter (g ) hT KT h7 hd b hé  h§ h@ kil mil




APPENDIX J

Table of Tooth Thickness Tolerances

Basedon Zahnraedar, Zirpke, 11th edition, 1980 table no. 10.p, 210, VEB Fachbuchverag. Leipzig.
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APPENDIX K

Table of Tooth Distance Tolerances

Based anZahnraeder, Zirpke, 11th edition, 1980, table no. 10, p. 210, VEB Fachbuchverlag Leipzig.
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APPENDIX L

Table of Centre Distance Tolerances
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APPENDIX M

Standard Shaft Diameters

If no other values for special applications are mentioned, the figures in this table are valid for
toleranced diameters for shafis, shaftstepsand shaftends including the truncated cones which
run in journal or anti-friction bearings or which are meant for recoiving couplings, gears,
travelling wheels and other wearing paris,

Dimansicns in mm

10 {3y 100 380
& 110 A0
12 2y 130 420
(4 ]| {440}
45 130 450
"4 140 4E0
15 (4a) 150 480 o
16 50 160 50
1 (4] 530
51?3 55 180 Lhi
11805  SBO
20 00
&0 (219 Lo
[22) 220 &30
{E5) (230)
240 &0
z5 T 250
260 Ti0
(2|} (75} 280 750
o ] I B0
(] (B5] 320 as0
a0 340 ao0
a8 (55 50
360 1004

Bracketed sizes are not preferred.
Diameters in bold types are profermed.



APPENDIX N

Table of Fillet Radii for Stepped Shafts in Torsion

D
12 W% 2 28
d

30 40 S0 60 B0 100 120 140 160 180 200 220 250 280 (300) 320 (340) 380  (3BO) 400
W 0.5 1.0
12 10 1.5
14 0.5 1.0
18 10 1.8
18 15
0 16 20
22 10 15
2% 15 20
8 10 28
0 28
i22) 15 25
5 15 25

{Cantd)



ssoy wadly Gy

{Contd)
[}
i2 8 M 2 3 40 S50 60 40 00 120 140 (60 180 200 230 260 A0 (300) 120 (340) 30 [3B0) 400
d
a8 10 25 FILLET RADIUS,
4 25 A0
(42} 20 30 .
45 15 3.0 f
-—m
(48} 10 2.5
50 25
55 15 4.0
&0 4.0
(85) 3.5
o 25 80
(%) 1.5 &0
80 E0 6.0
[1.1.3] 35 ED
80 25 B0
(B5) 20 55 65
100 50 65
(105} 35 65
110 25 60 B
120 50 B8
(125 in 15 65




12 16 50 25 90 40 50 8O 180 250 260 (300) 320 (340) 360
130 TO &5
140 50 6.5
f58 30 7.5
180 5.0
(170) 3.0
180 120
(190) 120
e ] 1o
(L)) 100
280 0 16.0
{Zan) B 160
240 5.0 150
250 130 170
60 10 16D
260 5.5 130
Ho 100

Thefillet radii{r)given in the above table are meant for ordinary applicationsonly. For applicationswhere stress concentration
and notch effect are predominant design criteria, the shapes of fillets should be decided by the relevant design codes. In such

cases, undercuts or fillet curves comprising two or more radii may be recommended.

S5V N XpUadthy



APPENDIX O

I Key for Power  1smissio
Ramge of Kay Keyway
shait dis,
d Bxh Tolprance an b
Running &1 Ligfet drfee fit Forco ft
Above Upio b
Shadt el Shafr Hub Shak and
Ha o NG S50 hub PG
g & 2xl 2z 3028 < (50 =0.004 30128 <3006
B 10 Iu3 " a 0 020 =0.028 00126 -0.031
10 i2 44 4 +0.030 078 0 g ] 0012
iz i7 Gud 5 L] +0.030 =0.030 =0 0180 0042
ir 22 BxE i}
3 30 Bx7 a 0058 4 008 i} 08l 0016
30 ] LY ] 10 Li] +0.040 =0030 00180 =0.061
i | 44 12x8 12
4 &0 Tdx9 14 #1043 120 i) 0 E =0.018
B 1] f18x10 18 i) +0 055 -0.043 00215 =0.061
b1 ] 65 1Bz11 18
G5 756 20x12 20
75 a5 22x14 22 H3 082 +0.14% L] OG0 =0.022
a5 a5 LT 25 L] +H1 068 -0.052 =0 0260 -0.074
a5 110 2B = 16 28
110 130 32x148 32
140 154 A6xE0 i3 062 4. 180 0 0310 =036
150 170 A0x22 40 L] .0BD =0 062 00310 —{0BE
1T 00 45x2E 45
200 230 B0« 2R 50
Zan 280 BE w32 %
260 280 B3x32 Lix] =057 220 0 +D03T0 -0.052
R0 330 T0x38 T 1] +0.1040 0074 00370 =0.104
30 380 BOxd0 a0
380 440 Gox45 an +H3 087 <0 2EL i) +0 0438 =0.037
440 00 100 = 50 100 0 120 -0.087 ~0.0435 ~.124




Appendix O A.5T

Farallel key, alsoknown as featherkey, isthe most commonly used typeofkey. Itis usually used
in the case of unidirectional forgue. Where axial movement of the hub is required. a clearance
fitisprovided between theshaftand the hub andbetween thehubandithe key. Thekey 1susually
screwed to the shaftkey-way for such type of application. Parallel keys are not suitable for the
transmission of reversible or fluctuating torgues,

Parallel kevs given here are based on IS 22048-1975. The relevant data are given below.

Types Typesronge from A J. Only types Aand Bare showninthe adjoining table. These are
usually meant for non-sliding applications and the remaining types for sliding applications.
Further details for the remaining types may be obtained from the relevant IS code.

Tolerances : k. for both width and height in case of square section keys,
Lan width and &,, onheight in case of rectangular section keys,

Heyway
Range
Tolerance Talerance I off koy
an an length L
| t iz iz Min Max
Min Max
12 18 008 018 i} 20
148 +01 1.4 1 .08 O.16 8 35
25 o 14 a 08 016 i 45
an 23 0.16 025 10 56
35 28 0.16 025 14 Ta
4.0 33 0.1 0.25 18 a0
5.0 3.3 025 040 22 110
5.0 33 0.3 .40 28 140
55 14 035 .40 a6 180
(=11 4.3 035 040 45 180
7D +0.2 a.4 0.2 036 .40 50 200
75 a 49 0 0.40 060 a5 230
an 5.4 040 080 B3 RS
a0 5.4 0.40 Qa0 T 80
10.0 6.4 040 060 ah 20
11.0 T4 LT BED o 180
12.0 54 7 100 100 400
13.0 9.4 00 105 110 400
150 0.4 L] ioo 125 400
17.0 114 0.70 100 140 A0
20.0 =03 124 +0.3 1.240 160 160 00
200 1] 124 o 1.20 1.60 180 A0
220 14.4 120 1.60 200 00
260 154 2.00 250 220 400
20 174 2.00 250 L] 4060

no 9.5 2.00 2.50 280 400
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AL DIMENSIONS IN mm

TYPE B

]
i
L D=
KEY
tﬁ—x
SECTION 45" CHAMFER
.
o
7
CHAMFER OF KEY KEYWAY RADIUS
IN SHAFT AND HUB
PARALLELKEY
Tolerances on width of key-way (b} are given in the table.
Tolerances on length of kevs and kev-ways are as follows.
Lengital key (mm) Tol. on key hength (mm) Tol on key=way bongth {mm |
up to 28 Gio=0.2 O+ 02
A2 A0 Op=0.3 fh*0.3
80 and abowe 0o =0.5 0t OE

Material of key  Steel of tensile strength not less than G4 M/ mm

Designation A parallel key of type A, having dimensions width 12 mm, height 8 mm and
length 58 mm, shall be designaied as

Parallel Key A, 12x 8x 50, 15; 2048

Caleulation
Calculation is usually not necessary for normal applications as the key size along with its key-
way 1s simuliancously decided once the value of theshaft dinmeter becomes fixed after the usual

calculations for determining the shaft diameter have been carried out. The key can be selected
according to the shaft diameter as per the given table.

However, calculation may become necessary in some cases. The main disadvantage of s key
type joint 15 the reduction of the effective cross-section as well as tress concentration leading to
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high localised stresses. To reduce this effect, the shaft diameter within the hub length may be

increased by about 30%or it may also be strengthened byhardening. The followingrelations may
be used for hub using a steel shaft

L, -rq}l 8=y —-t
10 10

where Ly, (em} = Length of hub, g (em) = Thickness of hub, {OD-ID of hub)2
T(N em) = Torque, and x and v are coefficientsas follows

£ =0.5310 0.70 for Cl hub =1.35 10 (.46 for steel hub
v =008 to 021 for CLhub = 0,14 10 0.1 for steel hub

Circumferential force F(N), transmitted by key =2 T/d=p(h-¢,) 1L

whered (em) = Diameter of shaft.h (em)= Heightof key,#, (em) = Depth of key mside shaft only,
Liem)= Lengthofkey, i=Number nfkﬂ's,p (M/em?) = Beanng pressure = 5000 for Clhub = 9000
for steel hub.
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Gib-Head Key for Power Transm'ission

Dimensions of gib-head keys are as per the following table based on 15: 2293-1974. Tolerances
onkey length and matenal forthe key are the same asthose ofparallel keys. Designation sy stem
i5 alsosimilar. For gib-head keys, the shaft keyv-way must be longerthan the kev s6that enough
spaceis provided for driving the key tight while fitting. Compared to parallel keys. the gib-head
keys can transmit more torgue.

ALL DIMEMNSIONS [N mm

. '

DETAIL OF
KEY waY AND KEY

|
SECTION X-X

(3i8 HEAD KEY
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All dmensians ik mifireeres
Range of shaft Koy Kopway
Dia. Range of
a bxh &  Tolerance [y Tolerance @, Tolerance key
on b an on —_—  leapghh L hy
Abowve Up fo el fy Ia Mn Mo —
Mir Max
0 12 dxd 4 25 12 00B 016 14 45 7
1z 17 Bxb 5 +007E 3.0 ioA 17 401 016 026 14 5 B
17 22 Gxb (& +0030 365 O 2.2 1] 096 025 18 T 10
2 a0 ax7T & <0088 40 24 ofd 025 20 90 11
i K| 10x8 10 <S040 50 24 026 o040 25 11D 12
KE] 44 12xB 12~ 50 24 023 pa4d 32 14D 12
44 & 14x8 4 #1120 &4 28 025 040 40 160 14
50 548 16=10 16 +0.050 8.0 a4 023 040 45 18D 16
5B 5 i xll 18 7o 2 a4 02 025 @g486 =0 200 1B
G5 75 A xi2 A 76 O 19 1] 040 080 &6 230 A0
76 BS 22«1 = <0149 20 4.4 040 061 B3 250 222
ag &5 2Bx8 X5 065 8.0 a4 o4 0E1  FD 20 22
85 110 26«16 2 10.0 Bad 043 061 B0 320 35
11D 130 a8 32 114 6.4 r40 DEO BD 380 2B
13 155 WxH 36 120 rA | 07 .00 10D A00 32
i50 1A 40x 22 40 <0180 130 81 07 100 110 400 38
170 200 45x 35 45 080 150 9.1 070 100 125 400 40D
200 230 5028 50 7o 101 07 1opo 14D 400 46
o 260 S6x32 56 200 403 M1 03 120 180 50
260 280 G3x32 63 220 200 o 111 a 120 160 50
200 330 TOx3E 70 0100 224 LR 126 180 56
330 340 B0k 40 B E.0 14.1 200 2560 B3
3@D 44D Bhx4s 90 10260 200 16.1 200 255 Ta
240 500 00 =50 100 1120 3.0 8.1 200 250 a0
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Tangent Key for Power Transmission

All Dimensions in FHM

Tangentkey is meant for service conditions where a large amount of impact tvpe of load is to be
tramsmitted in both directlons of rotations as in the case of My-wheels, rolling mills, eic. The

amgle between the Keys can be 180" also, Il necessary.

Tangem Koy
Shaft
s Depth Width Fadis Chamfer

t b r a
100 il i 2 K|
110 11 33 2 3
120 1& i z K |
130 13 K Z 3
140 14 42 Z ]
153 15 45 pd ¥
160 15 48 Z ¥
iro 17 51 2 3
180 18 54 2 X

(Carnd)
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{Conid)
Ke
i bt f
(] Depth Width Rudiis Ciramfar

i ] F I

190 13 57 2 3
200 il ] z 3
210 i | E3 2 3
20 22 £ 2 3
230 i =] 2 E
240 24 T2 3 4
250 25 75 3 ' |
2ED 25 B 5 2
20 27 18 3 4
280 28 ad 3 4
240 20 a7 3 4
A0 ao a0 3 4
320 az a8 3 a4
340 34 102 5 [
380 a5 108 3 4
3eh aeg 114 4 E
400 40 120 1 5
420 42 1.6 4 5
a40 44 132 i E
q&0 45 138 ] 5
4an 48 144 L] E
500 50 150 5 5
520 52 158 5 £
540 54 182 B i
560 54 168 5 &
a0 548 ] £ [
&00 EQ 180 [ 7
E20 L 188 & 7
G40 64 192 & 7
BED Eg 138 [ 7
GA0 8 204 £ T
700 Ta 210 [ 7
720 T2 215 [ 7
40 | 222 6 T
T80 & 298 [’ 7
7an i) 2534 [ T
00 a0 240 i T
a0 a2 245 [ 7
840 a4 252 E T
a&l as 258 i 7
a0 aa| 264 a 9
00 ] ZT0 ! 8
o520 g2 276 a 9
240 L] 282 1] 9
G50 SE 248 g 8
S80 oE ag 1] g
1000 100 00 ] 9
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Straight-Sided Splines for
Power Transmission

ALL DIMENSIONS [N MM

g B Y FES—
SPLIME BORE PROFILEF "\-.'\- k: SPLINE SHAFT PROFILE

N .
& Y

/

DETAILS NOT SHOWM TO BE SELECTED THE FLANK OF EACH SPLIME KEY MUST BE PARALLEL
ACCORDING TO SUITABILITY UP T THE MEETING POINT WITH THE INSIDE QA

(HO OF SPLINE-KEYS SHOWN HERE w B}

STRAIGHT-SIDEDSFPLINES
Light Duty Series
Mo, of

spline  Cemerng oY s b iy " f ] k r
ko ys min max mar mar max
On 3 25 & 221 1,25 354 0.3 03 0.2
] inside 28 30 [] 4.8 1,84 386 03 0.3 0.2
diameter 28 32 T 2.7 177 403 0.3 0.3 0.2
32 il ] 3042 1.88 2T 04 0.4 0.3
On inskde 38 40 T 345 1.78 3,46 0.4 {4 .3
diameter 43 46 & 40,4 1.68 503 0.4 a4 0.3
8 of fignks 46 D 8 44 B2 161 75 04 0.4 0.3
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Ught Duty Series | Cont)
Noo of
spline  Coenfering ) ds b gy e i a k r
keys rmin max max max max
52 58 1 49,7 2T 4 88 .5 0.5 Q.5
55 62 1o 5.6 2.7 6,38 058 0.5 0.5
on 2 8 1w H5a2 2.48 7.3 05 o5 0.5
inside
diameter 72 78 12. 696 2.54 545 0.5 08 0.5
ar a2 BE 1 T 2.67 a.62 Q.5 0.5 0.5
flanks 52 aB 4 BEde 2,36 10,08 0.5 a5 0.5
10 g2 108 15 a9.8 2,23 11,48 0.5 o5 0.5
12 120 8 10E.8 223 . T2 a5 . 05

Designation Designation of a spline with number of spline Keys = 6. inner diameter = 28 mm,
outer diameter = 32 mm, is given as
Spline 6 x28=32 I5:2327

Medium Duty Sariss
Mo, of

spline  Centering oy o b da e | g k r
koys i max max max max
11 u ki | 0.4 1.55 — 0.3 0.3 0.2
15 16 3.5 2.0 1§ 0.3 0.5 0.3 0.2
16 20 4 14.54 21 0.16 0.3 0.3 0.2
On inside 18 22 5 16.7 1.45 0.45 0.3 0.3 0.2
& diameter I a5 5 8.5 1.08 1.88 0.3 0.3 0.2
b | bl [ n.a 23 1.4 0.3 i 0.2
5 az [ 234 2.04 1.68 0.4 0.4 0.3
b "] T 5.9 2.0 1.7 0.4 0.4 0.3
2 g & 29.4 3.3 .15 0.« 0.4 0.3
i 42 7 3.5 am 1.02 0.4 0.4 0.3
12 48 | s 24 2.587 0.4 0.4 0.3
B 46 54 5 2.7 4.1 0. 85 0.5 0.5 0.5
On inside 52 1] 10 4a.7 4.0 2.4 0.5 0.5 0.5
diameter 58 £5 i ] E2.2 4.M 25 0.5 0.5 0.5
& E2 T2 12 57.8 5.0 2.4 0.5 0.5 0.5

flanks=
72 B2 12 &7.4 5.43 s 0.5 0.5 0.5
az a2 12 .1 5.4 e 0.5 0.5 .5
o 42 102 14 7.3 5.2 1.5 0.5 0.5 0.5
1wz 112 15 o7 4.5 £.3 0.5 0.5 0.5
112 195 - I [ | a4 1.4 0.5 a.5 4.5
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Heavy Duly Series

Ho. of
spline Cenening iy o3 b oy g k P
ks mn max mias mak
15 20 2.5 14 0.3 a.3 015
13 23 3 15.E 0.3 0.3 Ob.1%
On inside il 26 | 13, 44 0.3 a.3 .15
dhameter 23 3 4 20.3 0.3 0.3 .15
1 @ 2 3z | 23 o.4 0.4 r.1%
Nariks 2B as 4 24.4 0.4 o.d 0.25
3z 40 5 2B a.4 0.4 .25
35 45 5 3l1.= 0.4 0.4 .25
P =P a 36.3 a.5 o.4 o4
45 =1 T 40.% 0.5 0.5 0.4
L3 &0 5 47 0.5 0.5 0.4
16 5E 55 5 El. B .5 0.5 ad.8
EZ T2 ] 56.1 0.5 a.5 .4
On Tz B2 - 65.9 0.5 0.5 2.4
Manks
B2 L ] TE.E 0.5 0.5 0.4
a7 102 7 BS.5 0.5 0.5 a.4
20 10z 115 E 8%, T .5 0.5 0.4
112 125 L] 102, 7 0.5 0.5 0.4
Tolerances for Spline Hub and Shatt
b
iy ’&
Hub Hurh Mk
unhardeaned hardaned hardenead hardenad
or ar
unhardensd urhardened
Sphme hub Far caniering on inside (W]*] Fi0 H7 H11
diameler or on flanks
Shafl sliding hi il W
For canberng inside hub
ol insice all
diameler Shaft fixad b (] i
irsidahub
Spline shaf
Eiafl =bding hg il i
For cenlenng irside hub
o irsicks ai
flanks Shaft fixed uE kE —

inmicle Fuaty
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APPENDIX T

Tables of Sl Units and Conversion Factors

Bass Linits

5T, Moo Quantity Lirait Symbod
1 Langth matre m
2 Mass ilogram I;g
] Time sacand 5
A Electric cument ampere A
5 Thermodynamic iemperature kelvin K
[ Lurninawes inbaredty candela ad
7 Amount of subslance male mal

Definitions

I. The metre is the length equal to 1,650, 763.73 wavelengths in vacuum of the radiation
corresponding 10 the transition between the energy levels Epm and Hyg of the krypton-E6 atom.

2. The kilogram is the mass of the international prototype of the kilogram ‘which is in the
custody of the Bureau International des Poids et. Mesures {BIPM jat Serves, near Paris,

3. The second 15 the duration of 9,192,631,770 periods of the radiation corresponding to the
transition between the two hyperfine levels of the ground state of the caesium-133 atom.

4. Theampereistheconstant currentwhich, ifmaintainedintwo straight parallel conductors
of infinite length, of negligible circular cross-section, and placed at a distance of 1 metre apart
in a vacuum, would produce between the conductors a force equal te 2 x 1067 newton per metre

of length.
5. The kelvin, untt of thermodynamic temperature, 15 the fraction E;EGF the thermo-

dvnamic temperature of the triplex point of water.
fi. The candela is the luminous intensity in the perpendicular direction, of a surface of

e P squaremetre of a black body atthe temperature offreezingplantinum under apressure

M, (WD

of 101,325 newtons per square metre.
The mole is the amount of substance of a system which contains as many elementary

entities as there are atoms in 0,012 kilogram of carbon 12.
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Supplementary Units

In addition to the main units discussed above, there are two supplementary units measurement
covering plane angle and solid angle. *

1. The radian is the plane angle which, having its vertex at the centre of a circle, cuts off 8
length on the circumference of the circle equal to the radius of the circle.

2. The steradian is the solid angle which, having its vertex atthe centre of a sphere, cuts off
an area on the surface of the sphere equal to that of a square with sides of length equal to the
radius of the sphere.

Derived Units with Special Units Symbol

The Slunits are augmented by the derived units. Special names have been adopted for some of
the derived 51 units, together with special unit symbols, which are given below.

The symbaols appearing in the Quantity column below correspond to the recommendations of
the IS0). 1t is preferred that these symbols are used in equations and formulae to etfect overall
uniformity in scientific and technical writings. For example, such symbaol for force is Fand is no
longer P or Q) or K or any other letter or svmbol.

IS0 Symbols end Definitions

Force (F) M 1 newlon is that force which, when appledio a bady having
amassaf 1kibgramgivesil anaceskralion of 1 malreper

sarpnd sousred

1M = kg miss
Weark { W) J 1 joude is the work done when the poind of applcaton af a
farse of 1 newion is displaced through a dislance of 1
Emargy (E ) mettire in the directan of the force
Cantity of hest (9} TJatNma=Ws
Pawer (P} '} 1  Wall is one Joule per sacand
TW =10
Pressune (P Pa 1 pascalis the pressure aqually exeried on an areasf 1m®

by & foree of 1 nawion scling vertically

Bormal siress {a)
Shear stress () 1Pa= 1Nim?

Frequency { Hz 1 hetzis equal o the freguencyof ane cycle per second
1Hz = 145
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Derived Units with Complex Names

Some derived 8] units with complex names are 1n use.

51 Mo Cruznlily Sl uril Unit symikal
| Area A Square medns ma
2 Valume W Cubic malm mid
3 Diensily (mass densily) P Kilograms per cubic metrs kgim?
4 Velocily ¥ Mmires per second ms
1 Angular wel ooty ] Radians per smoond rad’s
(] AccelEralion a Meimes per seoond squarned r:1."52
T Angular acoceleralion & Radans par second squared radis®

Decimal fractions and multiples of STunits along with the relevant prefixes are given in the
following table. These areapproved factors by which the base units are to be multiplied toarrive
at a higher or a smaller new unit convenient for the purpose of calculation.

Bulliples of S1Unils

Fracton Prefix Symbol Mulimle Preda Syrnbol
1671 deci d 1o desa da
1EI'2 ceanl & 1|:|! heclo h
10.3 il m io? kio k
1:: mMicro u m: mega M
1 nara n x] gipa i3
i n-}i pica P inle beri T
1 famio i
1018 atio a

Note: Compound prefixes should not be used, namely, 107 metre is represented by 1nm. and
not 1m yum,
Conversion Factors

The equivalent values or the conversion factors of some important units in common usage are
given in the following table, In each table, the S1units are written within thick boxes

Convarson Factors far Units of Force

Units of farce | Mewion (] | Kiogram force (kgf) = kp Dyne
TN [ 1 a.102 il
1kal =981 1 8a1x10°

1dyne o= w1.0zx 1078 1
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Units of weork. Joude Kilowatt- Newion- Erg kgl m
erergy mnd lomgua b meeing
'| Tjouse (J) 1 027T7TE 1 o’ 0102
= 1 ‘Wall-secand {Ws) 19
1 kilowatbhour {kwh) A6 x 108 1 16 x 108 i6x oM w0567« 108
1 Mewon-malre
(i m) 1 Q2777 8 i o’ oo
1 Yol-ampere-secomd 107%
{VAS)
Terg o7 0277 T8 10°7 1 w102 %
10-1 107
1 kipgram farce metre o.61 272407 ® 0.8 =081 5107 1
= 1kgfm 108
Linils of powes wan Kilaval Keaton-matre kgimis Mairc hgrep-
and snengy rale peir Sessand power [PS)
Twalt (W) 1 10-3 1 0102 1_35-
1 jaulersacond [J'5) 0
1 hilowwatt (kW) e 1 7 102 1.36
1 newlon migireeaonnd 1 103 1 (R[] .1{33;.
{1 Nmys)
1 kilegram-farcem BBl w8 81x 103 GoA1 1 i
per second {1 kgl mis)
1 medns horse:-power 7365 DT 355 1355 5 i
(P5)
Conversion Factors for Units of Stress
Units of stoess PazhmZ MPasMmm? | MNiem® kglimme kgliem?
1 pascal (Pa) = 1 1 s 10.4 w102 x w0 102
Wim® 10 10
| 1 megapascal (MPa) 'HE' 1 1ﬂr! [ RFS 10.2
= 1 Mirmme
1 Niem® o4 10 1 w0 102x 1072 D02
1 logld mmn w8 81 %108 981 =081 x10% 1 108

1 giremE =081 10* =081« 10% 8.81 1072 1




Caonversion Facbors for Unils of Press uns

Appendix T A.75

Unils of pressure Pa = r-.l.l'r|-1EI Bar h,‘;|r.l.\:r|"|2 Adm Ton
1
I pasca (Pa) 1 Il:rrs ) 1l:§ K [SIHG R o 0. TEODS =
= | Nimi o g™ 0
| 1 bar =0.1MPa e i LaaTs LT, 40
= 108 dyneiom?
| lechnical abmosphers G A1=i0? =B Bi=i0] i SETEH = 10 THE
= 1atm 1 kgliem?
1 physical atmasphens =l 0] K 1--.’_'|ﬁ 1.00152% 103523 | Th0
= | alm
1 e
= | mm of meaury =123 102 13132244 [ 3505 131479 I
- 1 mmof Hyg 1077 o3 1073
The eguivalent values of other uniis in Slunits are given in the following table.
Sorre Oither Comversion Faclars
&L Ma, Craniily Ling Equivaient
i Length | angsiram 107"%m
1 inch 0384 m
L Moot {5048
I yard 00144
| rmile 1 GiEAL km
| maufcal mile, imlernaticonal 1. 825 1Hkm
1 chain 213 m
| mngnesr’s chain 5048 m
a Are I sopisre imsh 45 16 mm=
I square foat 00,09 250 3
I soquare yard E3612TmE
I =pueare mike 245090 g P
| @ 4047 m 2
E] W sloiby I inch per seoond 25,4 mmisy
| fool per sscond o3 ms
| food per fminube 0L 1 e
| rmike per bour 1,608 km'h
4 Accebaration I fopd par second 0. 3048 mus®
sqjuared
3 hasy I pound 04350025 kg
| slug 14, 5050k
4 Diensily | pound par cubic inch 270709 s 08 kgm?

1 pourd per dybes Toal

L6088 Shg m
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{Conrd]
5i. No. Chanitity Ui Equivaient
'.'. .Furl:u .1 -;:I:.pm ‘Iﬂl'il H-
1 poundal 0130288 N
1 pound-force d 44825 N
1 kiiogram-force G ADREE N
B Pressure 1 atmasphere {phys | 101 325 kW 2
1 pound force per square inch Eﬂdi‘-’ﬁhﬁm'ﬂ
1 tor 133322 MmE
g E 1 1074
g 1 :E:rlu Th 41868 J
1 catarie (15°C) 4 18554
1 calorie {tharmochemical) d 184 J
i B 105506 J
1 foct poundal o 42144 J
1 ot posund-foncs 135882 J
ia Power 1 hp [horse power) TAET W
1 melrc horse power (PS) T35.5 W
11 Valume 1 litre 102 m3
1 cubie inch 163871 = 10°5m?
1 cubmfaat o OZEI 68
+ Biitish galon 0 004545002
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Tables of Preferred Numbers and Sizes

Proferred Mumbers

Basicaumbers Variztion of the
Ewxact basic numbors Adan-
Basic somes numbers from fhe exaci k5535
aumbors
RS Rig R0 Rd0 -
1.0 10000 0 (]
1.00 104593 »307 024
T ] 1.12 1123} ~0.1H A5
1041 .12 1.14 (W ECE 0 | 074
('] 1.3% 124 1.24 1.3489 71 1
| .40 .52 15514 =111 125
1.40 1.412% 4LEH 155
1.8% (L e w25 175
1fli 1 R4S +D85 20
1.70 1L6THE aL 28 215
1.6 1RO 17783 w122 280
1.6k 180 .90 IR ETS <D AT 175
1.6 2410 2. .M 19955 24 300
334 13 ZE134 .31 324
e die." X 2557 .08 A54
el 13 23714 ~0.48 34
ol TE119 147 &00
264 ZA6T b 424
285 z.80 IEIR4 -4 485
2ED >80 BN 0054 +0. 48 475
250 .14 314 314 £ [k -39 A
1,45 135 L2497 «3 51 525
3.8 .84 +0.05 BE5
374 5. 7454 {22 AT4
4.0 ECEER H4d7 te)
424 42170 - 625
4.0 455 CIETE A H T e
4.1 i 5 453 47314 w1 38 673
& 0% E oo L 3.1H) S011% -.24 Tl
4.0 4,30 4 504K -0.17 1245
560 6234 -0z TED
fi A1 4 A H.73 174
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(Eantd)
Basis mumbers Variafion of the
Exact baric numbers Man-
Basic series numbers from the exact VEsas
neumrhers
RS R0 Rza RiQ %
8.30 §. 3008 016 B0
a.70 §aE34 0 28 8325
.30 710 T.0795 e A5G
6.3 i 1] T8 7. 4CHD =05 a7s
8.30 B.00 8.00 5.00 T o433 +B.7 S0
.00 250 84140 +1.02 925
9.00 8.9125 3 a8 =LAy
.53 94406 053 a7s
Preterred Sleas
Fralesad sizes
a. 1 ] 1060 70
11 35
1.1 11 110 34 0
115 1650
012 12 i2 130 04 q 40 406
125 410
13 131 42 420
135 430
1.4 14 140 44 440
145 45 45 450
15 i6 180 i 15 460
186 470
016 18 16 T1EQ 48 480
165 400
17 1 0.5 g 5o 800
175 B2
iB 18 180 53 550
1485 85 55 L1 Tx]
19 120 58 BE0
195 58 580
02 2 20 200 06 3] G0 B0
| 210 G2
22 xn 240 G 630
3 230 BE £ED
24 2410 67 a7
035 25 a5 284 B&
mn i T 7a 700
270 T Ti0
28 pa | 280 72
280 Th - 1]
0.3 3 R &1L 78
310 08 i a0 800
315 B2
32 iz 330 a5 850
33 Bi
a4 340 g9 a0 900
35 a5 A80 az
A55 ab w50
A6 380 2]
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Surface Quality Symbols and Their Values

Itisnot possibleto achieve anideal surface ofa work-piece in practice. There will alwaysbe some
deviations from the ideal and the actual values may be guite different. Hence, to limit such
deviations of dimensional and surface guality values, claborate systems of gquality control
methods have been devised. Since the ideal conditions are ordinarily not attainable 1n practice,
except at exhorbitant costs which do not permit the product 1o be economically viable and
competitive in market, some kind of tolerance and permissible surface conditions of the work-
piece have tobe conceded for the dimensionsofthe part aswell asforits surface. The dimensional
tolerances have been given in Appendix S. In this appendix, the surface guality and the
permissible values thereof are dealt with. Besides otherrelevant data, an engineering drawing
must, therefore, also contain information about these allowable values of deviations.

Surface condition is a function of the process of manufacture, machining or finishing
procedures adopted and sometimes, of the post heat-treatment imparted to the work-
piece. Theoretically, it is possible to prescribe all varieties of surface guality. In  practice,
however, the surface roughness values are determined in relation to the nominal dimension and
the tolerance-grade of the job. There is a direct relationship between the dimensional tolerance
onapartand the permissible surface roughness. Assigning ofundue accuracy will only enhance
the production cost of the piece. Hence, the designer should very carefully selectthe tolerance,
zone and surface quality required, keeping in mind the ultimate use to which the product will
be subjected.

Different methods are being followed for indicating surface roughness in an engineering
drawing. The undermentioned method is followed as per IS: 696,

Thebasic grade symbeol consists of two legs of unequal lengths representing the surface under
consideration as shown in Fig. V.| (a).1fthe removal ofmaterial by machiningis required, then
a ¢ross-bar is added to the basic symbol as shown in Fig. V.1 (b), The condition where such
removal is not permitted iz indicated by adding a circle as shown in Fig. V.1 (g). When special
surface characteristicshave to be indicated, a horizontal line is added tothe longer leg. [Fig. V. 1
id)l. Positions of the specifications of surface roughness and related data with respect to the
symbol have been summarised in Fig. V. L{e). Criterion for roughness B indicates the value of
the peak-to-valley height on an {uneven)surface and Rg 15 the mean roughness index which is
the arithmetic mean of the absolute values of the distances between the actual and the mean
profiles ofthe surface under consideration. Previously, root mean squarc{rms) values were used
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the German Industrial Standards, DIK 31410, 01 the surface quality is indicated in this way, then
the relevant “series™used is to be mentioned in the title of the drawing or on the drawing itself.

Table V.2 Surface quality symbols und their values

SERIES
SURFACE QUALITY : [ = | # | .
Srd8oL MAXIMUM ALLOWABLE SURFACE ROUGHNESE Ry IN gm
? 160 1040 63 25
o,
!:\‘\ % “x:"a\'\:\l
1] 25 lé o
N
&S [ ] "
% ) ; | 0.4
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Checking of Gears by Means of.
Balls or Rollers

In shops and inspection departments, gears are often checked by measuring a pre-specified
distance between two identical balls or rollers placed in diametrically opposite tooth gaps of the
gear. For this purpose. pins or wires are also employed. This indirect checkingaof tooththickness
isavery accurate method of gearinspection. The gaugedistance ismeasured by means of Vernier
calipers or micrometers or similarmeasuringdevices. Within reasonable limits, the choice ofthe
diameterof the gauging balls orrollers is arbitrary, provided of course that the diameter chosen
isaccurately known. Thescballs, etc., used formeasurement purposes are accurately ground and
polished to the specified dimensions.

In Sec, 2.28, we have discussed the “base tangent length™ measurement system for gear
checking. Though widely used, this method has its own limitations. For example, it cannot be
used for checkinginternal gears. The method of checking by balls or rollers can be employed for
both external as well asinternal gears.

Ifthe actual measurement over the balls confirms to the calculated pre-determined value M,
then it can be concluded that the gear tecth have been accurately cut as per the specified
requirements and size.

Basic Principle of Measurement over Balls

I'he underlying principles of this type of gear checking are explained below:
Referring to Fig. W_1, the following relations can be established

F, = F gosa =& COsA,
208 a
co3 a,
whence we get the contre distence between the two opposite balls given by

am i‘,|=?'

oos A
cos a,

cos 8 coga
ar d, = d = mz

¢hng @, s a,

T'he angle g, is found from the following relation {see Fig. W.1)

. Fid

inve, = +]1"|',.'|j'q.-=£ =
Ty F z

2rp=2r

(W.1

{all angles in radians)
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Fig. W.1 Method lor measurement over balls or rollers

imva, = :-f-'-q- Inw :+£i .

J"I. " >

=~Eﬂ-—-+inva+ﬁ-—i- (W.2)

d oS A
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Hered, 15 the diameter of the balls or rollers, the other symbols and subscripts having the
usual meanings as before. [Recall the relation: 2y, =4, (base circle diameter)= & (pitch circle

diameter)xcos a.Also, arc de = base circle radius, ry % subtended angleatthe centre, or, angle
k.

-

= J‘%’-I{rﬁ = ‘—i‘— Similarly.are & = pitch circle radius, r x angle at the centre].
2

2n

For uncorrected gears, tooth thickness at the pitch circle

xm
8 A =3
For corrected gears
i = i * Yem tan-a. (Asper Eq. 2.28 and 2.29)
e

Finally, we arrive at the following expression for the value of measurement over two opposite
balls in case of an external spur gear having even number of teeth (see Fig. W 2),

M, = d, +d, (W.3)
Incase of agearhaving odd number ofteeth, the balls are to be placed asnearly opposite to cach

other as possible (see Fig. W.3). In this case, from triangle ABC, we have,

g,

ALY
./
Fie
|/

e

Fig.W.2 Measurementover balls in case of an external gear with an even number of teath
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whence

and (W.4)

Fig-W.3 Measuramant over balls in case of an exbarnal gear with an odd number of teath

Similarly, the dimensions and parameters for checking teeth of internal spur gears can be
derived. The relevant equations are as follows

O R b (Asin Eq. W.1)
CScy,

: d - e
B L4 & - P

mnv a, Fr g imyn 773 iW.5)

In case of an internal gear having even number of teeth (see Fig. W1

M=d -d, (W.6)
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Fig. W4 Measurementover balls incase of an intermal gear with even number of teeth

In cascof an internal gearhaving an odd number of tecth (see Fig. W.6),

M, = d, cos % - (W.7)

For helical gears, the above expressionsare modified in view ofthe helical ortentation ofthe gear
tecth. Therelevant equations are summarised below. As before, the subscriptsnand ¢ stand for
the normal and transverse sections of the helical gear, respectively (see Chap. 3 on Helical
Ligars).

For external helical gear with even or odd teeth, we have

A d cosa, - m, X COs, (W.8)
X cos a,, cosp  coSa,
1
inva,= —i— tinva, + H—- & W.9)

m, .ZCOs a, m, z
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180°12

Fig.W.5 Measurementover balls in caze of an internal gear with an odd number of teeth

with g, = M, o L. + 2xm, tan a,_, asthe case may be.

2
For even number of teeth. M, =4, *d,, and for odd number ofteeth, M, = d, cos AP 4 o,
&
as before. In a similar manner, expressions for internal helical gears can be derived by using
Bg. W. 8 and suitably modifving Eqs W.5W. Gand W Tby taking cognizance of the helical aspect

as donein By W.9.

Determinationof ball diameter

As stated before, the diameter of the measuring balls or rollers or wires, etc., is not a critical
dimenzion ascan be easily seen by studyingFig. W, land the relevant equations thereof, As such,
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it can be arbitrarily chosen. However, it 15 desirable that the balls, ete., should touch the tecth

surfaces at the pitch circle of the gear or as near as possible, as shownin Fig. W. 6 Linder such
condition, the diameter of the balls 15 found as follows:

Fig.W.E Measuring ball which touches the toath surfaces at the pitch circle
By applying the law of sines in the triangle ABQ, we have,

d, _ sin 8

B i el
) _ 4Sm& sin 8 = gind

Wh:'."TILIL" _lii_n_,a — d m = o m {w.j.ﬂj

The negative sign is valid for internal toothing.
Agrain
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LR ]
e= 48 = —nrad
2z r
a0 5 LR
= — - — . — indeg
2z "TIT I deg
- J80 1ED". s
T mz n
1] b
L (1 T (W.1D
z mm,
: : ; am 20" -
In case of uncorrected gears, the circular tooth thickness, s = —}—, sothat § = = If the
Zz

available balls or rollers have diameters which are near to the values calculated as per
Eqg. W. 10, then these can also be used for measurement purposes. The following example
illustrate the calculation procedures discussed so far,

ExamplaW.1 The followingdata are given for an uncorrected internal spur gear:
Zz=35, m=4,a=20, gquality of tolerance: 7d.

To calculate the toleranced values of measurement over balls.

: 4
Solution d:mtt-lxﬂfr:liﬂmm,s:%:lﬂ--ﬁ.ﬂﬂnw

From Appendix J, cormesponding to d = 140, m =4 and tolerance zone = Td, we find the tooth
thickness tolerances to be:
Upper limit A, = = 0.056 mm

Lower limit 4, = =008 mm

where subscripts If and L stand forupper and lower values, respectively. Thetwocorresponding
values of tooth thickness are given by

sy=8-A,y= 6.283~ 0.056= 6.227Tmm
g =5=-A, =6.283- 0.084d= 6.199mm

Incidentally, while calculating the above values in case of a helical gear, the tolerances inthe
normal section, calculated as per Eq. 2.129,are to be inserted in the relevant equations.
To find the ball diameter, we use Bgs. W. 11and W. 10,

§u X . J’%:z'u*mw
sin & 140 sin 2 34' 17.14"

cos (a- g)  ©os (200 — 2’ ' 17.347)
G.58 mm
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A.92 Appendices

M yuninra =d) Yd. = TRO64+ 6 = B4.064 {asper Eqg. W.3)
1
= . s Eod el + = & - - .I
c e 1) 3.0047 {asper Eq. W. 14)
AM niard =Ad O =0.1x 3.0047 =+ 030047 mm jas per Eg. W.13)
" Morreced = Muandard + 3Muapdard (as per Eq. W.12)

= §4.064 + 0.30047 = $4.364 mm

The above value tallies with the value found previously. Using the relevant formulae, viz.,
EgeW.1MW.2,and W.3,and takingd, = 6.1 mm, the reader may recaleulate the value of M, as
follows:

- 6.1 . 15+ 2 x 0.5 x 3tan 20° I
Inva;"=s —at. ' iy s ' i
P 1“.-1-1!'1?20 = 3p0 A 3r 107 315
d, = 71 cos 20%cos 30" 10F 315" = 78263 © M =78.263 * 6.1 = B4.363 mm
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8.2 Handbook of (wear Design
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41. Tuomass, A K. Die ﬂag,lheiﬁghil der Lakurosder, Carl Hanser Vwlag, Monlch, 1957,
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