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CHAPTER 1
INTRODUCTION

As technology advances, the designer becomes burdened. with more
comb]ex analysis requiring a higher degree of accuracy. Each element
in a machine design demands such special treatment that it is almost
beyond the capabilities of an average designer to maintain an adeqguate
background necessary to successfully complete a competent, optimum
design. In an effort to increase design efficiency and accuracy,
computer-aided design has come into widespread use.

Gear design is no exception in regard to the complexity of the
design effort. A delicate balance between art and science, gear
design has become increasingly suited to computer analysis. Many of
the Targer gear manufacturing firms have developed computer-aided
designs to ensure their competitive position in the open market.
Empirical techniques developed from their design experience have been
incorporated in their programs to yield a final design. However, these
programs are generally not distributed in the gearing industry, for
obvious reasons. Thus, a computer program package is required which
will provide the "part-time" gear designer adequate information for
optimum machine design as well as yielding the small gear manufacturing
concern a “"base" program in which further sophistications could be

implemented easily.



The aim of this thesis is to develop a FORTRAN computer
program package to optimize external spur gear design with the least
possible restrictions to the designer. The program will be capable of
standard or non-standard design practice without any loss of flexibility
with regard to program usage or modification. The input is‘such that
the designer can bring his judgement to bear to the same extent as he

would in a manual design.



CHAPTER 2
SPUR GEAR DESIGN

2.7 INTRODUCTION

The subsequent sections of this chapter present the generally
accepted external spur gear design procedure which has become prevalent
in North America. Drawing theory from various sourdes, a design
criterion is developed to access the feasibility of a design for
implementation in a formal optimization technique to achieve the best
possible design subject to the designer's specifications. In areas of
the design where sufficient data is lacking, intuitive approximatioﬁs
are incorporated with existing formulations to give greater flexibility

to the procedure.

2.2 TERMINOLOGY AND NOMENCLATURE

Although gear nomenclature is relatively standardized there is
still a wide usage of terms and definitions. AGMA standards [19, 311
have been summarized to include variations utilized in this thesis
employed to aid the reading of both the presented theory and subsequent
computer programs. The following presentation will include definitions
followed by a 1ist of symbols. In the theoretical and computer analysis,
the pinion is represented by subscripts p or 1 and the gear by
subscript g or 2, unless otherwise specified. Al1 definitions have been

adapted to refer specifically to external spur gears.



Addendum is the height or radial distance tooth projects beyond the
pitch Tine or pitch circle.

Addendum Coefficient for the purposes of this discussion is the
product of the addendum size and the diametral pitch.

Addendum Circle coincides with the tops of the teeth in a cross section.

Arc of Action is the arc of the pitch circle through which a tooth
profile moves from the beginning to the end of contact with a mating
profile. . A

Arc of Approach is the arc of the pitch circle through which a tooth
profile moves from its beginning of contact until the point of
contact arrives at the pitch point.

Arc of Recess is the arc of the pitch circle through which a tooth
profile moves from contact at the pitch point until contact ends.

Note: 1In the computer program, the length of approach and the
length. of recess are employed instead of the arc. The
definitions remain similar except that the lengths are
measured along the line of contact.

Backlash is the amount by which the width of a tooth space exceeds the
thickness of the engaging tooth on the operating pitch circles.

Base Circle is the circle from which involute tooth profiles are
derived.

Base Pitch in an involute gear is the pitch on the base circle or along
the 1ine of action. Corresponding sides of involute gear teeth are
parallel curves, and the base pitch is the constant and fundamental
distance between them along a common normal in a plane of rotation.

Back Rack is a gear with teeth spaced along a straight 1ine, and
suitable for straight 1ine motion, adopted as the basis of a system
of interchangeable gears.

Centre Distance is the distance between the parallel axes of a spur
_gear; the distance between the centres of the pitch circles.

Chordal Tooth Thickness is the length of the chord subtending a
circular thickness arc.

Circular Tooth Thickness is the length of arc between the two sides of
a gear tooth, on the pitch circle unless otherwise specified.



Circular Pitch is the distance along the pitch circle or pitch Tine
between corresponding profiles of adjacent teeth.

Clearance is the amount by which the dedendum in a given gear exceeds
the addendum of its mating gear.

Composite Error is an error of gear action composed from a number of
contributory sources detected by rotating the gear with another
gear or a master gear.

Contact Ratio is the number of angular base pitches through which a tooth
surface rotates from the beginning to the end of contact.

Crowned Teeth have surfaces modified in the lengthwise direction to
produce localized contact.

Dedendum is the depth or radial distance of a tooth space below the
pitch line or pitch circle.

Dedendum Coefficient for the purposes of this discussion is the product
of the dedendum size and the diametral pitch.

Dedendum (root) circle is tangent to the bottom of the tooth spaces in
a cross section.

Diametral Pitch is the ratio of the number of teeth to the pitch
circle diameter in inches.

Eccentricity is the distance between the axis of a surface-of revo]ut1on
and 1ts axis of rotation in a given plane.

Equa]-addendum Teeth are engaging gear teeth having equal addendums.

External Gear is a gear with teeth formed on the outer surface of a
cylinder while internal gear teeth are formed on the inner surface
of a cylinder.

Face Width is the length of the teeth in an axial plane.

Fillet Curve is the concave portion of the tooth profile where it
joins the bottom of the tooth.

Fillet Radius is the radius of a circular arc approximating the fillet
curve. In generated teeth the fillet curve has a varying radius of
curvature.

Full Depth Teeth are those in which the working depth equals 2.0
divided by the diametral pitch.



Gear is any machine part with gear teeth. Of two gears that run
together, the one with the Targer number of teeth is called the
gear and is generally referenced by a subscript g or 2.

Gear Ratio is the ratio of the larger to the smaller number of teeth
in a pair of gears.

Hob is a milling cutter in the form of a screw thread which forms the
gear teeth by generation.

Involute is the locus described by the end of a line unwound from the
circumference of a circle.

Involute Function is a trigonometrical function equal to the tangent
of an angle minus its value in radians.

Length of Action is the distance along the line of action which the
point of contact moves during the action of the tooth profile.

Line of Action is the imaginary line along which contact occurs during
the engagement of two tooth profiles. It is a straight line passing
through the pitch point and tangent to the base circle.

Line of Contact is the line along which two tooth surfaces are tangent
to each other.

Line of Centres connects the centres of the pitch circles of two
engaging gears.

Long and Short Addendum Teeth are engaging gear teeth having unequal
addendums. :

Master Gear is an accurately made gear used for measuring the error
in action of product gears.

Number of Teeth is the number of teeth contained in the whole
circumference of the pitch circle.

Pinion is the smaller of a pair of gears and generally referenced by
subscripts p or 1.

Out-of-Roundness is the irregular radial variation from a surface of
reyolution in a given plane of rotation, exclusive of eccentricity.

Pitch Circle is the curve of intersection of a pitch surface of
revolution and a plane of rotation. According to theory, it is the
imaginary circle that rolls without slipping with a pitch circle of
the mating gear.



Pitch Line corresponds in the cross section of a rack to the pitch
circle in the cross section of a gear.

Pitch Point is the point of tangency of two pitch circles on the line
~ of centres.

Pressure Angle is_the angle at a pitch point between the Tine of action
which is normal to the tooth surface and the plane tangent to the
p1tch surface.

Prof11e Radius of Curvature is the radius of curvature of a tooth
profile, usually at the pitch point or a point of contact.

Radial Runout is the total variation in a direction perpendicular to
the axis of rotation of an indicated surface from a plane surface
of revolution.

Spacing is the measured distance between corresponding points on.
adjacent teeth.

Spur Gears are gears which are cylindrical in form and operate on
parallel axes with straight teeth parallel to the axis.

Standard Centre Distance is the centre distance on which two gear mesh
such that the sum of the circular tooth thicknesses at the pitch
circles and the design backlash equal the circular pitch.

Stub Teeth are those in which the working depth is Tess than 2.000
divided by the diametral pitch.

Surface of Revolution is a surface generated by translating a line
about an axis at a given distance. In the case of a spur gear, the
surface of revolution is cylindrical.

Tip Radius is the radjus of the circular arc used to join a side-
cutting edge and an end-cutting edge in gear-cutting tools.

Tip Relief is an arbitrary modification of a tooth profile whereby
a small amount of material is removed near the tip of the gear tooth.

Tooth Profile is one side of a tooth in a cross section between the
outside circle and the root circle.

Tolerance is the specified range between limits equal to the algebraic
difference of allowable variations.

Undercut is a condition in generated gear teeth when any part of the
fillet curve 1ies inside of a Tine drawn tangent to the working
profile at its point of junction with the fillet.



Variation is the amount of deviation from a specified value.

Whole Depth is the total depth of the tooth space equal to addendum
plus dedendum.

wbrking Depth is the depth of engagement of two gears and is the sum
of their addendums.

Computer

Symbols .

ADD
ADDK

ADDL
ANGC -

ANGL
BBA

BBX

BBY

BHN

BL

BLMIN

BLMINT

Theory
Symbols

a

ag

Description
Addendum (inches)

a
Addendum coefficient (a=55-)
p

Addendum 1imit to tooth point (inches)

Angle between origin of fillet on
dedendum circle and gear tooth centre-
Tine (radians)

Load angle (radians)

Distance between pitch 1ine and end of
straight profile on generating hob tooth
flank (inches)

Distance between tooth centreline and
centre of rounded corner on generating
hob tooth (inches)

Distance between pitch line and centre of
rounded corner of generating hob tooth
(inches)

Brinell hardness

Backlash including tooth thinning and
machining tolerance (inches)

Theoretical minimum backlash on standard
centre distances

Actual minimum backlash on standard centre
distances



BLMAX

BLMAXT

BLMAXU

BP .
ccC

CD

cpP
CRATIO
DED
DEDK

DELBL
DP

EFF
ERR
FW
HP
HUBL
HUBR
PAB
PAD
PAR
PAW

max
By

Theoretical maximum backlash on standard
centre distance

Actual maximum backlash on standard
centre distance

Actual maximum backlash on extended centre
distance due to tolerance

Base pitch

Clearance (inches)
Centre distance (inches)
Circular pitch

Contact ratio

Dedendum (inches)

b
Dedendum coefficient (b=ﬁ£)
p

Minimum-maximum backlash range (inches)
Diametral Pitch

Modulus of elasticity (psi)
Efficiency

Error in action (inches)

Face width (inches)

Horsepower

Hub length (inches)

Quter hub radius (inches)
Allowable power in bending (HP)
Pressure angle (degrees)
Pressure angle (radians)

Allowable power in wear (HP)
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PLV PLV Pitch 1ine velocity (fpm)

PR R Pitch circle radius {inches)

PTOL Profile tolerance (inches)

RATIO mg Gear Ratio

RB Ry, Base circle radius (inches)

RHO Density (1b/cubic inch)

RI | RI Dedendum circle radius (inches)

RL R, Load radius on tooth centreline (inches)

RIM RIM Radius to inner portion of gear blank rim
(inches)

RM Ry Interference 1imit radius (inches)

RO Ro Addendum circle radius (inches)

RPM n Shaft speed (revolutions per minute)

RU Ry Undercut Timit radius (inches)

SAC oc Allowable contact stress (psi)

SAF oF Allowable fatigue stress (psi)

SB oh Actual bending stress (psi)

SBM obmax Maximum allowable bending stress (psi)

SHAFT Shaft diameter (inches)

SS . Ty Actual wear stress (psi)

SSM meax Maximum allowable wear stress (psi)

TCT ercT Total compbsite tolerance (inches)

TEETH N Numbeyr of teeth

TO T0 Circular tooth thickness at addendum circle

TOLL TOLL Lead tolerance is a measure of the

parallelism of the tooth faces in a spur
gear



TOLP
TOLR
TP

TPTL

TPTE

TPTV

WEB
WA
WN
WR
WT

TOLp
TOLp

WEB

11

Pitch tolerance (inches)
Runout tolerance (inches)

Circular tooth thickness at pitch circle
(inches)

Upper and Tower limits of tooth thickness
tolerance at the pitch circle (inches)

by caliper measurement

Actual amount of tooth thickness tolerance
including runout and tooth thickness
variation determined from composite action
analysis (inches)

Actual tooth thickness tolerance determined
by composite action analysis (inches)

Poisson's ratio

Thickness of gear blank web (inches)
Axial tooth load (1b)

Normal tooth Toad (1b)

Radial tooth Toad (1b)

Tangential tooth load: (1b)

Other variables not listed here will be defined when they are

used in either the theory or computer program.

2.3 CONJUGATE ACTION

The essential purpose of a gear-tooth system is to transmit

uniform rotary motion between shafts, and an almost infinite number of

tooth profiles exist to fulfil this requirement. Kinematically, gear

teeth act against each other in a similar manner to cams. If the tooth
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profiles produce rotary motion coupled with a constant angular-velocity
ratio during meshing, the surfaces are said to be conjugate. It must
be remembered, however, that any discussion of this conjugate action
unrealistically assumes that the teeth are perfect]y formed, ﬁerfectly
smooth and absolutely rigid.

The basic law of conjugate gear-tooth action states that to
transmit uniform rotary motion between shafts, the normals to the tooth
profiles at all points of contact must pass through a fixed point, the
pitch point, on the line of centres of the shafts. This law is
jllustrated mathematically and graphically in Equation (2.3.1) and
Figure 2.3.1.

w, R

1 _ R |
— = = 2.3.1

Y2 K ( )

FIGURE 2.3.1 Conjugate Gear-Tooth Action
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Point P is the pitch point on the line of centres 0102 where
the common normal, or Tine of action aa intersects. Thus, for every .
instantaneous point of contact, the Tine of action will pass through
the fixed point P. The locus of the points of contact, or path of
action, however, may not necessarily pass along the Tine of action,
a1tﬁough some profiles have this property.

By specifying one gear-tooth form or a particular path of
contact, a mating profile could be realized which would develop.
conjugate action. However, problems arise which virtually eliminate
the vast majority of possible profiles. For example, although two
profiles may mate and run together properly, two other gears of the
form of either original may not run together correctly. If thére is
to be interchangeability between gears, enabling all gears of all sizes
conjugate to the same basic rack form* to mesh properly, the path of
contact must be symmetrical about the pitch point. With this condition
satisfied, then the basic rack profile of the system will also be
symmetrical in relation to the pitch point. Therefore, all gears with
any number of teeth that are conjugate to this basic rack will be con-
jugate with each other.

Another practical problem that exists is the reproduction of
these curves economically on existing machinery. In addition, changes
in shaft centres due to misalignment and large forces may seriously

effect the capabilities of the profile to maintain conjugate action.

* For every set of conjugate gear-tooth profiles, a basic rack form

exists with infinite diameter conjugate to the set.
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One of the most wide1y used gear-tooth profiles is the involute

with properties highly suited for gearing applications.

2.4 INVOLUTE AND FILLET PROPERTIES
2.4A INVOLUTE PROFILE

The involute profile with its many unique and valuable
properties is, with few exceptions, in universal use for gear teeth.
References [1, 2, 3, 4] offer in-depth presentations of these properties
as well as the mathematical development of the involute surfaces.
Buckingham [2] summarizes the properties as follows:

~1. The shape of the involute curve is dependent only upon the
size of the base circle.

2. If one involute, rotating at a uniform rate of motion, acts
against another involute, it will transmit a uniform angular motion to
the second regardiess of the distance between the centres of the two
base circles.

3. The rate of motion transmitted from one involute to another
depends only upon the relative sizes of the base circles of the two
involute and is inversely proportional to those sizes.

4. The common tangent to the two base circles is both the
path of contact and the line of action.

5. The path of contact of an involute is a straight Tine. Any
point on this Tine may therefore be taken as a pitch point, and the path

of contact will remain symmetrical in relation to this pitch point.
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6. The intersectfon of the common tangent to the two base
circles with their common centre line establishes the radii of the
pitch circles of the mating involutes. No involute has a pitch circle
until it is brought into contact with another involute, or with a
straight line constrained to move in a fixed direction.

7. The pitch diameters of .two involutes acting together are
directly proportional to the diameters of their base circles.

8. The pressure angle of two involutes acting together is the
angle between the common tangent to the two base circles and a Tine
perpendicular to fheir common centre Tine. No involute has a pressure
angle until it is: brought into contact with another fnvo]ute, or with
a straight 1ine constrained to move in a fixed direction.

9. The form of. the basic rack of the involute is a straight
line. The pressure angle of an involute acting against such a rack is
the angle between the line of action and a Tine representing the
direction in which this rack moves.

10. The pitch radius of an involute acting agéinst a straight
Tine rack form is the length of the radial line, perpendicular to the
direction of motion of the rack, measured from the centre of the base

circle to its point of intersection with the line of action.

Although no formal proof will be given for the fore-mentioned
summary, fhe following mathematical development of the involute profile
will give some insight to the authenticity of these properties.

An involute curve is the locus described by the end of a Tine

unwound from the circumference of a circle as illustrated in Figure 2.4.1.



16

FIGURE 2.4.1 Involute Generation

where
R, = base circle radius
r = vradius to any point on involute
S = radius of curvature of involute at radius r

By -the method of generation of the involute curve, the length
of the generating line (rz—sz)l/2 is also the length of the circumference

of the base circle subtended by angle 8. Thus

B = 6+¢
g = (}"Z-sz)l/2
Rp
but .
2_R 2y%

Ry



therefore
.6 = B=-¢
1
2_ 2 1
e ok (2.4.1)
6 = INVy (2.4.2)
= tang-o¢ (2.4.3)
r = Ry/cosé (2.4.4)

From the above geometrical conditions, it can be readily seen
that the radius of curvature of any point on the involute profj]e is
the Tength of generating line to that point.

Figure 2.4.2 illustrates the involute action of a mating pair

of gears, or twin involute generation.

05

FIGURE 2.4.2 Involute Action of Mating Pair of Gears

17
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The point of contact moves along the generating 1ine, which
does not change position because it is always tangent to the base
circles, and, since the generating line is always normal to the
involutes at the point of contact, the requirement of uniform motion
is satisfied.

A complete gear tooth profile includes both the involute profile
and the trochoidal fillet, which will be discussed later in this section,
usually symmetrically geherated about the centre line of the tooth.

With the involute equations as a foundation, the following analysis
describes the tooth properties which will clarify further development of
the gear design.

Beginning with the involute profile, treating the fillet as a
separate problem, it is possible to define the coordinates of the tooth
involute profile once the arc tooth thickness and pressure angle at a

definite radius have been specified. Referring to Figure 2.4.3 where

Ty = given arc tooth thickness,

Ry = given radius of profile,

¢7 = given pressure angle at radius Ry, radians
r = any radius of profile, '

T = arc tooth thickness at r,
¢ = pressure angle at r, radians,

Rp = base circle radius of involute.

equation (2.4.4) transposed becomes

Ry =.R]cos¢]
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FIGURE 2.4.3 Tooth Thickness Determination

Dealing with the half thickness of the tooth, since the teeth
form is symmetrical, the angle of the half thickness at R; in radians
is equal to T,/2R;. With the angle between the involute origin at the
base circle and any radius r specified by 6 or the involute function
INV , the half thickness of the tooth at the base circle is equal to
(T1/2R1) + INVg;. As T/2r represents the angle between the tooth
centreline and any given point r on the involute profile, the half
tooth thickness at any radius r is equal to the half thickness at the
base circle, minus the involute function of the pressure angle at the
specified radius r which results in

T/2r = o = (T,/2R;) + INVo, - INV¢ (2.4.5)
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or a tooth thickness at any radius r of

T = 2r{(T,/2R;) + INV¢; ~ INV$]
A11 angular measure is made in radians.

A physical Timitation of the profile generation occurs at a
radius which produces a pointed tooth. At this radius the thickness
becomes zero,reducing equation (2.4.5)to

INVe = (T1/2R1) + INVg,
An iterative so]utibn of the angle ¢ coupled with equation (2.4.4)
yields the 1imiting radius of the involute profiTe.

In general practice the values of T,, R, and ¢, are specified
as the properties of the involute at the design pitch circle radius.
. Further reference to these values at the pitch circle will be specified

as TP’ R and 4.

2.4B FILLET PROFILE

Although mathematically the involute and trochoidal fillet may
be considered separately, the physical generation of these curves
produce a single profile. By knowing certain characteristics of the
generating cutter, the resultant fillet profile on the gear may be
determined analytically. The fillet coordinates are very dependent on
the type of cutting method employed for tooth generating. Two methods
considered here are hobbing and basic rack generation which yield a
similar mathematical analysis. For the purpose of clarity and simpli-

city, future reference to hob will specify either the hob or rack cutter.
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Figure 2.4.4 illustrates the tooth section of a hob where

b
ba

from which

dedendum of gear and addendum of hob

distance from pitch Tine of hob to point of tangency of
rounded corner with straight line form |

distanﬁe from centre line of hob tooth to centre of
rounded corner

distance from pitch Tine of hob to centre of rounded
corner-

clearance at bottom of tooth space

circular pitch

pressure angle at R and one-half included angle of hob tooth
gear pitch-circ1e radius |
radius of rounded corner of hob tooth

arc toothrthickness of gear tooth at pitch circle radius R,

and hob tooth space width at pitch line.

the following relationships may be derived:

¢ = ry(1-sing) (2.4.6)
by = b-ry (2.4.7)
(C -T ) Y‘T
b, = —P_ 57 _ (btane, + — 2.4.8
X 5 (btang, cosd>) ( )
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1 Pitch Line

During Cutting

FIGURE 2.4.4 Hob Tooth Properties

The above equations are develpped about a pitch line tangent to
the design pitch circle of the gear. Thus, the angle between the centre-

1ine of gear tooth and the origin of the trochoid may be
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defined by the arc length swept out on the hob pitch line between the
centre of the hob tooth space and the centre of the rounded corner,

or mathematically

o, = (CP/2)-bx (2.4.9)
R

For a standard hob the tooth space width TS equals the tooth thickness
TT at the standard pitch line which, therefore, would generate a pitch

circle tooth thickness of CP/Z.O on the gear. However, if the hob

Ts— |
\ r——_{ Pitch Lipe During Cutting
\ 4: Standajd Pitch Line
@ ¢
Desian Pitch SR S —
Circle 51

FIGURE 2.4.5 Variation in Tooth Thickness from Hob Offset

were advanced or withdrawn from the gear blank by some offset distance
Ae, from this standard pitch 1ine, as in Figure 2.4.5, the resultant
tooth thickness on the gear pitch circle would be proportionately
smaller or larger to the amount of offset by a value

TS - TSl = 2aetand

AT = 2aetang (2.4.10)
Here the cutter has straight sides, but the similar equation
evolves approximately for the situation of one gear advanced to another,
to relate tooth thickness change to centre distance variation.
An offset advancing the hob into the gear blank is defined

by a negative distance.
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Fdn an involute profile, conjugate action cannot take place
beiow the radius Rp which would form a tangent ciré]e drawn from the
centre of the gear to the path of contact. Also, if the mating profile
projects beyond this point of tangency, a cusp will exist in the
theorética] form of the tooth profile since two points of contact
should exist for the same radial distance on the gear. With this
occurrence, the corner of the mating gear will interfere, making
improper contact with the incomplete profile. In the case when fhe
interfering member is the generating tool, an undercut tooth form
will result, as part of the conjugate profile will be removed by the
corner.of the generating tooth which travels in a trocho{dal path'in
relation to the generated gear. A trochoid is the locus of a fixed
point on the mating member moving in relation to the centre of the gear.
Usually, for ease of Analysis, this fixed point on the generating hob is
the centre of'the rounded corner of the tooth,'or the corner of a sharp
cornered tooth wheﬁ the radius of the tooth corner round is considered
zero. 'Analyzing these trochoids, the form of the fillet may theh be
determined for both undercut and non-undercut conditions, including the
inter-relationship of the involute and fillet forms.

For initial cons1derat1on Figure 2. 4 6 represents a hob with a
sharp cornered tooth (i.e. rT = 0) where

R

gear pitch circle radius

1]

?y distance from pitch Tine of hob to sharp corner of hob
tooth. The addendum of the hob becomes the dedendum of
the gear.

ry = any trochoid radius
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= vectorial angle of trochoid

<
o
1

by = angle between tangent to trochoid and radius vector

y

FIGURE 2.4.6 Trochoid Generation for Sharp Cornered Hob Tooth

The geometry of Figure (2.4.6) yields the following equation:
2_(R_n 121%
(r?-(R-by)?)

R-by

1 [ (r-(R-b)Y)?

R-b
y

Since AA=A'A' and A'A' equals the arc length A'A", we know that

tan(e,+e,)

tan - 91

ot

L

_ (rg?=(R-b,)2)?
R

8

1
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and thus 1 1
ry2-(R-b,)2)? ri2-(R-b,)2)72
6, = tan”! ry = (R0 7 (re = (Reby)) (2.4.11)
R—by R
but
a = 61+9t
-1.R-b
o = cos” ML) (2.4.12)
"t
and ) ,
r+ ={R-b
tan o = ( t ( y) )
R-b
Y
or
‘ ok
(r®=(R-b )%) " = (R-b) tana
Therefore, from equation (2.4.10)
0y = tan'](tanu) - (tana-ng tana)
9y = Qtan - (tana-a)
t R o
N b .
op = Zltana - Ve | (2.4.13)

At_the same time, the tangent angle to the trochoid becomes, in

radial coordinates,
rtdet

drt

tanwt =

and from Equation (2.4.10)

—_— = LR A
drt drt (R‘by) r

[t}

' 1 L
do ¢ d tan] (rtz—(R—by)z)2 (rtz—(R—b )Z)Zj

do i (R-by) "t

dr. 2 _rnon V2V 2 2\ %
t. rdr (R by) )2 R(r, -(R—by) )2
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which results in

R(R-b,)-r,2
tam!)t = ZV) L 2 1/2
R(ry?-(R-by)?)
- - 2
tany, = (RDy)=(re®/R) (2.4.14)

(ry?-(R-b,)?)*

Expanding Equation (2.4.14) further

1-(r"/(R(R-b,)))

t =
anyy , —w
RI(ry -(R-by) 1 /R(R-by)
2
1- 't
R(R-D,)
tanwt ) tana
P2
1- -
< tan”) R(R-by) (2.4.15)
=t . a. :
e an tana

When a hob is employed as a cutting tool, however, the corner
of the hob tooth is rounded, either purposefully or by wear. Considering
thé hob corner to be rounded with a radius rp, the trochoidal fillet
produced will be the envelope of the family of circles whose centres
are moving along the trochoidal path of the centre of the round as in

Figure 2.4.7.



FIGURE 2.4.

where

7 Fillet Generation for Rounded Corner Hob Tooth

= any radius of trochoid

= vectorial angle of trochoid

= any radius of fillet form

= vectorial angle of fillet form
= radius of corner rounding

= distance from pitch Tine to centre of rounding

Applying the law of cosines

rfz = rt2+rT2-2rtrTcos(90°-¢t)

1
re = (rg?4re?-2rirrsing, )
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(2.4.16)



and
"cos(05-64) = (ri-rysing,)/re
0p=0,+cos” [(ry-rrsing,)/rel (2.4.1

From Figure 2.4.7, the tangent angle wtt between the radial

vector and the tangent Tine to the fillet becomes
_1,rtorTsindy .
(—-—7:-—~—- ) . (2.4.1

lptt l‘Ut'COS

or Yy = (0404
bitO¢-0f
Although the trochoidal fillet and involute profile have been

specified mathenatically, equations to Tink both curves together as
a physical unit must be derived. Since the inVo]ute curve begins at
the base circle, no cohjugate gear tooth action can take place be]ow
this radius as was mentioned before. If any p&rtion of the straight
side of a basic rack flank extends below the base circle during
operation, interference W111 occur. A similar situation occurring at
the time of generation would result in removal of a part of the
involute profile. In order to avoid this undercutting, the straight
portion of the hob tooth flank must not extend below the Tine where
the base circle becomes tangent to the line of action, as in Figure

2.4.8.

29
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FIGURE 2.4.8 Undercut Limit Radius

Thus the undercut 1imit becomes

R

u Rbcos¢

Rcos24
Relating this undercut Timit radius to the generated dedendum

circle of the gear, for no undercutting

Ry = Ry (2.4.19)
Rp > Rycose (2.4.20)

for sharp cornered hob teeth, or
Ry 2 Rycoss - rT(l-sin¢) (2.4.21)

2 Rpcos¢ - ¢
for the rounded corner hob teeth, where R; represents tHe dedendum
circle radius of the gear.
If no undercut is present, the trochoidal fillet will be fangent
to the involute profile at a radius where the end of the straight flank

of the hob crosses the path of contact, as illustrated in Figure 2.4.9,
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which yields

Ny

= [(Rsing=(by/sing))2 + Ry?] (2.4.22)

.FIGURE 2.4.9 Rad1us to Involute-Trochoidal Fillet Intersection During
Non Undercut Conditions

from the geometry. The corresponding trochoid radius, from similar
geometrical analysis, becomes

re = (Ry2+((rg2-Ry2) %rr)2) |

ry = (re24r 242r(re2-R,2)%)%  (2:4.23)

If the hob has sharp cornered teeth, this corner becomes the
straight portion 1imit of the flank and the tangency radius a point
on the trochoid.

In the’case of Undercutting, the radius to involute-trochoidal
fillet intersection cannot be determined geometrical as in the no
undercut condition, but must be computed using iterative techniques.
Physically, the angle between the centre 1ine of gear tooth and the point

on the involute, plus the angle between the centre line of the trochoid

and the point on the trochoidal fillet, must equal the angle between the
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trochoid céntre Tine and the tooth centre line. Combining equations
(2.4.5), (2.4.9) and (2.4.17), the result becomes

8. = 050, (2.4.24)
at the intersection radius.

When a sharb cornered hob tooth generates the undercut curves,
the trochoid of the corner becomes the actual fillet so that the base
circle radius may be taken as the initial point for the iterative
process. Buckingham [8] suggests an approximate solution [Equation
(2.4.25)] for the undercut radius which may be uéed as a second point
in the process.

(Ry=Ry)/sin?¢

R. =R, + (2.4.25) -
2 b 6RCOS -

For the rounded corner hob tooth, the trochoid radius producing
a fillet radius of'Rb must be determined before following the above
iterative procedure. Further development of these properties’will be
discussed later under the appropriate sections required for the final
design analysis.

Thus far, reference to the undercutting due to cutting has been
developed with no mention of a similar problem arising when two involute
gears mesh. If the outer circles of the gears (i.e. the addendum circle)
extend beyond the point of tangency of the line of action with the base
circle of the mating gear, similar interference as with the cutter wi]1

result. Therefore, employing Figure 2.4.10, the maximum addendum
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FIGURE 2.4.10 Maximum Addendum Circle Radius to Avoid Interference

circle to avoid interference becomes

Ry = (Rb12+(Cdsinq>)2)l/2

RM2 = (Rb22+(cd51”¢)2)%
Ru, = CaRu,
Rus = Ca R,
or generally
Ry = (Ry2+(Cysing)?) (2.4.26)

The foregoing equations have been incorporated basically in

three subroutines: Subroutine CUTTER, Subroutine FILLET and Subroutine
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ADDEND, Appendices [A.1], [A.2] and [A.3]. However, many of these
equations have also been employed as FORTRAN Statement Functions in
subroutines requiring their use; these functions will be discussed

when the appropriate routines are developed later in the thesis.

SUBROUTINE CUTTER(ANGC,BL,CCC,CD,CP,DED,NCUT,PAR,PR,RB,RM,RU,TP,BBA,BBX,
BBY,RT)

Use: This routine determines the undercut limit
radius, the maximum addendum circle radius to
prevent interference, the angle between the tooth
centre line and fillet origin on the dedendum
circle, and some geometric characteristics of
the cutting tool teeth.

Calling Sequence: Once the various gear and pinion geometrical
properties are spec1f1ed in Subroutine UREAL
this routine is called in Subroutine UREAL to
develop the above properties. o

SUBROUTINE FILLET(ANGC, NCUT,PAR, PR,RAD,RB,RI,RU,RRTL,RRTU,TP,BBA,
BBX,BBY,RT)

Use: This routine determines the radius to the point of
intersection of the involute and fillet profiles.

Calling Sequence: To determine the contact ratio during undercut
conditions, this routine is called from Subroutine
LENGTH which is called from Subroutine CONRAT.

Special Features: The subroutine handles the non-undercut tangency
point exactly as the theory in this chapter was
developed. However, the iterative solution required
to return the undercut intersection point has a few
features to enable a convergent solution to be
found. Using a Tinear search followed by a false
position root determination Appendix [B], the inter-
section radius of the involute-fillet profile is
determined.

In the case of the sharp cornered hob tooth, the
trochoid also becomes the fillet profile. Therefore,
half of the step suggested by Buckingham was used for
the linear search.
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However, the rounded corner hob tooth cutter
presents an added problem since the fillet and
trochoid are separate entities. A similar process
was carried out, only this time the trochoid radius
yielding a fillet radius equal to the base circle
radius was determined before continuing the inter-
section radius determination. The Tinear search
sten length used in calculating the fillet-base
circle was 10% of the functional difference between
the fillet radius with trochoid radius set at Ry
and the actual base circle radius Ry. Once

this trochoid radius was determined, the process
continued in a manner similar to the sharp cornered
tooth case.

SUBROUTINE ADDEND(ADDL,PAR,PR,RB,R0,TO,TP)

Use:

" This routine determines the addendum length

of pointed teeth and tooth thickness at the

. addendum circle.

Calling Sequence:

Special Features:

2.5 FUNDAMENTALS

Having specified a pitch circle tooth thickness in
Subroutine THICK, this routine is called to find
the pointed tooth radius. These routines are both
found in Subroutine SPUR. :

Employing the linear search and false position
technique described in Appendix [B], the required
radius is determined, thus defining the maximum
possible addendum size. If the pointed tooth
radius is less than the addendum circle radius,
the tooth thickness at the addendum circle is set
to zero. In the linear search, difference between
the addendum circle and pitch circle radii specify
the step length. If, during the optimization, this
difference becomes zero, then an arbitrary step
length of 0.1 inches is assumed.

As a consequence of choosing the involute profile to produce

the desired conjugate action, the properties of this curve and its

generation present a foundation of fundamental equations used in the

design procedure.

These equations provide a reference point from
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which more sophisticated theory may be developed to include stress
constraints, contact ratio, etc. With a specified centre distance Cy
and a desired angular velocity ratio, the law of conjugate gear tooth

action mathematically states that

wy Ty
w, - R, (2.5.1)
or
n R .
L2 (2.5.1A)
n R
2 1

where w represents the angular velocity; r, the pitch circle radii and
n, the shaft speeds in rpm. If the two pitch circles were considered
rolling against each other without slipping at the above uniform
angular velocities then the linear pitch line velocity is

PLV = w R, = w R

2rn R = 2m R (2.5.2)
11 2 2

The pitch circle radii of an involute gear are not fixed but
are dependent on the centre distance and the magnitude of the base
circle radii which are constant for a particular gear as pointed out
in the summary of the involute properties in Chapter [2.4].

Figure (2.4.2) can be used to illustrate many of the geometrical
relationships existing between the various radii and angles. As
examples: ‘

Cq= R (2.5.3)

-
o
I

= Rcos¢ (2.5.4)
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= ﬁ; (2.5.5)

where Mg represents the gear ratio.

If several involutes were developed on the same base circle,
the profiles of several teeth would result. Evenly spacing these teeth,
and considering only one side of the tooth as in Figure (2.5.1), the
distance between the teeth equals the circumference of the base circle
divided by the number of teeth of the gear from which the base pitch is
defined. |

B = 2™Rp (2.5.6)
PN

with N specifying the number of teeth.

B, =Base Pitch
/ q p ase it

Bp By

Bp

1
FIGURE 2.5.1 Geometrical Representation of Base Pitch
In similar fashion, the circular pitch defines the spacing
between tooth profiles on the pitch circle giving

o 2m

(2.5.7)
P N
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A third "pitch” known as diametral pitch, having no physical
meaning, is defined as the number of teeth on the gear per inch of

pitch diameter.

_—
DP 5R (2.5.8)

Combining Equations (2.5.6) and (2.5.7) a useful relation
CpDp = (2.5.9)
is obtained.
The addenduh (dedendum) circles are defined by adding
(subtracting) the addendum (dedendum) lengths to the pitch radii, as
in the following equations:

R+a

Ro (2.5:10)

R-b = R

I ' (2.5.11)
where a = addendum and b = dedendum. The clearance between the
mating teeth is defined here as
C = by-a (2.5.12)
where the subscript m refers to the mating gear.
Having defined or developed the foregoing equations, further
analyses may now be undertaken. These equations are employed in the

computer program in Subroutine PITCH, Appendix [A.47,

SUBROUTINE PITCH(RATIO,CD,TEETH1,TEETH2,RPM1,PAR,PI,PR1,PR2,RB1,RB2,BP,
CP,DP,PLYV)

Use: This routine determines the various geometrical
relationships developed in this chapter.
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Calling Sequence: Subroutine VARY calls this routine after each new
set of variables is generated through Subroutine
UREAL. The routine is also used initially in
Subroutine VARY1 to define the argument values if
the package is used for analysis only, with no
variables, or to aid in defining starting values
for some variables (i.e. addendum-dedendum factors)
when required for optimization.
2.6 LOADING
When two gears act against each other, the resultant load Wy,
is directed along the line of action. In Figure 2.6;1 the pinion and
gear are separated with the Toads and reactions directed, respectively,
at the pitch point and the shaft centre of each gear to constitute a
couple. .
Using the pinion as an example, the forces may be resolved into
components, illustrated in Figure 2.6.2.
Employing the subscripts r and t to indicate the radial and
tangential directions with respect to the pitch circle, the moment of

the couple Wt and Fi represents the torque application required to

drive the gear set.

T = thl (2.6.1)
Defining horsepower as
- 21Tn 2.6
P = 33500 (2.6.2)
with hp = horsepower

T = torque, ft. 1bs.
n = shaft speed, rpm
Equation (2.6.1) combined with the pitch 1line velocity,

Equation (2.5.2) results 1in
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AW,

F reaction force of shaft

W Toad along line of action

T torgue

FIGURE 2.6.1 Forces on Mating Gear Set

FIGURE 2.6.2 Component Forces Acting on Pinion
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Wt(PLV)

hp (2.6.3)

" 33,000

From the geometry of Figure 2.6.2, the following relationships

can be derived:

Wt = Wncosq;‘ (2.6.4)
Nr, = Wns-in¢ ‘ (2.6.5)
Wr = than¢ (2.6.6)

Since the pitch surface of a spur gear sweeps out a cy]indér,
not a cone, no axial component is generated during loading, thus
Wy = 0.0 (2.6.7)
These equations are uséd in Subroutine TORQUE and Subroutine
TLOAD as part of the design analysis, Appendices[A.5] and [A.6].
SUBROUTINE TORQUE(HP,PI,RPM,TORQ)
Use: To determine the torque on the gear.

Calling Sequence: Subroutine SPUR calls this routine after the initi-
ation of the design analysis.

SUBROUTINE TLOAD(HP,PLV,PAR,WA,WR,WT,UN)

Use: To determine the magnitude of tooth Toading.
Calling Sequence: This is the first routine called after the variables

have been specified in Subroutine UREAL.

2.7 TOOTH STRESSES
| The most important design factors limiting the load carrying
capacity of any gear set are the bending and wear stresses developed
on a tooth. Buckingham [2, Chapter 18 and 22] presents one of the

best historical accounts of the search for an accurate bending analysis
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over the last 200 years. Lewis' formula [36]for the beam strengfh of a
gear tooth combined with Dolan and Broghamer's [38] fillet stress
concentration factor has been the foundation for bending stress analysis
in North America for the last thirty years. Various authors mentioned
by Buckingham set forth numerous equations to modify the static case
of the Lewis Formula to implement a realistic dynamic load analysis.
Finally, in 1931, Buckingham [9],as chairman of an ASME special
research committee, proposed a method of dynamic Toad determination.
This same committee also initiated wear analysis employing Hertzian
theory [37] of ro]iing cylinders to simulate the action of gear tooth
profiles during wear conditions. |

The American Gear Manufacturer's Association (AGMA), an
organization of manufacturers and academics in the gearing industry,
in its interest in achieving a certain degree of uniformity in the
design and manufacture of gears, has presented general stress formulas
which are modifications of the original bending and wear analysis
equations. To build up to these equations, the fo]ibwiﬁg sections will
develop the original theory as a foundation for discussion of the AGMA
formulas.
2.7h  BENDING STRESS

With an initial assumption of a gear tooth as a stubby canti-
lever beam. stressed at the base of the beam, Lewis conceived the idea of
inscribing a parabola of uniform strength inside the gear tooth.
Appendix [C.1] offers proof that, if a parabola is made into a canti-

Tever beam, the stress is constant along the surface of the parabola.
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Inscribing the largest parabola that will fit in the gear-tooth shape,
the most critically stressed position on the gear tooth is located at
the point of tangency of the parabola and the tooth profile. ‘Deriving
the bending moment for a rectangular cantilever beam on thickness t,
unit width, and length h from the base of the beam to the uniformly
applied load Wy, the following stress equations for elementary beam

theory evolve

¢ '
= Y for unit width (2.7.1)

With the Tine of action crossing the tooth at different load
angles o during rotation, as in Figure 2.7.1, the above theory may

be generally applied as follows.

I‘——x ——

40
FIGURE 2.7.1  Gear Tooth as Parabolic Cantilever Beam
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If the Toad acts at the tooth centre line at point f, then the
parabola of uniform strength becomes tangent to the tooth profile at
point e determined by having tangent line ce located such thét cf=fm
on the fillet. Appendix [C.2] illustrates the proof that point e
lies on the parabola and may be considered the point of maximum bending
stress on the tooth profile. Applying Equation (2.7.1) the bending
stress becomes

W
o, = [} cose, (21 (2.7.2)
b L|72
Fu t
with the direct cdmpressive stress becoming
(ﬁﬂ) sineL
o.= W =
c + (2.73)
again assuming unit face width. The total normal load is divided
by the face width so that unit width analysis may be used. The total

tensile and compressive stresses thus become
log] = lopl-locl
(Ocompi = |opl+]oc]

Numerically, the maximum resultant stress is the compressive
stress found on the non-loaded side of the tooth, but in practice,
fatigue failures in gear teeth generally begin at the fillet under
tensile sfress on the loaded side of the tooth. Taking the latter case
as the criterion for stress analysis combining Equations (2.7.2)'and

(2.7.3)

lototall = lobl']ccl
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=

t2 t

(wn)
singé
F, L
=‘(F£) cos8| sh W

6hcose; -tsindy |
t* !

E?w:

However, by Equation (2.6.4), the total stress in bending may

be modified using the transmitted load, so that

lG | - wt 6hc056L-t51n6L
total F,cos8 £2

where 0 represents the pressure angle. At the same time, from the
geometry of Figure 2.7.1

x: .t_%
4 4h
which enables the equation to be further altered to

I =.¥E [;coseL 1.5 taneL }

0' -
total Fw cos® X t

| (2.7.4)

Exhanding Equation (2.7.4) further by multiplying by Dp/Dp gives

Wt D

=L P
Ic”co’ta]l Fw ¥

(2.7.5)

where y is the modified Lewis Tooth Form Factor and is given by

D
y = 2 (2.7.6)
coseL (105 ) aneL) :
cos® X t

A photoelastic investigation by Dolan and Broghamer [38]

established expressions for stress concentration correction factors
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thus bringing Equation (2.7.6) closer to reality.

Further discussion of the tooth form factor and the stress
correction factor will be continued in chapter 2.8A concerning geometry
modifications factors. For the present, Equation (2.7.5) may be

modified to take in a new geometry factor Qj.

W,. D
Iotota]l ‘= Ft Q (2¢7.7)
LN
where
Q. = _L_ (2.7.8)
J Qe M
fn
and
Qf = stress concentration factor
Mn = load sharing ratio

With this formulation as a basis, the AGMA has 1ntroduced
modification factors QO, QS, Qm and Qr’ to bring the analysis closer to
reality. These factors, discussed in later sections, enable: the designer
to estabiish the properties of the final design for spe¢ial cases of
loading. Kpowing the allowable fatigue stress of the gear material, a
feasible design within this 1imit may be found from the following, where

lototall now becomes op. The predicted stress is

We D Qp Q5 Q )
= t"p 0 s ™m (2 7 9)
o Y S
b Fu Qj ( Qy
and the critical stress is
op = 0p(0/(Q,07)) (2.7.10)

where
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op = allowable fatigue stress of the gear material
For no failure,
o < ophaX (2.7.11)

Since either empirical resﬁ]ts or analytic solutions may be
used to yield the stress factors, tﬁis type of formulation is much
more flexible than any "true" theory developed which may be disproven
in the future. Any stress given by the basic thgory may form a ratio
with any future analytic or experimental analysis to devélop one of .
these modification factors for "exact" design.

Equations (2.7.9) and (2.7.10) are employed in the computer
program in Subroutine BEND, Appendix [A.9].

SUBROUTINE BEND(WT,DP,FW,QO0D,QoDL1,Q0DL2,QJ1,QJ2,5B1,SB2,SBM1,SBM2 ,SAF1,
SAF2)
Use: To determine the actual and allowable bénding stress.

Calling Sequence: This routine is called from Subroutine UREAL after
the various modification factors are determined.

2.7A.1 TOOTH LOADING

It must be remembered, however, that the magnitude of bending
stress is highly dependent on the load location on the tooth. The
worst possible case of loading would occur with one tooth bearing all

the load at its tip. This situation occurs when the addendum circle of
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the gear intersects with the 1ine of action as illustrated in Figure

2.7.2.

FIGURE 2.7.2 Geometry of Tooth-Tip Loading

Using Equation (2.4.5) to determine the angle between the
tooth centre line and the radial vector to the contact point on the

tooth profile, the load angle can be evaluated as follows:

o = cos'](Rb/r)-el (2.7.12)
R = Rb/cos(eL) (2.7.13)
where r = radius to point of tooth contact
R = load radius at tooth centre line
o = load angle
6, = angle between tooth centre line and radial vector to load

point on tooth profile
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Thus, by knowing the radius vector to the load point, the load
radius and load angle may be determined using Equations (2.7.12) and
(2.7.13). In the case of tip loading, r=R,. To evaluate the load
gng1e and radius of the succeeding tooth of the gear during tip-

loading, the load contact point may be determined using

Z,, = (Ry2-R,2)" (2.7.14)

Z, = 1,78, | (2.7.15)
1

Rp = (Z,2+R,2)* | (2.7.16)

and then employing Equations (2.4.5), (2.7.12) and (2.7.13) to find the
load anQ]e and radius.

The only problem existing in this form of analysis is to
determine the rad{us to the point of contact on the Tine of action.
Initial analysis by Lewis assumed that the application of the load at
the tip of the tooth represented the worst case of loading. This
assumption was not incorrect as even the best gears at that time were
not very accurate and it was quite possible for a single tooth to
bear all thé load. However, as gears became more accurate, enabling
load sharing to occur, the tip-load condition was not necessarily the
most critical. Higher contact ratios and less error in present day
gears enable a second pair of teeth to be in contact when one pair has
reached the tip-load condition of one member. This worst 1oad condition
occurs when a single pair of teeth carrying full load continue contact
to a point where a second pair are ready to come into contact, as pictured

in Figure 2.7.3.
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FIGURE 2.7.3 Geometry of Point of Highest Single Tooth Contact Loading

It can be readily seen that the contact point occurs one base
pitch away from the initial point of contact. At the same time it
must be visualized that tip-loading of one gear represents the mid-
Toading condition of the mating gear. By determining the radius to
the desired point of contact, the foregoing analysis using Equations
(2.4.5), (2.7.12) and (2.713) may be used to evaluate the load angle

and radius. Thus, expanding the geometry of Figure 2.7.3 mathematically

i 1
= 2. 2y2 2_ 2172
Zy = (Ry 2Ry 2)" = (R 2-Ry 2) (2.7.17)
L L
7y = (R2-Ry2)% - (R2-R,2) (2.7.18)
7 = Za+Zb . (2.7.19)
Zo = B, (2.7.20)
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and applying the law of cosines

ro= (R2+zc2+(2R)(zcsin¢))’/2 (2.7.21)

yields the contact point radius. Following a similar procedure as for
the tip-load case for determining the contact point radius of the
succeeding tooth, the following results

1 -
z,, = (r2-R2)" (2.7.22)

which can be coupled with Equations (2.7.15) and (2.7.16).
Thus, by knowing the contact radius, the load angle and radius
may be evaluated using the previous analysis. The highest single
tooth contact ]oading éna]ysis, however, can only be assumed if the
deformation of the gear teeth is enough to eliminate the base pitch
error in the teeth due to profile and pitch tolerances during machining.
Criteria for this will be diséussed in the following sections. |
The theory of this section is incorporated in the computer

program in Subroutine LOAD, Appendix [A.7].

SUBROUTINE.LOAD(RL ,ANGL ,RLL ,ANGLL ,NLOAD ,BP ,PAR,PR,PRM,RB ,RBM,R0 ,ROM,TP)

Use: This routine determines the radius to the point of
load application at the tooth centre line as well
as the load angle for either tip-Toading or point of
highest single tooth contact loading. The load
radius and load angle for the succeeding tooth are
also determined.

Calling Sequence: This routine is called in Subroutine UREAL if the
mode of loading is assumed by the user. If the
user wishes the mode of loading to be determined
by the computer program, the routine is called in
Subroutine SHARE. ‘
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Special Features: If some of the logic statements in this routine
seem redundant, it must be remembered that during
the optimization search, solutions bordering on
the Timits of the theory or the Timits of physical
restrictions may be encountered. These logic
statements restrict the analysis to acceptable
computations within the limits of the computer. For
example, r must be greater than Rb in the statement

6 = cos'](Rb/r).

2.7A.2 TOOTH DEFLECTION AND LOAD SHARING

As gear manufacturing improved, all properly designed gears
with Tow errors had sufficient overlap of successive pairs of teeth
to allow possible load sharing in the load zone at the beginning and
end of contact. With this possibility arising, many gear designers
believed that tip-loading was too drastic a load condition assuming
that the highest bending stresses would occur down the face of the
tooth below the tip, thus making gears designed by Lewis' assumptions
stronger than necessary.

Timoshenko and Baud [481]1, Walker [401, wéber, and Van Zandt [39]
are a few of the published sources of tooth deflection sources for
load sharing analysis. Van Zandt's work seems to be the most widely
accepted in North America with the AGMA basing a load sharing chart on
his findings. In his paper Van Zandt states that his results were
about 45% greater than that found by Weber while he says Weber found
Walker's results to give 15 to 25% less deflection than according to
Weber's calculations. With'Van Zandt's results basically from experiment
for one pressure angle system with no apparent empiricaT formulation to
generalize for all designs, the writer decided to adapt Walker's

empirical formula proportionately by the percentages indicated, to
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assume a def]ection equation close to Van Zandt's results. This seemed
to be a correct proqedure as Van Zandt stated in hié paper that in the
absence of more complete data he proportionately increased Weber's
deflection curves (which were quite similar in shape to Walker's) to
conform to the limited deflection tests Van Zandt had done at the time
of the paper. Coupled with load distribution analysis given by

Merritt [4] and a double tooth contact analysis by Buckingham [2], the
author developed a .load sharing analysis technique which hopefully gives
reasonable results. Since no experimentation has been done to verify
the procedure, no guarantee of the results can be given.

Walker's formula is closely related to the bendiné ana1ysi§
used to evaluate the tooth form factor, in that it uses the chordal
tooth thickness at the point of highest stres§ concentration on the
fillet, the distance from the load application point on the tooth
centre line to the tooth thickness chord, and fhe load angle at the

lToad point to yield the deflection

§ = KWn' 21- cosep + gfk °°59L2) (2.7.23)
151 1 L2B2
where 8§ = deflection of both teeth at point of contact
K = constant
W ' = load per inch face normal to the involute

E = modulus of elasticity (psi)
6. = load angle (degrees)
h,t = constant stress parabola properties (Figure 2.7.1) with
the subscripts defining the two gears:

However, for 1linear stiffness Pes
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. Hy
o =n 2.7.24
¢ = (2.7.24)
]
- ﬁﬂ wn
)
Thus
Fw : ’
Pe =~ - (2.7.25)
K[ cosg) + 2 cosey.
t,E - L tE, 2

over the whole face width.

If the contact ratio is greater than one, the load is alternately
carried by one and two pairs of teeth witﬁ the load divided between
successive pairs of teeth in proportion to the respective cpmbined
stiffnesses at the points of contacts concerned, assuming the ﬁrofiles

and spacing are precise. Thus,

Pe
Wo=W — (2.7.26)
1 +p
Pc,"Pe,
Pc
W= 2
by = —+ (2.7.27)
&%

where the subscripts 1 and 2 refer to the two pairs of teeth loaded.

If, however, the second pair of teeth can not come in contact
during the no load condition due to involute profile deviations, the .
initial pair of teeth must deflect by the amount of the error before
the second pair of teeth can share the load. If the gap between the
contact profiles of the two teeth is e, the total load must be greater
than e-p. before the second pair come into contact. Assuming the total

load deflects the first pair of teeth, the load sharing is divided as
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follows:
wn Pe + €°0¢ *Pc
W 1 12 (2.7.28)
1 P ¥
1 "2
Woe. - €p_-°p
c
W= _"C G S . (2.7.29)
n, N
Pc "Pc
1 2
as long as W >eep (2.7.30)
n ¢,

Knowing the base pitch error (i.e. the error in action) along
the 1ine of action, the load proportions for tip-loading, and its
successive pair, as well as pdint of highest single tooth contact
Toading (hereafter described as mid-loading), and its successive pair,
are evaluated and compared for the worst stress condition. The actual
worst stress may be determined from the Lewis theory directly since
the relative magnitudes only are wanted. The worst stress condition,
whether tip-loading or mid-loading, then becomes the prime stress
criterion exclusive of any load sharing.

From the geometric development of the point of highest single
tooth contact loading, it can be readily seen that for "perfect"
gears,when one gear is in tip-loading, the mating gear is in mid-
Toading. It will also become obvious from Equations (2.7.28) and (2.7.29)
that the worst load case for either tip-loading or mid-loading occurs
when the mating pair under observation must deflect first before the
following pair comes into contact. With the stiffnesses of the mating

pairs specified in a given position of contact it is obvious that the
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resultant tip-load, for example,necessary for tip deflection and load
sharing, will be larger than the resultant tip-load from load sharing
when the mid-loaded tooth deflected to achieve Toad sharing. Thus

the eight possible loading combinations may be reduced with discussion
centering on the four cases of tip and mid-loading for both the gear
and pinion from the standpoint of initial deflection of each case.

If the bending stress for either pinion or gear tip-loading
exceeds the mid-loading bending stress for either case, then the tip-
Toading geometry factor for both gears will be used with the transmitted
Toad for the actué] bending stress analysis. On the other hand, the
mid-Toading geometry factors would be employed if the bending stress
conditions were reversed.

The theory of this chapter has been incorporated in Subroutine
SHARE [Apbendix A.81 as a method of checking for load sharing. As the
method demands more computation, it is suggested that a design be
found for tip and mid-point Toading and then test the "best" ‘design

for load sharing.

SUBROUTINE.SHARE(ANGCl,ANGCZ,ANGLl,ANGLZ,BBYI,BBYZ,BP,DP,El,EZ,ERR,FW,
NCUT1,NCUT2 ,NNLOAD,PAD,PAR,PI ,PR1,PR2,Q0,QV,QJ1,QJ2,
RB1,RB2,RI1,RI2,RL1,RL2,RLLY,RLL2,RLMI,RLM2,R01,R02,
RT1,RT2,TP1,TP2,UN)

Use: This routine determines if there is load sharing
between successive pairs of teeth in a mating gear
set. Analysis is made for tip and highest point of
single tooth contact loading with the mode of
Toading producing the highest bending stress chosen
for final stress analysis.
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Calling Sequence: If the flag NLOAD=0 is called for Subroutine UREAL
this analysis is carried out.
Special Features: The constant specified by Walker for Equation
(2.7.23) was 14.0 from his experimental analysis.
However, to partially conform with Van Zandt's
this constant has been raised to 25.0.
2.7B  WEAR STRESS
The previous sections have been concerned with the stress and
strength of a gear tooth subjected to bending action. However, other
modes of tooth failure occur affecting the surface of the tooth to
produce failure. For example, pitting is a surface fatigue failure
due to many repetitions of high contact stresses; scoring is a surface
failure due to lubrication failure; abrasion is a surface failure due
to the presence of foreign material. The combihation of rolling and
s1iding motijons of the gear tooth surfaces moving across each other
cause additional compressive and tensile stresses to develop due to
the sliding plus the coefficient of friction. Stress cycles during
heavy loading result in both surface cracks and plastic flow on the
contacting surface to bring about material failure on the tooth profile,
Dud]gy [6], employing the work of Hertz [37], presented a derivation of
an approximate solution to the surface fatigue stress problem, from
which the AGMA developed their general formula similar in nature to the
bending stress analysis.
From Hertz's ana]ysié of two cylinders with axes parallel, as
in Figure (2.7B.1), the width of band of contact resultant from an

applied lcad of F pounds over the length L is
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B 16F
L (r1+r2)
where )
1-v
K, = —=l
ok
™
1-v 2
K =—2
2 1TE2
with vy = Poisson's ratio
E. = modules of Elasticity

FIGURE 2.7B.1 Hertzian Cylinders in Contact

At any instant of time when the tooth profiles are in contact,
the surfaces of the teeth at those points may be considered cylinders
with centres on the base circle, as illustrated in Figure 2.4.1

concerning involute development. Thus
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L
]6F(K1+K2) 2

B = —T 2.7.31)
wLL——+¥L) (
ry ra

The maximum compressive stress between the contacting surfaces
of the cylinders is
_4F
6 = 40—
W LB

| (2.7.32)

Sihce the load transmitted acts along the line of action and

the width of the tooth equals the face width, Equation (2.7.32) becomes

4y
- n
B
TTW

from which, applying Equation (2.7.31)

2

2 -
W 1T2F 2 wn KL+K2
w EL 1.1
’ﬂ'w —_—f

ISR
i, [_ll_lh_ll_;}

but wn =

W %

t

0 =
w r.r
nF (K, +K,) 1 2
W iyt

By multiplying the denominator of this equation by d/d, where

d is the pinion pitch circle diameter



60

g. = _t 1 P
"Rt T [ o) | (273)
Eq E, ritr, d
By specifying
1 1
Cp = g - (2.7.34
E “(1—\)12 1—\)22) )
E E
and
r,r,\ cose
Cy = 1 (2.7.35)
ritry
then the basic wear stress equation becomes
W L :
t 2
=C (2.7.36)
i E(Fwdcd)

Using the Equation (2.7.33) as a basis, the AGMA developed a
generalized surface durability equation using modification factors to
establish a realistic design criterion. Knowing the allowable contact
stress of the gear material, the following equations allow the designer
within the Timits of the modification factors to be discussed in later
sections, to predict the wear capabilities of his design in regards to

destructive pitting. The predicted stress is

wt Cf Cm Co CS 1

g, =C (2.7.37)
W E
Fwd CJ CV
The allowable critical fatigue stress is
cC C
o "X = op LM (2.7.38)
C, C

RT
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where
o¢ = allowable contact stress of the gear material
The design criterion is
oy S0 | (2.7.39)
Similar reasoning for the use of modification factors, as used
for the bending equations, may also be applied here. The equations

introduced in this section are incorporated in Subroutine WEAR,

Appendix [A.10].

SUBROUTINE WEAR(COD,CODLI,CODLZ,CE,CJ,FW,FW,PRI,SACl,SACZ,SSl,SSZ,SSMl,
SSM2,UT)

Use: To determine the actual and allowable contact stress
on the tooth face.

Calling Sequence: This routine is called in Subroutine UREAL after the
bending stress is evaluated.

2.7C ALLOWABLE POWER

With Equations (2.7.9), (2.7.10), (2.7.37), and (2.7.38)
specifying the constraining equations of both bending and wear analysis,
the maximum allowable horsepower transmitted by a gear ;et within the
condiﬁions specified may be evaluated. Since cbmax-and qwmax represent
the limits of the allowable stresses for bending and wear analysis, the

maximum load to achieve this value can be calculated so that

GFQL=th0_D_E QS Qm

RO Q Ry
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and
3
. CL CH ) CE wt CO Cs Cm Cf 3
c .
CT CR CV dF,, Cy
’ wt PLY
but D = - (2.6.3)
33,000

Specifying the allowable power in bending as PAB and the

allowable power in wear as PAW, the following results

: F
oap = PV Pl O o (2.7.40)
33000 D, 0, Qg Oy Qg O

PLY de CV CJ C. C 2

PAW L H
33000 C C C C
0 s m

g
C (2.7.41)
£\ CeCR O

However, with.the pitch circle radius in inches, the pitch Tine
velocity in feet per minute becomes ' |
o PLV = (2mn,R))/12  (2.5.2)
which changes Equations (2.7.40) and (2.7.41) to
Py ROy 0y Q op

PAB = (2.7.42)
. F C ¢ 2R C C 2
PAN = —— g Y ~[_C N (2.7.43)
396,000 C G CeC, | Cp Cp Cp -/

Knowing the values of the modification factors as well as gear
and material properties, the maximum allowable horsepower transmitted
by a gear set may be determined, giving some insight into the capabilities
of the design. Subroutine POWER, Appendix [A.11], employs this theory

in the computer program.
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SUBROUTINE POWER(CE,CJ,COD,CODL1,C0ODL2,QJ1,QJ2,Q0D,Q0DL1,Q0DL2,DP,FW,PABL,
PAB2,PAW1,PAW2,PI,PR1,RPM1,SAC1,SAC2,SAF1,SAF2)
Use: To determine the maximum allowable power that can be
transmitted under wear and bending conditions for
the pinion and gear.
Calling Sequence: Subroutine UREAL calls this routine after the wear
and bending stress routines are cailed.
2.8 MODIFICATION FACTORS
The AGMA, 1in an effort to standardize design practice, developed
the foregoing stress analysis so that future changes in the art could
easily be incorporated in the analysis without a major renovation to
the theory. The stress equations of both bending and wear are divided

into three groups of terms concerned with the loading, the tooth size

and the stress distribution as the following expressions indicate:

W, QD |
op = ot Q) Dy Qs Qn (2.7.9)
v Fw QJ
o T8 F QL (2.7.10)
QR QT . .
o < opMax (2.7.11)
W, C C. C Cgc\*
POy T 5 (2.7.37)
¢, . C
oM = g CL Cy (2.7.38)
Cr Cq
o < g MX . (2.7.39)



where
5
LOAD ¢
.
tooth <
size
stress
distribution

{

QT:CT
QR’CR
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calculated tensile bending stress at the root of
the teeth, psi

calculated contact stress

elastic coefficient

transmitted tangential load at operatihg pitch

diameter, 1b

= oyerload factor

dynamic factor

diametral pitch

pinion operating pitch diameter, inches
net face width of the narrowest of the mating
teeth, inches

size factor

size factor

load distribution factor

geometry factor

surface finish factor

allowable fatigue stress, psi

allowable compressive stress, psi

life factor

temperature factor

factor of safety (reliability factor)

hardness ratio factor
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The subsequent sections will present the AGMA standards used
in the above analysis along with modifications of these standards used
in the computer program. It will be readily seen that future stress
formulas created from new theory can form ratios with the "base"
theory for development of the above factors. The computer programs
havé the same flexibility, as each factor is developed independently
in individual subroutines. Similar factors for wear and bending will
be developed in the same sections.

The derivation of the following factors are extracted from

various AGMA standards mentioned in the references.

2.8A GEOMETRY FACTORS INCLUDING STRESS CONCENTRATION
From the development of the base bending stress formula in
Chapter 2.7, the tooth form factor

D
Y = P (2.7.6)

cosg) (1.5 tang
coso X t

was derived and modified by Dolan and Broghamer's stress concentration

factor [38] to give the bending stress geometry factor

Y

(2.7.8)
Qfmn

Q=

The geometry factor evaluates the shape of the tooth, the
position at which the most damaging load is applied, stress concentration
due to geometric shape, and the sharing of load. Accurate spur gears

develop the most critical stress when the load is applied at the highest
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point of tooth where a single pair of teeth is carrying all the 1oad.
Less accurate spur gears, having errors that prevent two pairs of teeth
from sharing the load, may be stressed most heavily when load is
applied at the tip. Load sharing was discussed in Section 2.7A.2.
Figure 2.7.1 illustrates the tooth form factor layout used
for any general load application on the tooth. Using some of the
geometrical relationships of this figure, equation (2.7.6) was derived.
The Dolan and Broghamer stress correction factor emh]oys similar

relationships for the equation

.1 C c
Qp = ¢y + (_t_) Z(L) 3 | (2.8A.1)
Y'f h
where
h .= distance fm from Figure 2.7.1
t/2 = distance me from Figure 2.7.1
and )
(b~rs)
re=rpt— 1 (2.80.2) .
R+ (b-17)
with re = radius of curvature of fillet
re = edge radius of tool
RR, = the relative radius of curvature of the pitch

circle of the gear and the pitch line of the
generating tool. For generation by a rack or hob,
RR0 equals the pitch radius R of the gear being
generated. For generation by a pinion shaped
cutter, 1/RR0 = T/R + 1/R. where RC is the pitch

radius of the cutter.
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b = dedendum of gear
From experimental analysis the constants of Equation (2.8A.1)

are tablulated as follows:

TABLE 2.8A.1
Values of Cy, C, and C; of Equation 2.8A.1
Pressure Angle | C, C, Cy
1450 0.22 | 0.20 | 0.40
20° 0.18 | 0.15 | 0.45
250 0.14 1 0.11 | 0.50

For other pressure angles not presented in the above table,
values for the constants may be obtained using 11near'interpo]ation
or extrapolation.

The stress correction factor actually depends on the effective
stress concentration, location of load, plasticity effects, residual
stress effects, materia} composition effects, surface finish resulting
from gear productfon or service, Hertz stress effects, size effects
and end of’tooth effects. With this many factors affecting the stress
concentration, the analytic method presented can only be expected to
give approximate results for all situations.

The load sharing ratio, M. is influenced by the contact ratio,
but may bé taken as 1, since the most critical position of spur gear

load application normally occurs when only one tooth is in contact.
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The geometry values from Figure 2.7.1 can be determined
graphically following the procedure outlined in AGMA standard for
Rating the Strength of Spur Gear Teeth (AGMA 220.02), or using an
iterative method developed for the computer using basic theory. Re-
drawing Figure 2.7.1 to include the radius to a point on the fillet,
Figure 2.8A.1 illustrates an iterative process to determine the highest

stress point on the fillet.

FIGURE 2.8A.1 Geometrical Determination of Highest Stress Point on the
Fillet

According to Appendix [Cl and C2], the parabola of constant
stress will be tangent to the fillet at point e when hy = h,. This
relationship may be expanded to give a function

F(Re)

]

hl"hz = 0

- [——tlz—— - (RL—RFC6591):|
tane,
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+ (R_ - Rpcose;)

but %—= Rpsine,
or f = +(2.0R_ - Rp(2.0cose;*(sing;/tang,)))
and 6, = ¥t-0,
therefore
F(RF) = 2RL-RR(2cpsel+(s1nel/tan(wt—el))) (2.8A.3)

Thus, solving for the root of this equation employing the linear
search and false position technique outlined in Appendix [B], the
geometric relations for the tooth form factor and the stress correction
factor can be derived. The profile and tangent angle of the fillet
with respect to the centre of‘the gear may be determined using the
equations developed in Chapter 2.4.

From the extended theory of the Lewis technique, the limiting
load radius would occur when the constant stress parabola becomes |
tangent to the fii]et at the dedendum circle, at which point the tangent

angle ¥y = 90° and the vectorial angle ©; = 6., where 6. is the angle

O
between the tooth centre line and the origin of the fillet curve at the
dedendum circle, with a fillet radial vector equal to the dedendum
circle radius. Since hy = h, is a necessary requirement in the theory
for the constant stress parabola assumption to exist, then

sineC

R™M = Ry(cose +0.5 ) (2.8A.4)

tan(z - 6)

which results from setting 6, = o, RF = R and F(RF) = 0 Equation
(2.8A.3)
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THis analysis has been used in Subroutine JFACT [Appendix A.12]

and Subroutine CWALL [Appendix A.13]for computed géometry féctor

determination.

SUBROUTINE CWALL (BBY ,ANGC ,ANGR ,NCUT ,PT ,PR,RI ,RL ,RRF ,RRO,RT)

Use:

Calling Sequence:

Special Features:

This subroutine calculates, in radial coordinates
with respect to the centre of the gear referenced to
the centre line of the tooth, the point on the tooth
fillet considered the 1ocat1on of highest stress
concentration.

‘Subroutine JFACT calls this routine as part of the

development of geometry factor used in bending
analysis.

Because of the nature of the fillet equations, the
function Equation (2.8A.3) is discontinuous thus
preventing a gradient solution. The linear search
and false position technique enables the desired
solution to be found. Since the parabola of the
physically limiting case would be tangent to the
fillet at the dedendum circle, this was chosen

as the first point in the iterative process. The
step length from this point was chosen arbitrarily
as 10% of the distance between the dedendum cirlce

. radius and the radius where the tangent angle to

the trochoid becomes zero. A check to prevent
divergence on the discontinuous portion of the
curve was also employed.

In the case of the sharp cornered cutter tooth, the
trochoid of the corner represents the fillet, thus
the angle between the radial vector and the tangent
1ine to the fillet can be computed directly from
the theory. However, for rounded corner cutter
teeth the angle between the radial vector and the
tangent line to the fillet can not be computed from
the trochoid tangent angle but must be altered
slightly as in Equation (2.4.18). The program was
developed using the above theory and was only
modified s1ightly to incorporate the root determina-
tion technique.
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SUBROUTINE JFACT(ANGC,ANGL,BBY;DP,NCUT,PAD,PAR,PI,PR,RI,RL,RLM,RT,H,T,
QJ,Y)

Use: This subroutine calculates the geometry factor and
the tooth form factor for spur gear bending stress
analysis. The minimum Toad application radius
possible for tooth form factor analysis by the Lewis
technique is also calculated.

Calling Sequence: Depending on the method used to determine the point
of load application, this routine can be called
from either Subroutine UREAL or Subroutine SHARE.
Computer calculated load points call this routine
from Subroutine SHARE while user specified load
points require this routine in Subroutine UREAL.

Special Features: If the computed load radius during the analysis
exceeds the minimum 1imit, Equation (2.8A.4), then
the iterative solution is bypassed, the load point
is assumed to be at the Timit and the analysis is
‘continued. As an added feature, the Dolan and
Broghamer Equation (2.8A.1) with its constants from
TABLE (2.8A.1) has been generalized by developing
linear equations for the constants using the 14%°
and 20° pressure angles as base points for equation
determination.

As in the bending stress analysis, the wear geometry factor
results from the derivation of contact stress on the tooth profile,
Section 2.7B. The geometry factor, Equation (2.7.35), extracted from
Equation (2.7.33), acts as ‘the base equation for the general mathematical
development. The greatest contact stress occurs at the lowest point of
single tooth contact of the pinion where the sliding velocity and
friction factor of the tooth profiles would be greatest and the relative
radius of .curvature of the two involute profile would also be the smallest,

thus forcing the stress to be greatest. From Figure (2.8A.2) the geometry

F1Fa\ /C0S¢
C = 2.7.35
J ri+ro d ) .( )

factor is




FIGURE 2.8A.2

with risr,

d

¢

il

Lowest Point of Single Tooth Contact

radii of curvature of pinion and gear involute at
point of contact
pinion pitch circle diameter

pressure angle

This can be changed to

But

. - (Rlsin¢-ZC)(stin¢+Zc) coS¢
J (Rysing-Z )+ (Rysine+Z )} 2R,
coto (Rlesin2¢-ZCsin¢(R2-R1)-ZC2
2R) (R1+R2) |
2
. . 1 1 zc
cot sin¢-Z.sin¢ "% " RE
- R1R2 ¢ C R R2 1Ko
m, = Ry o ear ratio
g 7 9

therefore, expanding the above equation

72
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C. = 0.5coté Mg §in +EE sing- L. (2.8A.5)
J 1 R R T

Mg+ ) 1

and from Figure 2.8A.1

\Za - /Roli'Rblz - ¢R12_Rb17’ (2.8A.6)
7, = /Rozz_RbZZ' - R, _szi‘ (2.8A.7)
2. = By, (2.8A.8)

In the computer program, the above theory is used in Subroutine

IFACT [Appendix A.14] to evaluate the wear geometry factor.

SUBROUTINE IFACT(BP,CJ,PAR,PR1,PR2,RATIO,RB1,K01)
Use: This routine determines the geometry factor for the
worst case of surface loading at the point of Towest
single single tooth contact.

Calling Sequence: Subroutine UREAL calls this routine when evaluating
the other modification factors.

Special Features: ‘As can be seen from the AGMA wear stress equation,
the contact stress would tend to infinity when the
geometry factor approached zero. To avoid this
during the optimization, the geometry factor is set
to an arbitrary zero of 107°0 if (sin¢-Z./R;)<0.

2.88 ELASTIC COEFFICIENT

The elastic coefficient term of the wear stress analysis comes

from the contact stress in Equation (2.7.33), and is defined by

1 %

C. = (2.7.34)
E, E,
where v = Poisson's ratio
E = modulus of elasticity
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with subscripts 1 and 2 representing the pinion and the gear, respectively.
This analysis of pinion and gear properties is used in

Subroutine EFACT [Appendix A.15].

SUBROUTINE EFACT(CE,E1,E2,PI,U1,U2)

Use: To determine the elastic coefficient for the surface
stress analysis. .

Calling Sequence: This routine is called from Subroutine SPUR with
other modification factors not affected by variable
changes during optimization.

2.8C DYNAMIC (VELOCITY) FACTOR

The bending and wear stress analysis have both been computed
using the average fransmitted Toad, while in actual fact there will

be load fluctuations. The dynamic load is due to vibrations in the

geared system which produce sudden accelerations of the gears, followed

by impact loading when the mating gear teeth come back into mesh. The
nature of the tooth vibrations is affected by the inertia and stiffness
of all rotating elements, the rotational and pitch Tline. speeds, the
tooth spacing and profile errors, the magnitude of transmitted load per
inch of facé and the tooth stiffness. Shipley [7, Chapter 14] has
traced some of the works of the many investigators, and states that
they are not in full agreement as to the maner in which dynamic Tload

effects should be evaluated. He suggests that Buckingham's method [2]

seems to Ee the proper approach to use considering the state of the art.

The fundamental Buckingham equation for dynamic load determination
is

Wy = W+ (20p-W )2 (2.8C.1)
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where

dynamic load, 1bs

= =
(o (o
[ [}

= transmitted load, 1bs

W, = acceleration load, 1bs

=
N
1l

force required to deform teeth through amount of effective
error, 1bs

with the acceleration load defined as

W, W,

W, = (2.8C.2)
W+, :

where
W, = average force required to accelerate the masses when they
are considered as absolutely rigid, 1bs '

The forces may be defined as

- [tan¢(1-cos¢)} (_l_+ ;L) a(PLY) (2.8¢.3)
15092 Ri Rz
where
¢ = pressure angle
R = pitch radius, inches
m = effective mass influence at gear pitch line, slugs
PLY = pitch line velocity, fpm
with mymy
= (2.8C.4)
12
and m, and m, = effective masses acting at pitch line of
pinion and gear respectively, slugs
while Wy = Wy L5 +1] (2.8C.5)
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where e = measured error in action, inches

[« )
1]

deformation of the teeth at the pitch line caused by load
Wi, inches
Buckingham then presented deformation formulas determined by
Timoshenko and Baud [48] to calculate the amount of deflection for
teeth under load conditions. At the same time an approximation for
mid-tooth deflection based on experimental results was given for use in
the dynamic analysis. Since that time more work has been done on
deflection analysis without a concrete analytic or emperical formula
being presented. With no dependable formula being given for deformation
analysis except for a modified Walker formula (Chapter 2.7A.2 on Tooth
Deflection and Load Sharing) coupled with the vast disagreement of
dynamic Toad analysis, as well as the difficulties in specifying the
elemental broperties of a design, the author decided to use the less.
formal approach specified by the AGMA [24,26) .
The following three formulas are given by the AGMA: -
¢y or Q, = 1.0 for high precision shaved or ground
spur gears where no appreciable
dynamic load is developed

1
= .__Z& /2 3 > :
c, or QV (78+PLV%) for high precision shayed or ground
spur gears where dynamic load is

developed
cy or Q, = __59,_; for spur gears finished by hobbing
50+PLV or shaping

Initially, the more accurate gears are made, the more precise
the mountings will be. On this premise the author felt that dynamic
Toads would then also be a function of AGMA quality number representative

of the profile or tooth spacing errors. Thus six equations of the same
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form suggested by the AGMA have been used in the program to determine

the velocity factor. These equations, illustrated in Figure 2.8C.1,

are
600
= NQUAL=3,4,5 2.8C.6
v 600+PLY : ( )
1200
= 1200 UAL=6,7 2.8C.7
V2 1200+PLY N ( )
cy,= —50— NQUAL=8,9 2.8C.8
Y3 5oepLY ‘ ( )
¢, = —718_ NQUAL=10,11,12 (2.8C.9)
4 78+PLV*
c =[———Z§—r] ? NQUAL=13,14,15 (2.8C.10)
Vs 178+PLVE U
¢y~ 1-0 NQUAL=16 | (2.8C.11)
Q = ¢, (2.8C.12)
where NQUAL s the AGMA quality number
1.0 Cvs ]
S
5 8 7
Q Cy,
e Gl 5 ]
D
G ‘v,
3 4 Cv ]
> 3
2F cy i
0 e } 1 1 ] 1 \% ]
' 1000 2000 3000 4000 5000 6000 7000
Pitch Line Velocity (FPM)

FIGURE 2.8C.1 Velocity Factor C,
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These equations are used in Subroutine VFACT [Appendix A.16] to
evaluate the dynamic effect in the computer program.

If in the future a more acceptable method of dynamic load
determination becomes available to -the user, it can be easily incorporated
in the program with the appropriate variables Tisted in the labelled
common blocks and called through the argument 1ist of the new subroutine.
By taking the ratio of the transmitted load to the dynamic load, the new

velocity factor is determined for use in the stress analysis.

SUBROUTINE VFACT(CV,QV,NQUAL,PLV)

Use: To determine the velocity (dynamic) factor for the
-stress analysis.

Calling Sequence: Subroutine UREAL calls this routine once the pitch
Tine velocity has been specified.

2.8D LOAD DISTRIBUTION FACTOR

When the load distribution across the tooth face does not.
result in 100% contact due to misalignment of the axes of rotation,
cutting errors and elastic deflection of the teeth, gear blank, shafts,
bearings and housing, the resulting load concentration rajses the stress
on the tooth. To compensate for this higher stress the rated strength
of the teeth must be increased. The AGMA standards [24,26] present an
empirical technique for the load distribution factor determination if the
misalignment is known. This technique employs a few equations coupled
with some empirical curves, from which the distribution factor may be
found. However, in this computer program, it was assumed that a
loading analysis, general enough for use in an optimization routine, may

not present -the flexibility the user requires. An alternative solution,



79

employed in the program, uses an empirical curve also developed in the
same AGMA standards, shown in Figure 2.8D.1. This curve, from the

AGMA standards [24,26], coupled with Table 2.8D.1 from AGMA standard-
[27] was the basis for the analysis in the program. Since the factors
representing the most accurate conditions on the chart fall along the
cur?e, and assuming that the quality of the gear, expressediby thé

AGMA qua]%ty number, intuitively represents the accuracy of the assembly,
a relationship between the load distribution factor from the curve and
the gear quality was derived. The curve representing the most accurate
conditions was divided into three portions for analysis as follows:

Fy 20"  ¢=1.3 (2.8D.1)

2.0"<F,, < 18.0" ¢ = -9.6282x10"%F 6
+6.33757x10- 6F,, 5
-1.5862x10"%F *
+1.82424x10-3F, 2
-9.30188x10-3F,2
+4.82409x10"2F
+1.22786 (2.8D.2)
F

Fo518.0" c¢f=—YW (2.8D.3)
W m 0.45F +2.0

Equation (2.8D.2) results from a curve fitting routine using points
taken from the curve, while Equation (2.8D.2) is suggested by the AGMA

standard.
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TABLE 2.8D.1 Load Distribution Factor Qm

Face width, in.

Condition }
of = 2 in 16 in.
Support and 6 in. 9 in. and

under under

Accurate mountings,
Tow bearing clearances,

minimum elastic deflection, 1.3 1.4 1.5 1.8
precision gears.

Less rigid mountings, :
less accurate gears, 1.6 1.7 1.8 2.0
contact across face.

Accuracy and mounting
such that less than Over 2.0
full face contact exists.
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Gear qualities greater than the AGMA quality number 14 were
assumed perfect and the above values were used unmodified. However,
Tower gear qualities of AGMA quality numbers 3-14 were assumed to
follow the arbitrary formula derived in coordination with Table 2.8D.1,

so that

Qy = ¢ = cf#0,ol13-NQUAL) (2:8D.4)

12
where NQUAL = AGMA quality number. The Equations (2.8D.1) (2.8D.2) and

(2.8D.3) provide a useful guide for the load distribution factor as long
face width
pinion pitch diameter
this Timit suggest that a more detailed analysis should be followed.

as the (

) ratio does not exceed 2. Ratios above

The above formulas are incorporated in the computer analysis in Sub-

routine MFACT, Appendix [A.17].

SUBROUTINE MFACT{CM,QM,FW,NQUAL)

Use: This»roufine determines the load distribution factor
for the stress analysis.

Calling Sequence: Subroutine UREAL calls this subroutine when the other
modification factors are evaluated.

2.8E OVERLOAD FACTOR

The overload factor makes allowances for the roughness or
smoothness of operation of both the driving and driven apparatus.
Specific overload factors can only be established after considerable
field experience is gained in a particular application. In determining
the overload factor, consideration should be given to the fact that
many prime movers develop momentary overload torques appreciably greater

than those determined by the name plate ratings of either the prime
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mover or the driven apparétus. Since specific overload factofs could
not be empioyed in the computer analysis, Table 2.8E.1, extracted from
the AGMA standards [24,26] has been incorporated in the program in
equation form.

TABLE 2.8E.1

Overload Factors CosQo
Character of Load on
Power Driven Machine

Source Uniform | Moderate | Heavy
Shock Shock

Uniform 1.00 ‘1.25 1.75+
Light Shock 1.25 1.50 2.00+

Medium Shock 1.50 1.75 2,25+

This table is for speed decreasing drives only. For speed increasing
Nn 2 ’

el

. np

Service factors have been established where field data is

drives, the quantity, 0.1 is added to the above factors.

available for sﬁecific applications. These service faétors include

not only the overload factor, but also the 1ife factor and factor of
safety. If a specific service factor is used in place of the overload
factor [co,QO],-use a value of 1.0 for CR,QR and C,Q . The mathematical

expressions for Table 2.8E.1 is

¢ = {driven?-driven+2driver+6) (2.8E.1)

0 k3

where driven = 1.0 load on driven machine - uniform

2.0 load on driven machine - moderate
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"

3.0 load on driven machine - heavy

and

driver = 1.0 power source - uniform

1)

2.0 power source - light shock

3.0 power source - medium shock

This is developed for the computer in Subroutine OFACT,
Appendix [A.18]. Equation (2.8E.1) reproduces Table 2.8E.1 exactly with
the above values, while interpolation or extrapolation may be accomplished

by using different driven and driver values.

'SUBROUTINE OFACT(C0,Q0,DRIVEN,DRIVER,NDRIVE,RATIO)

Use: To determine the overload factors for the stress
analysis.

Calling Sequence: Called in Subroutine UREAL when other modification
, factors developed.

2.8F SIZE FACTOR

The size factor, which reflects the effect of dimensions on the
uniformity of material properties, depends primarily on.tooth size, gear
diameter, face width, ratio of tooth size to gear diameter, area of
contact pattern, ratio of case depth to tooth size and hardenabiiity
and heat treatment of materié1s. Standard size factors for spur gear
teeth have not yet been established for cases where there is a detrimental
size effect. The size factor may be taken as unity for most spur gears
provided a proper choice of steel is made for the size of the parts and
the case depth or hardness pattern is adequate. Subroutine SFACT,

Appendix [A.19], sets the size factor in the computer program.
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SUBROUTINE SFACT(CS,QS)

Use: This routine determines the size factor for the
stress analysis.

Calling Sequence: Subroutine SPUR calls this routine during the
initial execution of the design. If in the future
the size factor becomes dependent on variables in
the design, the routine could be altered and placed
in Subroutine UREAL to become part of the optimi-
zation procedure.

2.8G SURFACE CONDITION FACTOR

The surface condition factor depends on the surface finish as
affected by cutting, shaving, lapping, grinding, shot peening, and the
like, and also depends on residual stress and plasticity effects from
work hardening. It may be taken as unity when a good surface is
developed by either processing or run-in. With no other information

available, the surface condition factor was set as 1 in Subroutine

FFACT, Appendix [A.191 the computer routines.

SUBROUTINE FFACT(CF)

Use: To determine the surface condition factor for wear
stress analysis.

Calling Sequence: Called in Subroutine SPUR along with the other
modification factors not dependent on variable
quantities.

2.8H HARDNESS RATIO FACTOR

The hardness ratio factor depends on the gear ratio and the

hardness of the pinion and gear material. Table 2.8H.1 offers some

typical hardness combinationS used in design.
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TABLE 2.8H.1
Typical Hardness Combinations
GEAR PINION
(BHN) (BHN)
180 . 210
210 245
225 v 265
245 285
255 300
270 315
285 335
300 350

Figure 2.8H.1,extracted from the AGMA standards [24,26], may be

used as a guide for the hardness ratio factor employed in the design

process.
114 ' i l T B
' K=17
1121
(EF K=16
= 110F K=15
g K=1
L= - =14
o 108
3 K =13
= 106F .
&
= K=12
'g 10L&
I
102
]00.__&":‘;/ \ ) | i
0. 4 8 12 16 20

Single Reduction Gear Ratio
FIGURE 2.8H.1 Hardness Ratio Factor CH
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¢ = Brinell of Pinion

where
Brinell of Gear

and for K<1.2 use Cy = 1.0
To give the graph'in Figure 2.8H.1 a degree of generality, a
mathematical expression was fitted to this family of lines so that inter-
mediate points could be extracted. | |
Cy = (0.052808 K°'2?5683—0.052632)(;-(i - 1.0)+1.0  (2.8H.1)
p
Subroutine HFACT, Appendix [A.201, uses Equation (2.8H.1) in

the design analysis to evaluate the hardness ratio factor.

SUBROUTINE HFACT(BHN1,BHN2,RATIO,CH)

Use: To determine the hardness ratio factor forvsurface
stress analysis. '

Calling Sequence: As this analysis is not dependent on any program

related variables, this routine is called by
Subroutine SPUR.

2.81 LIFE FACTOR

The Tife factors Q and C; adjust the allowable Toading for
the required number of cycles to account for the change in fatigue
strength as a function of the loading cycles. The fatigue strength
versus life cycles curve known as an S-N diagram has been determined
for steel producing curves similar to Figure 2.8I.1

The curve becomes horizontal for steel at the fatigue or
endurance limit after a certain number of cycles, indicating that for
working stresses below this Timit, failure will not occur regardless of
the number of stress cycles. By determining the ratio of fatigue

strength to fatigue 1imit at a particular life cycle, the 1ife factor
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may be determined. SinceAthe curve never becomes horizontal for non-
ferrous metals and alloys, these materials do not have an endurance
limit.

The 1ife factors suggested by the AGMA standards [24,26] are for
steel assuming that the endurance limit will occur at 107 life cyc]es
for all steels recommended by AGMA in the standards. From the avéi]able
data the fatigue curve for pitting may be represented by Figure 2.8I.2.

Mathematically, this curve has been formulated as

CL =-2.575607 CYCLE™0-058697 for CYCLE < 107 (2.81.1)
CL=1.0 for CYCLE 3 107 (2.81.2)
The 1ife factors for bending analysis were plotted to give

curves as in Figure 2.8I.3 with a mathematical formulation of

Q 160 = 2.335254 CYCLE=0-056092 (2.81.3)
Q 250 = 5.236361 CYCLE™0.112266 - (2.81.4)
QL“59 = 9.626709 CYCLE-0.150709 (2.81.5)

Using the three hardness curves to determine the 1ife factor
for the required cycles, linear interpolation utilizing the following
equations ﬁay be used to determine the 1ife factor for the particular

material hardness.

QL - QL160 + Bhn-160 (QLZSO_QLIGO) (2.81.6)
250-160
=, 250 + Bhn-250 (Qy 459-Q, 250) (2.81.7)
W= 450250 = -

When using material other than steel in the computer program,

the 1ife cycles factor, CYCLE may be set greater than 107 with the
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actual fatigue strengths of the material at the desired life replacing
the endurance 1limits in the bending and wear stress analysis.

The values for steel are incorporated in the computer program

Subroutine LFACT, Appendix [A.211].

SUBROUTINE LFACT(BHN,CYCLE,CL,QL)
-Use: To determine the life factor for stress analysis.

Calling Sequence: Subroutine SPUR calls the routine during initial

execution when the modification factors of program

independent variables are tabulated.
2.8J RELIABILITY FACTOR

The reliability factors, Qg and Cp were introduced by the AGMA,
to offer the designer an opportunity to design for a specified reliability.
However, the data is rather crude, as shown in Table 2.8J.1 from the
AGMA standards [24,26]. Failure in this table does not mean an
immediate failure under applied load, but rather a shorter life than
the minimum specified.
TABLE 2.8J.1

Reliability Factors Cp and Qg

Requirement of Application Cp QR

High reliability 1.25+ 1.50+
Fewer than 1 failure in 100 | 1.00 1.00

Fewer than 1 failure in 3 0.80*%* | 0.70

** At this value, plastic profile deformation might occur rather than
pitting.
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Aé the AGMA table does not provide adequate information for a
mathematical development, an intuitive expression was developed using
the above factors as a base. Arbitrarily, the factor of safety was
assumed to increase Tinearly from 66-2/3% to 99% and then logarithmi-
cally above 99%, aécording to the following equations:

0.773196RELI+0.234536 (2.84.1)

Reliability ¢ 0.99, Cp

i

Reliability > 0.99, Cp = 0.444444(_L LI)0.176091 (2.87.2)

The factor of safety of Equation (2.8J.2) goes to infinity if the
reliability becomes 100%, which is intuitively true. Some intermediate

values of Equation (2.8J.2) are tabulated in Table 2.8J.2 for reference.

TABLE 2.8J.2
Some Intermediate Values of Equation 2.8J.2
Re]i;bi]ity Cr-
66.67 0.750
99.00 1.000
99.30 1.065
99.5 1.130
99.7 1.236
99.9 1.50
99.99 2.250

In the computer program these values are evaluated in Subroutine

RFACT, Appendix [A.22].
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SUBROUTINE RFACT(CR,QR,RELI)

Use: To determine the factor of safety for the stress
analysis.

Calling Sequence: Subroutine SPUR calls this routine during the
initial execution.

Special Features: If a reliability of greater than or equal to 100%
‘ is presented to the routine, the reliability is
reset to 99.99%.

2.8K TEMPERATURE FACTOR

From the AGMA standards [24,26] the temperature factors Qr
and C1 can generally be taken as unity when the gears operate with
0il or gear blank temperatures. not exceeding 250 degrees F. In some
instances, it is necessary to use a Qp and Cy value greater than unity
for carburized gears operating at oil temperatures above 180 degrees
F for wear analysis factor, Cp or above 160 degrees F for bending
analysis factor, Qy.

The following equations are used in the computer program in

Subroutine TFACT, Appendix A.23 1in all cases:

Tp < 160, Qp = 1.0 (2.8K.1)
Tgp <180, Cy = 1.0 (2.8K.2)
T. > 160, Q= 10T (2.8K.3)
F> 620
s 180, Cr = —2OTE (2.8K.4)
F = R} 640

SUBROUTINE TFACT(CT,QT,TEMP)

Use: To determine the temperature factor for the stress
analysis.

Calling Sequence: Subroutine SPUR calls this routine during the initial
execution.
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2.8L OVERALL DERATING FACTORS

The various factors thus far developed may be regarded as
safety factors to the original Lewis and Hertzian analysis. With
these factors as part of the numerator and denominator of the stress
equations, an overall feeling for the magnitude of this factor of
safety can not be found. Lumping these terms into one factor gives the
designer a better insight into the problem than can all the separate
values. These following equations do not have any désign significance

other than a coagulation of many separate terms. .

Qop =19m—gs—g§ - (2.8L.1)
C C, Ce
Cp = ——m 0 C"é 0 s (2.8L.2)
v
C, C
Cop- = ~H—L (2.8L.3)
L Q
QOD = —_— (2.8]...4)
Qp O

Subroutine FACTOR, Appendix [A.24]1, groups all these terms

for use in the computer program.

SUBROUTINE FACTOR(CF,CH,CL1,CL2,QL1,QL2,CM,QM,C0,Q0,CR,QR,CS,QS,CT,QT,
cv,Qqv,cop,cooL1,conL2,Q0D,Q0DL1 ,Q0DL2)
Use: This routine groups all the individual modification

factors into an overall factor used in the stress
analysis.
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Calling Sequence: Once all the modification factors are called in
Subroutine UREAL, this routine is called.

Special Features: It must be noted that there are two life terms for
each type of stress analysis. Since the number of
loading cycles for the gear and pinion are
different proportional to the gear ratio, the

overall 1ife derating factors for the pinion and
gear are different.

2.9 UNDERCUTTING AND INTERFERENCE

For an involute profile, conjugate action can not take place
below the base circle, which is that formed by a tangent circle drawn
from the gear centre to the path of contact. If the initial point of
contact of the drijven gear is oufside this point of tangency, so that
the tiﬁ of the driven tooth is forced into contact with the flank of
the driver below the base circle, then conjugate action is not secured,
because this portion of the flank is not of involute shape and inter-
ference occurs. When the tooth profiles are generated by the cutting
tools there is no interference, because the flank of the driver is
undercut. However, this weakens the base of the tcoth. Further
insight into this problem may be gained from Chapter 2.4B on fillet
profiles. This section in the chapter on the tooth profiles--involute
and fillet--{llustrates how the interference and undercutting phenomenon
occurs. Equations given in Chapter 2.4B can also be used to bypass
the above problem during the design process.

With part of the involute profile removed by undercutting, the
length of contact also decreases, resulting in a lower contact ratio.
Also, the thinning of the base of the tooth due to undercutting weakens

the tooth. Several methods are available to eliminate undercutting or
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interference but each is accompanied by detrimental effects which must
be weighted in the design. For example, by increasing the number of
teeth, interference can be eliminated but if the gears are to transmit
a given amount of power, then more teeth can only be used by enlarging
the pitch diameter. This increases the gear size and pitch line velocity,
which is usually undesirable. At the same time, the increased pitch
Tine velocity results in noisier gears and reduced power transmission.
A more acceptable solution is to increase the pressure angle, creating
a smaller base circle so that a greater portion of the tooth profile
has an involute shape. Although a Targer pressure angle means that
fewer teeth may be employed with correspondingly smaller gears, the
frictional forces and bearing loads are increased.

As outlined at the conclusion of Chapter 2.4B, Subroutine
FILLET and Subroutine CUTTER develop the geometry factors which suggest
whether interference or undercutting occurs. Eguations (2:4.19),
(2.4.20) aﬁd (2.4.21) act as a basis for constraining the design to
non-undercut conditions. To prevent interference in the design, we
must have R0 < Ry where Ry is addendum circle radius and Rn is
defined by Equation (2.4.26). A further constraint prevents the
addendum of one gear to be larger than the dedendum of the mate. These
inequality constraints are dealt with in Subroutine CONST of the optimi-

zation routines.

2.10 CONTACT RATIO
Correct geometry in order to secure smooth and continuous

action is a necessary requirement to successfully design a gear set,
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especia]Ty if the number of teeth are reduced. The length of tooth
contact must be long enough to ensure an overlap between a successive
pair of mating teeth. Care must be taken not to reduce this contact
duration below a satisfactory minimum value, even if the teeth are
undercut. The length of contact is a relatively simple geometric
condition to evaluate analytically for non-undercut gears. However,
the shortening of the length of -contact due to undercutting adds a
further complication to the analysis. M. F. Spotts [35] predicts the
effects of undercutting in hobbed spur gear teeth, thus giving an
insight into the lost action from undercutting. If the general method
of contact ratio evaluation is coupled with Spotts' work, the contact
length and contact ratio for both undercut and non-undercut conditions

can be determined rapidly by the computer program.

FIGURE 2;10.1 Geometry of Length of Contact Determination
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We define the contact ratio as the ratio of the length of
contact to the base pitch, since the base pitch is the interval between
successive tooth profiles along the path of contact. The contact ratio,

me becomes

from Figure (2.10.1). The length AP may be defined as the length of
approach 15. while ‘length PB is the length of recess 1y, and the
angles subtended at the centre of both gears by these Tines are the
angle of approach, 65, and the angle of recess, 8., respectively.

Mathematically, these lengths may be expressed as

1

AP = (Ry 2-Rp 2)* - Rpsing
1

PB = (R012-Rb12)2 - R,sine

or in terms of AB
_ 2 2\ % 2 21k .
AB = (_RO1 -Rb1 ) +(R02 —sz )2-Cysing
since Cq = Ry+Ry.  Thus the contact ratio for non-undercut gears
becomes 1 1
2 2y% 2 2y% .
] (R01 -Rb1 )2+(R02 -sz )2-Cds1n¢
.

m (2.10.1)

B
p

As a point of clarification, Equation (2.10.1) may yield a
correct value of contact ratio for undercut gears if the addendum of
the mating gear crosses the path of contact at a point closer to the
pitch point than the undercut portion of the gear involute. In Spotts’
paper, referred to above, he defines the circle passing through the
fillet-involute intersection at undercut conditions as the undercut

circle, and states that the loss of contact is equal to the distance
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between the pressure 1ine;base circle tangency and the point where the
undercut circle crosses the path of contact. Thué, from Figure 2.10.2,
the last action occurs along the line AC which leaves CP as the only

contact length. Using Figure 2.4.1 from the involute profile develop-

ment, and the theory of Chapter 2.4A, we get

o

cos'l(Rb/rc) (2.10.2)
Ry(tans - tana) (2.10.3)

CP
By knowing the radius to the involute-fillet intersection during
undercut, the Toss of contact length can be determined using Equations
(2.10.2) and (2.10.3). Splitting the contact length into two parts,
length of approach and-length of recess, the contact ratio of all
possible undercut and non-undercut combinations can be evaluated simply,
since with a gear set subject to conditions of undercut and non-undercut,

only four‘possible combination sets can exist. The mathematical

FIGURE 2.10.2 Loss of Contact Due to Undercut
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determination of the radius of the undercut circle has been explained
in Chapter 2.4B, and the description of Subroutine FILLET to evaluate
this radius was also given at the conclusion of Chapter 2.4B. The
determination of the contact ratio for all conditions is developed for
the computer in Subroutine CONRAT, Appendix [A.25], Subroutine LENGTH,
Appendix [A.26] and Subroutine FILLET [A.2].

SUBROUTINE CONRAT (ANGC1,ANGC2,BP, CRATIO,NCUT1,NCUTZ,NDRIVE,PAR,
,PR1,PR2,RB1,RB2,RI1,RI2,R01,RO2,RU1,RU2,TP1,TP2,
XLA,XLR,BBA1,BBA2,BBX1,BBX2,BBY1,BBY2,RT1,RT2)

Use: To determine the contact ratio for non-undercut
and undercut conditions and the length of approach
and recess for the gear set. ' '

Calling Sequence: This routine is called in Subroutine UREAL when all
the geometric features of the gear are specified.
Subroutine LENGTH and Subroutine FILLET are only
called if an undercut gear set combination arises,
otherwise this routine functions without any other
programs.

Special Features: A simple method to determine the undercut non-undercut
combination used in the design is employed at the
beginning of the routine and is self-explanatory
from comments included in the routine. The extra
long argument list used in this routine is only
necessary for the most part in determining the under-
cut contact ratio.

SUBROUTINE LENGTH(ANGC, NCUT,PAR, PR,RB,RI,RO,RU,TP,BBA,BBX,BBY,RT,
XXX)

Use: This routine determines the length of contact from
the undercut circle to the pitch point for undercut
conditions.

Calling Sequence: Subroutine CONRAT only calls this routine when under-
cut conditions arise. Subroutine FILLET is employed
by this routine to find the radius of the undercut
circle.
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2.11 EFFICIENCY

Although spur gears are a very efficient method of transmitting
power (in the range of 98 percent or more), designers often réquire
reliable efficiency information because this small friction loss can
cause considerable concern since it must be dissipated as heat throughout
the gear system. In applications where large amounts of power are being
transmitted, the efficiency becomes very important.

Buckingham [2] develops the efficiency equations with the
coefficient of friction first assumed constant and then variable.

Actual tests [91 made of the power losses with spur gears
indicate that the general form of the curves representing the average
coefficients of friction plotted against sliding or pitch line velocities,
is simi]ar.to graphs representing the performance of plain bearings.
Merritt [4] also presents a technique similar to Buckingham's constant
friction factor technique in his development of the efficiehcy of .spur
gears. Buékingham began with the following rather unrea]istit
assumptions: perfectly shaped and equally speced involute teeth, a
constant normal pressure at all times between the teeth in engagement,
when two or more pairs of teeth carry the load simultaneously, the
normal pressure is shared equally between them. He then developed the

following equations for efficiency:

1+(1/m,,)
Efficiency = 1- [———ﬂ—} f (A 2+An2) - (2.11.1)
A +A 2
ar
when the coefficient of friction is assumed as constant
1-(1/m}] T f -
Efficiency = 1- ——£~1—21 (—Q-Aa2+—3 Ap?) (2.11.2)
By#B. | 2 2
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when the aVerage coefficientsAof friction of approach and recess are

different, where

mg = gear ratio

Aa,Ay = arc of approach and recess on driver, respectively

-.-h
1.

average coefficient of friction

~h
1l

a - average coefficient of friction of approach

~ f,. = average coefficient of friction of recess
and ) 2. 2)% '
R, “Rp -Rysing
py =02 22 (2.11.3)
Rin
L
(R, 2-Ry 2)%R sing .
A =—2 b1 ° (2.11.4)
Ry, ,

with the subscripts 1 and 2 referring to the d?iver and driven gear
respectively.

For general use, the constant coefficient of friction Equation
(2.11.1) dis used fof simplicity. However, the coefficient of friction
is not constant but varies with different loads, speeds, lubricants
and gear materials, as well as different types of surface finishes.
Actual tests have indicated that, at low speeds, the values of the
coefficient of friction are high, reducing rapidly to a minimum with
increasing speed, and then rising again slowly with further increases
in speed. After pointing out that the nature of the sliding between
involute gear teeth consists of s1liding in one direction during approach,
reducing to zero at the pitch point where the direction of sliding
changes and increases again as the contact progresses through the

recess action. Buckingham states that, since the direction of sliding
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changes at the pitch point, the coefficient of friction could never be
wholly within the field of perfect film lubrication during the period of
engagement of a pair of mating teeth. He also observed that the
friction of approach appeared to be about double that of recess on
hobbed, milled and shaped gears of cast iron, soft steel, bronze and
aluminum, while on hardened and ground steel gears, the friction
factors seemed equal for approach and recess at Tow speed. From the
research an empirical formula was suggested (for friction factor in

terms of sliding velocity) from the tests on soft steel.

0.050

f=m+ 0.002 A | (2.11.5)

Also, from what was mentioned previously

fa --%f (2.11.6)
f.=2f (2.11.7)
Y\ '§ . . .

For the lack of adequate general information, Equations (2.11.2)
to (2.11.7) have been employed in the computer Subroutine EFFIC
to evaluate efficiency. Since the empirical formula used to determine
the average coefficient of friction was developed using soft steel, the
resultant analysis will not be exact for all applications. As long
as steel is used as gear material, however, the efficiencies resultant
from this. analysis will be slightly lower than the exact values. If
future developments produce an average coefficient of friction factor
dependent on lubrication and material properties, it can be substituted

for the friction analysis already incorporated. Further analysis may
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also determine the correct proportions of the approach and recess -
friction factors related to the average.
Subroutine EFFIC, Appendix [A.27] incorporates the foregoing

analysis in the computer design.

SUBROUTINE EFFIC(EFF, RB1,RB2, PAR,PLV,RATIO,NDRIVE,XLA,
XLR)

Use: To determine the frictional efficiency of the.gear
set.

Calling Seauence: This routine is called from Subroutine UREAL.

Special Features: Two assumptions are made when using this routine.
The average coefficient of friction eguation
developed by Buckingham [2]represents the friction
factor for all gear materials, and the friction of
approach is 1-1/3 times the average friction factor
and the friction of recess is 2/3 times the average
friction factor.

2.12 TOLERANCES

Not unlike any manufactured item, the dimensions of gears are
subject to specified permissible variations. These tolerances consti-
tute a complex area of gear specification which directly affects gear
performance, materials and finishes, fabrication and inspection techniques
and cost.

The American Gear Manufacturers Association (AGMA) handbook [31]
recommends gear specifications for quality, material, treatment and
measuring methods and practices. For convenience and simplicity, gearing
selections are identified by an AGMA class number, consisting of a

Quality Number identifying specific tooth element tolerances, a letter

indicating tooth thickness tolerance and two letters followed by a
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number indicating mater1a1; treatment and hardness. This particular
section of the spur gear design deals only with tooth element and
thickness tolerances with no regard to material specifications. The
higher the quality number, the more precise the gearing will be and the
closer the tolerances. The cost of fabricating a gear set is a direct
function of the tolerances specified and this is related to the

quality number. A more in-depth discussion of cost will be given in
Chapter 2.15A.

Only certain tooth element tolerances and their centre distance
tolerance will be éva1uated here since a lot information in this area
has not been standardized. For this reason many of the dimensions, such
as gear blank dimensions, are not toleranced and must be taken as
"worst-case" conditions with the user specifying the tolerances desired.
References'[7, Chapter.9; 10] present a comprehensive appraisal of
tolerances in gear design.

The tolerance equations discussed in this chapter represent a
standardized method of error determination employed by most manufacturers.
Tolerances evolving from these equations can be obtained by the majority
of manufacturers operating in conjunction with the AGMA suggested values.
Knowing the degree of error obtainable for a particular Quality Number,
gear elements such as tooth thickness and backlash requirements may be
evaluated as part of further gear design analysis.

The tooth element tolerances -- runout, pitch, profile tooth-to-
tooth composite and total composite tolerances -- are all determined

from the same basic inspection set up, illustrated in Figure 2.12.1
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FIGURE 2.12.1 Composite Action Setup
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FIGURE 2.12.2 Composite Action Error Plot
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When the working gear rolls in tight mesh against the master
"perfect" gear, the deviation from the true centre distance, pictured
in Figure 2.12.2, will be representative of the errors in the working
gear. In this work any reference to a "variation" means the actual
amount of error while a "tolerance” refers to the allowable amount of
“variation".

The AGMA handbook, previously mentioned, presents typical
values for use in gear calculation of the design process. If runout,
pitch and profile tolerances are specified, they should be in lieu of
the composite action tolerances and vice versa. Although all suggested
tolerances are represented by equations, the runout pitch, profile and
composite action tolerances may be considered valid only for diametral
pitches below 20 Dp while the composite action tolerances are also
valid for diametral pitch above 20 Dp. Some ambiguity in this AGMA
handbook exists in the diametral pitch range of the tolerance equations
for runout, profile and pitch tolerances.

The runout is the total variation of the distance between a
surface of revolution and an indicated surface measured perpendicular
to the surface of revolution.

Detrimental effects may result from these variations since the
~ teeth may bind during a portion of the mesh if an adequate amount of
back]ash,ﬁs not provided.

Runout may include the effects of eccentricity, out of roundness
profile variation, spacing and tooth thickness variation. Eccentricity
may be due to

a) sing1e,eccentric1ty caused by the difference in centres used
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during cutting and running, and/or distortions in mounting,
b) multiple eccentricity of a cyclical nature caused by errors in
machine tools, cutting tools and lack of rigidity in set up, and
c) irregular runout caused by hardness variation in the gear blank,
the cutting tool's inability to cut to a constant depth, or by heat
treatment distortions.

From Figure 2.12.1 and 2.12.2 the runout variation on the centre
distance between working and master gears is equal to the difference
of the total composite tolerance and the tooth-to-tooth composite

tolerance.
€runout = €TC ~ ©TTeC (2.12.1)

An AGMA suggested equation for runout tolerance is

ToLg" = 59(2R)°2%% (0 )70 ***(1.4)(®-0n) (2.12.2)
where
R = pitch radius (inches)
Dp = diametral pitch
Qn = AGMA quality number
TOLg = runout tolerance

However, Equation (2.12.2) returns tolerances in ten-thousandths

of an inch, which was altered for the computer to

TOLg = TOLg' (10-%) (2.12.3)

These equations reproduce tolerances tables presented in the
same AGMA standard and, therefore, must be considered valid for designs

of diametral pitch Tess than ZODp.
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The pitch tolerance is the allowable amount of pitch variation,
which in turn, is the difference between pitch and the measured
distance between any two adjacent teeth, as illustrated in Figure 2.12.3.
!i

FIGURE 2.12.3 Pitch Variation Measurement

While the pitch for circular gears is the theoretical length of
a circular arc, actual checking is accomplished by measuring a chordal
dimension shown as A. Tooth-to-tooth spacing is a measurement of three
adjacent pkofiWes in the same manner as Figure 2.12.3.

Since these pitch errors indicate the tooth-to;tooth spacing,
a potent sdurce of gear noise arises from pitch errors. The frequency
and the rate of change of the pitch errors from tooth-to-tooth are
important factors in gear noise since more objectionable notes result
from higher frequencies, while the rate of change of pitch error
coupled with profile errors affects the angular acceleration and impact
forces between the teeth. Pitch errors usually represent the departures
of the cutting edge position relative to the motion of the member
which drives the cutter and. the departure of the work from uniform

angular velocity relative toc the motion of the cutter.
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An AGMA suggested equation for pitch tolerance is

TOlprTen

= ]0.5(2R)(0.177)(Dp)(-0_224)(].42)(8-Qn)
| (2.12.4)
and

TOLprey = TOLpprcu(107) (2.12.5)

Similar to the runout tolerances, the suggested tolerances for
pitch are valid for designs of diametral pitch less than 20Dp.

The profile error is the variation of the shape of a tooth as
evaluation from its root to its tip, exclusive of root and tip modifi-
cations. Excluding distortion during heat treatment,-the principal
sources of profile error arise from inaccuracies of the generating
cutter tooth profile, errors in setting the generating cutter, and
departures from uniformity of the motion between cutter and work.
Excess of metal from the true profile represents a_positivé‘error-
while a deficiency of metal, a negative error. The profi]e tolerance

is normally designated as the width of a specified envelope enclosing

the positive-negative error as in Figure 2.12.4.

\ .

W actual profile

1\ — theoretical profile
\.\\ ——— tolerance envelope
W,

FIGURE 2.12.4 Profile Error
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An AGMA suggested equation for profile tolerance is
TOL; = 21.5(2R) % 154 (p_){-0-435) (1.1y% 00 (2.12.6)
PROFILE : p : e

and

10 = TOL, (1074) (2.12.7)

LpROFILE PROFILE

Similar to runout and pitch tolerances, the suggested tolerances
for pitch are valid for designs of diametral pitch less than 20D,.

Another error quite similar to the pitch error would be the
base pitch error measured along the Tine of action. Knowing the magni-
tude of this error for both gears of a mesh, the error in action would
be given directly. The error in action is the amount of error between
the contacting faces of the following tooth pair. When the teeth
deform, it is the magnitude of the error in action which determines
whether the following pair of teeth will share part of the load. Since
no formulas or standard measurements have been given to determine the
error in action, Dudiey [6] gives an approximation for this error as
the sum of the pitch error plus half the profile error for each gear.
This relationship is employed in Subroutine UREAL before going into the
load sharing analysis of Subroutine SHARE.

Composite action is the var%ation in centre distance when a
work gear is roiled in tight mesh with a master "perfect" gear as in
Figures 2.12.1 and 2.12.2. The tooth-to-tooth composite variation and
the total composite variation can be evaluated by means of master gears
which have smaller errors than those expected in the gears to be inspected.

The total composite error specification combines the effect of runout,



pitch, profile and tooth thickness errors. The tooth-to-tooth
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composite error also.results from the combined effect of the foregoing

errors but only reflects variations in successive teeth.

AGMA suggested equations for tooth-to-tooth composite tolerance

and total composite tolerance are

1) Tooth-to-tooth composite tolerance (TTCT)
TTCT = 54.7(0,) (-0 48)(2r) (-0-24) (1) (&)

for the number of teeth < 20

TTCT = 38.2(Dp)('°‘36)(2R)('°’13)(1.4)(8'Qn)‘
for 20 < number of teeth ¢ 32
and TTCT = 25(Dp)('°-2”)(1.4)(8’0“)

for number of teeth > 32
2) Total Composite Tolerance (TCT)

20.2 0.24(Dp)(-0'15) ].]6(10—X)(]~4)(8—Qn)

p

TCT = 15

- (0.075)(20Dp)[(20/Dp)-(2R)]

for number of teeth ¢ 20.2

(2.12. )

(2.12.9)

(2.12.10)

(2.12.11)

rer = 14.50(2R) (024 (0p) 70180y 1 4) (1051 (g 4(8-0,)

(2.12.12)
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for number of teeth > 20.2
where X = [5.033710910(Dp)]-0.5153 (2.12.13)

This analysis will provide valid tolerances for the diametral
pitch range of 0.5Dp to ZOODp.

The tooth thickness tolerances are to be interpreted as the
max imum pefmissib]e variation of’tooth thickness of all of the teeth in
all of the gears made in accordance with a specific specification.
These values, therefore, are the allowable range in thickness between
the thinnest and the thickest teeth of any gear. The theoretical or
basic tooth thickness of a geaf is customarily equal to one half of
its circular pitch on its standard pitch circle. Unless otherwise
specified, the actual maximum tooth thickness on an unassembled gear
will generally be slightly less than the theoretical value, since the
manufacturer usually makes an allowance for some backliash at mesh
(discussed in next section). The minimum tooth thickness will be some-
what Tess than maximum since a machining tolerance on tooth siée is
required. A table, taken from the AGMA handbook, gives suggested tooth
thickness tolerance classes for spur gears from which the following
equations were approximated and compared with the discrete values in
Figure 2.12.5.

Specifying the tooth thickness tolerance as e

er = 0.015807D,"0" 653066 (2.12.14)

for Dp < 10.0

(14
-—
I

= 0.374230p'0-978801 . (2.12.15)

for Dp x 10.0
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The five é]asses A,B,C,D,E have been represented in the computer
employing Equations (2.12.14) and (2.12.15) as class A. Thus, the tooth

thickness tolerances may be specified in general as

ler] = T (2.12.16)
T n Z(n—]) . .
where n=1,2,3,4,5 for the five classes A to E.

These tolerances represent the tooth thickness variation at the design
pitch circle evaluated by measuring instruments such as calipers.
An alternative method of measuring tooth thickness tolerance
is to measure centre distance variations for an intimate meshing of
master and test gear as illustrated in Figure 2.12.1 Michalec {10]
describes a method of relating this composite action variation to the
tooth thickness of the test gear, knowing the various properties of
the master gear. However, this technique requires'information concerning
the master gear which would restrict the usage of the computer program.
As a simplifying approximation [34], a geometrical relationship

results from the tooth separation, illustrated in Figure 2.12.6.

¢
ja

at/2
FIGURE 2.12.6 Tooth Thickness Variation with Centre Distance Change



114

which yields

55 = acytang (2.12.17)

Although this is not as accurate as the composite action tooth
thickness determination, it is adequate for most gear work. With back-
lash specified empirically, the need for more accuracy is not generally
required. However, if high precision is absolutely necessary in the
backlash determination, Michalec's technique should be utilized with
known master gear specifications.

Since actual graphs of composite action similar to Figure
2.12.2 produce reasonably smooth variations which coufd be approximated
by a sine function such that, if the total composite error was pre-

dominently runout, then the instantaneous centre distance variation

would be

eT -8
ACq = (_T_CZ._TE_)sine (2.12.18)

where o is the gear rotational position with a positive centre distance
change indicating thicker teeth. If, however, the total composite
error was predominently tooth-to-tooth error, then the instantaneous

centre distance change would be
e
1Cq = (TE)sin (ne) (2.12.19)

where n is the number of teeth. By superposition the instantaneous

centre distance change for both conditions would be

ET -e e
8Cq = (=5 sino + L€ sin(ne)) (2.12.20)



115

To select the proper tooth thickness tolerance class, Equations
(2.12.17) and (2.12.19) can be used to find the actual tooth thickness
variation. Also, a tooth thickness tolerance can be selected from
Equation (2.12.16) so that the class tolerance is equal to or less than
the composite action method, since the composite action includes other
errors besides the tooth thickness error measured by calipers.

The need to define tooth thickness variations will become more
evident in the next section [2.13] when backlash is discussed. For
the present the 1nterre1ation of many of these tolerances represents
the prime concern.

The backlash discussion will present gear e]eﬁent tolerances
necessary for consideration of the backlash of the gear set. However,
some non-gear element tolerances are important in the analysis for
successful gear operation. Due to its affect on backlash and contact
ratio, centre distance tolerance becomes a primary concern.h This-
tolerance fs a function of the backlash requirement, gear qua1ity, pitch
and centre distance magnitude, all of which must be adjusted to avoid
excessive backlash, low contact ratio affecting load capacity and
smooth operation, -and binding conditions. Table 2.12.1 from reference
[7, Chapter 9] .represent typical centre distance tolerances which are

represented in the following equations:

| : Cy-12
3 < quality number < 7 TOLCd 0.0100+0.0100(-TE__)

with a minimum of TOLCd = 0.0020 (2.12.21)


http:Howev.er

8 < quality number < 12

with a minimum of

13 < quality number < 16

with a minimum of

These bilateral tolerances are doubled in the computer program to

achieve the necessary unilateral tolerance required for analysis.

Suggested Centre Distance Tolerances

TOLCd
TOLCd
TOLCd

TOLCd

TABLE 12.1

0.0005

0.0001

12
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C.-12
o.oozo+o.oozo(_d]_2_) (2.12.22)

Cq-12
0.0005+0.0005(———) (2.12.23)

Centre Distance

Quality
Under Over
1" 1-6" 6-12" 12-24" 24"
Commercial (3-7) +0.02 +0.,003 +0.005 +0,010 +0.010
per ft
Precision (8-12) +0.0005 | +0.001 +0.002 +0.002 +0. 002
per ft
High Precision (13-16) | +0.0001 | +0.0002 | +0.0002 | +0.0003 | +0.0005
per ft
In the computer program no centre distance allowance has been

made as it has been assumed that backlash may be achieved by tooth

thinning. However, the centre distance tolerance is employed so that

the maximum amount of backlash for worst tooth thickness-centre distance

variation conditions may be obtained.

As no definite criterion for tolerance specification has been

presented for universal acceptance, the computer program has been

established to consider the worst case of tolerance for many of the
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variables. A manufacturer employing the program could incorporate his
own criterion for tolerance specification. A non-manufacturer user must
remember that tolerances affect cost to a great degree and therefore he
must try to obtain the tolerance criterion of his supplier so that he
may wisely select these tolerances. With proper care, tolerances not
mentioned here will not detrimentally affect the gear performance. For
example, face width has not been toleranced, so that any values attached
to the face width should be of the form fg:gggé. Similarly, material
hardness or surface finish should have actual values of at least that
specified by the program. Variables such as addendum and dedundum,
which, along with the pitch circle radius, specify the addendum-
dedendum circle radii, must have tolerances carefully checked so that
binding will not occur. The outer radius employed in the program must
be considered as maximum, including actual error as well as runout.
A similar situation occurs with the dedendum circle radius, which must
be toleranced so that adequate clearance appears during "worst"
conditions of tolerance. The dedendum utilized in the program is the
normal size with no regard to either tooth thinning or thickness errors.
Since the tooth thickness at the pitch circle represants the minimum
value due to both thinning and tolerance, the actual dedendum will be
larger than the dedendum value specified. This method was selected to
achieve the worst stress condition on the teeth and to guarantee a
minimum clearance for all conditions of error including runout.
Tolerancing is an extremely complex subject in any machine

element design, but it becomes critical in gear operation.
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Further aavances in anaiytic tolerance evaluation or more adequate
information should be incorporated into the program once available.
Discussion of the subroutines employing the foregoing tolerance
equation will be presented in the next section under backlash.
Subroutine ERROR, Appendix [A.28] develops the various tooth element and

composite action tolerances suggested by the AGMA for stored program

computers.

SUBROUTINE ERROR(DP,FW,NQUAL,PR,TEETH,TOLR,TOLP,PTOL,TOLL,TTCT,TCT)

Use: To determine the various cutting tolerances for
the gear.

CaT]ing Sequence: Subroutine UREAL calls this routine once the gear
geometrical conditions are determined.

2.13 BACKLASH ANALYSIS

References [4,7,10] discuss backlash in varying degrees but do
not present a definite analytical approach to the analysis. Much of
what is presented here is a conglomeration of various reference sources
on backlash with the author expressing his interpretation of the design
backlash procedure.

Backlash in an assembled gear set is the clearance between the
teeth of the meshing gears measured either along the line of gction or
along the pitch circle. By definition, backlash cannot exist in a
single gear. In a mating gear set, the backlash that exists is a
function of the actual centre distance at which the gears operate, the
teeth thicknesses, the teeth deflection due to loading, temperature

changes which may cause differential expansion of the gears and mountings,
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and possibly other factors. The minimum backlash specified by the

user is assumed to take care of temperature differentials and tooth
loading deflection. If this method is not satisfactory for the user's

. conditions, increased analysis in tooth deflection and temperature
differentials coupled with appropriate constraints could be incorporated
into this base program so that computer calculated backlash requirements
could be employed. For the present, however, insufficient analytical
background exists to use this technique.

The minimum backlash will occur when all the tolerances react
at the same time to give the shortest centre distance'and the thickest
teeth with the high poihts of gear runout, while the maximum backlash
will occur as these tolerances move in the opposite direction. As
presented in Chapter 2.12 on tolerances, the actual tooth thickness is
dependent on tooth thinning and tooth element tolerances, while changes
in centre distance produce a proportional change in. tooth tﬁickness at
the new pitch circle. |

Design backlash is incorporated into the mesh to ensure that
contact will not occur on the non-driving side of the gear teeth.
Although backlash may be introduced by increased centre distance, the
usual practice is tooth thinning with operation on the standard centre
distance.

The total mesh backlash is dependent on the summation of the
design backlash for the pinion and the gear, each of which has its

constant and variable sources to backlash. Interpreted mathematically,

Bnesh = BgeartBpinion (2.13.1)
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Bgear = Bc*By (2.13.2)
where Bc = ] constant backlash sources
By = ) variable backlash sources
The constant backlash sources would include deliberate tooth
thinning to achieve some minimum desired backlash, or operation at a
changed centre distance. Variable sources of backlash would include all
errors in‘the tooth dimensions as well as bearing, housing ahd mounting,
which would contribute to the degree of backlash. If the tooth thickness
is assumed to be an independent variable, then analysis for tooth
deflection due to loading, coupled with various geometrical constraints,
can yield an optimum amount of backlash during an optimization search.
However, this form of analysis, at present, is too complex sinﬁe the
theory of deflection has not been developed with enough accuracy to
successfully predict deflection in all cases. Thus, from experience,
acceptable amounts of backlash, as a function of diametral pitch, have
been presented from which tooth thickness may be extracted as a
dependent variable. Table 2.13.1 from Dudley [7] recommends minimum-
maximum backlash for assembled gears, which are plotted in Figure 2.13.1

using the approximating equations

B, "N = 0.025(B L)p, ™0+ 903090 (2.13.3)
BLmax = 0_040(BLU)DP—0.903090 (2.13.4)
where BLL and BLU are control factors to raise or lower the constant

values of the backlash term to give greater flexibility in specifying

backlash limits.
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TABLE 2.13.1

Suggested Backlash for Power Gearing

DIAMETRAL PITCH BACKLASH (INCHES)

.025-0.040
.018-0.027
.014-0.020
.011-0.016
.009-0.014
.007-0.011
.006-0.009:
.005-0.008
.004-0.007
.004-0.006
.003-0.005
.002-0.004

Ny

e

NOOCTRWNAIDN =

8 and 9
10-13
14-32
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I _ - Suggested points
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equations

Backlash Limits (in.)

it i 4+ 111

Diametral Pitch Dp

FIGURE 2.13.1 Comparison of Suggested Backlash with Approximating
: Equations
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Having specified the minimum and maximum backlash that the
mesh requires, the proportion of this backlash range shared between
the pinion and gear may be represented as

B, .

Eﬁiﬁ%gﬂ - BLR (2.13.5)

or employing Equation (2.13.1)

Bgear :
gear . -8, R (2.13.6)

Bnesh

From Chapter 2.12 on tolerances, tooth thickness variations,
including tooth thfckness tolerance and runout, can be selected to
fit within the upper and lower 1imits of the backlash requirements of
the pinion and gear considered separately. Since this tooth thickness
variation from the two sources conceptually represents the allowable .
range in thickness between the thinnest and thickest teeth of a gear,
the total amount of design backlash becomes this unilateral tooth
thickness variation, plus a tooth thinning allowance to achieve the
minimum backlash. It must be remembered that, a]though'the tooth
thickness tolerance of the gear may be specified, the runout has the
effect of varying the centre distance of the mesh, thus varying the
tooth thickness at the operating pitch circle. With the minimum and
maximum backlash difference specifying the range of allowable tooth
thickness -variation from runout -and tooth thickness error, constraints
must control the optimization search so that the tooth thickness error
does not exceed the allowable backlash range. The minimum backlash

requirement specifies the amount of tooth thinning from the theoretica]
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tooth thickness, which is usually equal to one half of the circular
pitch on its standard pitch circle, and the sum of the tooth thickness
variations of the pinion and gear must be Tess than the backlash range

as outlined in Equation (2.13.7).
B - (e,P+e,8) > 0 (2.13.7)

If should be noted that an increase in centre distance either

by allowance, tolerance, or negative runout decreases the tooth thickness

at the operating pitch circle and thus increases the backlash. Since

no centre distance allowance has been used and the tolerance has been

specified in this analysis as fé:ééﬁé, Equations (2.12.23) to (2.12.25)

are utilized in evaluating the backlash for centre distance vafiations,

while Equation (2.12.20) is employed to analyze the effect of runout and
tooth thickness tolerances on backlash. The constant source of back-
lash in this analysis evolves from the minimum desired backlash. For

a specific design, the worst extreme values of the backlash contributors

may be arithmetically totalled to calculate the maximum backlash.

The backlash analysis procedure may be summarized as follows:

1) Establish the maximum and minimum backlash requirements.

2) Determine the proportion of the minimum backlash to be shared
between the pihion and gear in the form of tooth thinning of each
component.

3) Knowing the composite action tolerances and the maximum tooth
thickness after tooth thinning, the minimum tooth thickness may be

determined by adding twice the maximum error evaluated in Equation

(2.12.20) to the design pitch circle radius énd computing the tooth
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thickness at this radius which would now become the minimum tooth
thickness at the design pitch circle. A similar procedure will
specify the minimum tooth thickness for both gears. This analysis
assumes that the tooth machining errbrs, specifying the range between
the maximum and minimum tooth fhickness, create a perfect involute
envelope at both Timits. Thus,lby advancing the "minimum" involute
radially outward by the total composite tolerance the tooth thick-
ness difference between the envelopes may be approximated by
Equation (2.12.7).

With the minimum tooth thickness specified, including runout and
tooth element errors, the backlash due to machining errors becomes
the difference~between the maximum and minimum tooth thicknesses at
the design pitch circle. This backlash plus the backlash due to
tooth thinning specifies the maximum backlash at the design pitch
circle. |
When the centre distance is defined with a positive uni]aterai
tolerance, the maximum overall backlash at this extended centre
distancg occurs when the minimum design tooth thickness is

coupled with the centre distance increase.

By specifying this minimum tooth thickness as the actual operating

thicknesé, the conditions of "worst" stress may be analyzed for the gear..

Deviations from this minimum will only tend to strengthen the tooth by

thickening it. At the same time, any tooth thickness variations, due

to either runcut or tooth element errors, will not cause the gears to

bind as allowances have been made for this circumstance. For the
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remainder‘of the analysis, the gear is assumed perfect at the minimum
conditions specified, with the thickness size reductions nullifying
the effects of runout and other errors.

In actual fact, the gears may have a lesser maximum backlash
since the conditions analyzed for the set were the worst possible combi-
nations contributing to the particular calculation. If some guarantee
of the actual magnitude of the error combination could be presented
for the program, lesser compensations for error could be taken in the
progranm.

Subroutine BLASH, Appendix [A.29] and Subroutine TOLCD,
Appendix [A.301 develop the backlash conditions and centre distance

tolerances for the gear set.

SUBROUTINE BLASH(BLMIN,BLMINT,BLMAX,BLMAXT,BL1,BL2,8LL,BLU,BLR,CP,DP,DELBL,
NQUAL,PAR,TPTLl,TPTLZ,TPTUl,TPTUZ,TPTEl,TPTEZ,TPTVl,
TPTV2,TTCTL,TTCT2,TCT1,TCT2).

Use: This routine determines

a) the maximum and minimum backlash desired at the
design pitch radius,

b) the actual maximum and minimum backlash at this
operating design pitch radius,

¢) the maximum tooth thinning for backlash
including the machining tolerance,

d) the difference between the minimum and maximum
backlash,

e) the tooth thickness tolerance,

f) the actual maximum tooth-to-tooth thickness error
from tooth element errors, and

g) the actual maximum tooth-to-tooth errors from
runout and tooth element erros.

Calling Subroutine: Subroutine UREAL calls this routine after the
suggested tolerances have been specified.
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With the tooth-to-tooth composite error specifying
the tooth thickness error, the tooth thickness
tolerance from the various classes is determined
utilizing Eguation (2.12.16), transposed so that
the numerical value of the class may be evaluated
using the next smallest tolerance classes (i.e. the
next greatest tolerance class number). This
required tolerance class is then tested against the
permitted tolerance class levels for the particular
gear quality. If the tolerance class is larger
than required, the constraint requiring the actual
tooth thickness error to be greater than the toler-
ance class vdlue will be violated. This condition
must be true since the tooth thickness error from
composite action analysis includes further errors
which make it sTightly larger than the tooth thick-
ness tolerance class value.

SUBROUTINE TOLCD(BLMAXU,CD,CDR,CDTOLL ,CDTOLU,NQUAL ,PAR,PI,PR1,PR2,

Use:

Calling Sequence:

RATIO,RB1,RB2,TEETH1,TP1,TP2).

To determine

a) the centre distance tolerance, and
b) the maximum backlash at the extended Timit of
the centre distance tolerance.

Subroutine SPUR calls this routine after the design
analysis is complete and before the analysis is
printed out and returned.

2.14 GEAR BLANK DIMENSIONS

In designing a gear blank, [15] illustrated in Figure 2.14.1,

the prime consideration almost always is rigidity. The hub must be

long enough so that the gear will rotate in a single plane without

wobble. It must also have sufficient diameter to provide adequate metal

for keyways, to maintain a proper fit with the shaft and to transmit the

required torque through the hub to the web without serious stress
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concentrations. Proper rigidity in the web and rim become another

consideration since these dimensions affect the inertial contribution

to dynamic loading.

k- Fw - l
! — { g
, D |
W '
l e rrim]{ R
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Dshaft|/2 R l
. i ! '_R-hub = |

FIGURE 2.74.17 Gear Blank Nomenclature

Since no general rule could be found for the analytic design
of the gear blanks, and since the stresses in the blank elements are
usually Tow compared to the tooth stresses, the blank dimensions were
generally designed to certain proportions of a specified variable such
as face width or shaft diameter. The following equations represent
suggested values for the use in the design of gear blanks.

From general practice, keys were chosen with a-size one-fourth
the shaft diameter, adjusting the hub length (HUBL) and the key length
so that the torsional stresses are satisfied. Knowing the torque
transmitted through the gear, the force tangential to the shaft at

the keyway can be determined by

F=1 (2.14.1)
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Using a square key of thickness t

t= zrshaft (2.14.2)
the shear stress through the key over the length 1 may be specified as

A = E
9 hear - (2.14.3)
which must be less than the shear strength sy
ogy = 0.577sy (2.14.4)

where Sy equals the yjeld strength of the material while the distortion-
energy theory for pure torsion provides the modification constant. To
resist crushing, the area of one half on the key face is used, with

the actual stress required to be less than the yield stress

A F--

0crushing i} £1/2 (2.14.5)
Thus
A
no < s .
shear Y (2.]4.6)
ncA <s (2.14.7)
crushing < °y U

where n is.thevsafety factor. The greater length of key required to
support the shear or crushing stress is chosen as the length of the key
as well as the'1éngth of the hub of the blank. The foregoing equations
are the only stress analysis for the gear blank. The face width is
specified as being the minimum allowable hub length, although the
stresses may indicate that a smaller length is acceptable.

LHUB ;'Fw (2.]4.8)
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If the shaft was §pecified as zero diameter, the shaft and gear
blank are considered one piece with no key and a hub length equal to
the face width.

The radius to the outer portion of the hub (HUBR) is arbitrarily
assumed 75% greater than the radius of the shaft, such that

rygg 1-75(0 (2.14.9)

shaftlz)
At the same time, the thickness of the rim is chosen arbitrarily as
equal to the whole depth of the tooth. Thus the inner rim radius (RIM)
is equal the dedendum circle minus the working depth,
| rrom = Ri-(a+b) (2.14.10)
Similarly-the web is chosen arbitrarily as being 50% of the
face width and located in the mid portion of the blank.
WEB = 0.50F,, (2.14.11)
PHysica]]y, the dimensions are limited so that
"MuB S TRIM (2.14.12)
with the web equal the face width of Equation (2.14.12) is at its
Timit. Another Timitation to the web thickness occurshif the face
width is greater than or equal to 0.1 inches and the web thickness is
less than 0.1 inches, at which point the web becomes constant at 0.1V
inches.
The volume of the blank is determined by summing three discrete
parts of -the blank - the hub, the web and the rim. Since the teeth are
generated from a blank, the metal removed from the tooth space is

wasted but must be accounted for as part of the blank material. Thus

the addendum circle radius and inner rim radius specify a ring of
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material from which the teeth are cut. The web may be considered a
circular plate of constant thickness while the hub acts as a hollow
cylinder of constant thickness. A1l these elements contribute to
the volume.

These equations were only included in the program to give some
criterion for choosing a minimum volume design. Since the particular
geometry has not been included 1ﬁ any other aspect of the design such
as dynamic Toading, the values presented here are not necessarily
concrete design specifications. If an adequate stress analysis were
available, the variables of the blank design could alsc be incorporated
in the optimization process asvindependent variables. Coupled with
this, more accurate dynamic load analysis would specify 1limiting
constraints, giving an optimum gear blank with Tow dynamic loads.

Also, the user may find that the gear blank criterion used by his
supplier may be instituted into the design package to offer him more
realistic solutions.

To incorporate this analysis in the computer program Subroutine

SIZE Appendix [A.31] and Subroutine VOLUME Appendix [A.32] wereemployed.

SUBROUTINE SIZE(ADD,DED,FW,HUBL,HUBR,  RI,RIM,SHAFT,SAF,TORQ,WEB,XKEY)

Use: To specify the gear blank dimensions for use in the
volume determination of the gear set.

Calling Sequence: Subroutine UREAL calls this routine after the geometric
conditions of the gear set have been finalized.

Special Features: The analysis for determination of the key and hub
Tength utilizes the yield stress of the material from
which a shear stress is evaluated. However, only
the fatigue stress of the material was provided for
the design. For steel, the yield strength is ’
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approximately twice the fatigue strength. This
assumption plus a safety factor of 2 were incorporated
in the analysis.
Since the results of this subroutine are only
employed in the volume calculations and do not affect
the design seriously, the resultant values are
realistic for present solutions. However, when gear
blank analysis becomes necessary for other analysis
besides volume, this subroutine should be updated
accordingly.

SUBROUTINE VOLUME(FW,HUBL ,HUBR,PI,RIM,R0O,SHAFT,VOL ,WEB)

Use: To determine the gear blank volumes for application
in the optimization function.

Calling Sequence: Subroutine UREAL calls this routine once the gear
blank dimensions have been specified. :

2.15 MISCELLANEOUS ANALYSIS NOT PROGRAMMED

A close examination of this spur gear design package will
reveal that certain topics have not been dealt with directly as part ﬁf
the optimization. There may be some features which the user feels are
quite important which the author has not included. This section deals
with the most obvious deletions with a qualitative explanation of
reasons for the deletions as well as possible methods of solution to

incorporate these features.

2.15A COST

One of the most cbvious optimization criteria lacking in this
design is cost. This would seem to be one of the main features of the
whole optimization process for the average user. Cost generally depends-

on
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a) the gear material including heat treatment,

b) the volume of material,

c) the overall gear dimensions such as face width or pitch circle
diameter which govern machining costs,

d) the AGMA quality number which affects the tolerances, and

e) the standardization of gear dimensions with the available machine

tools.

Although there may be other factors on which cost is dependent,
the above list illustrates the main cost factors of individual gears.
Except for the volume of material, the cost of obtaining the other
features will be highly shop-dependent. The gear mandfacturer's
ability to achieve the user requirements‘of gear size, tolerance
specification and non-standard desfgn practices will directly affect
the cost fo varying degrees. For example, the required effort in
obtaining finer tolerances increases rapidly as the tolerances approach
zero, while relaxation of tolerances beyond some 1imit may have 1ittle

affect on cost, as {llustrated in Figure 2.15A.1.

Fabrication
Cost

0.0001 0.001 0010 0100
Tolerance Magnitude

FIGURE 2.15A.1 Cost Versus Tolerance Magnitude
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At the same time, as the gear size increases, the ability of the
manufacturers equipment to handle the gear may decrease, thus increasing
the cost.

Since cost is closely related to the particular manufacturer's
capability, the cost, re]afed to these factors in either equations or
charts, has been left to the user to implement in the program. The
program has been so arranged that tﬁe analysis is incorporated in
Subroutine UREAL where all variables, dependent and independent, are
created. Additional variables for the design process are easily
placed in labelled COMMON blocks while the cost may be installed in
the optimization functipn following the criterion of multifactor
optimization featured in Chapter 5. In the present program, volume of
material is the only indirect method of cost analysis, with no rea]
value of cost being presented.
2.15B SCORING, LUBRICATION, SURFACE FINISH, TEMPERATURE EFFECTS AND HEAT

TRANSFER | |

Although bending and pitting failure determination has been
carried out as the main stress criteria, various other factors may
effect gear,life as well. Although definite design procedures have not
been presented in call cases, Dudley [6,7]1, Michalec [10], and some AGMA
standards [30,33] propose solutions for many of the problems.

Radial scratch lines on the tooth face resulting from the
scoring process occur for the following reasons: excessive load
coupled with a break down in lubrication, too rough a surface finish,
large tooth errors, high coefficients of friction, poor material

properties and large sliding velocities. Dudley [6] states that most
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gear desighers can not agree on a formula to guard against scoring, but
gives two methods generally accepted by designers at the present state
of the art. The PVT formula, using the product of the Hertz contact
bressure, the worst sliding velocity during the mesh, and length of

the line of action, provides a value which is compared with empirical
limits of scoring. This technique could have been easily 1ncorpor§ted
into the computer package since the length of contact on the line of
action is determined for contact ratio analysis; the sliding velocities,
for efficiency analysis and the Hertz contact pressure, as part of the
wear stress analysis. However, a more recent method known as the "flash
temperature" formula seems to fit closer to test data and field experi-
ence. An AGMA Information Sheet [33] explains the use of the formula
with test data indicating the results from various Tubricants. As laid
out by the AGMA, this formula could have been easily implemented into the
package, but was not since the user would have to supply information
regarding surface finish and lubricants, or corresponding information
incorporated into the package, which might be restrictive to the user.
The assumption was made that, for the average user, adequate lubrication
and surface finish would be supplied, although not specified by the
design. If this approach is not satisfactory, the user may supply his
own subroutine into Subroutine UREAL to evaluate scoring, and providing
comparisons (i.e. constraints) with known lubricant scoring limits in
Subroutine CONST. New variable names would be introduced into the
labelled COMMON blocks where required in a similar manner to the

existing program.
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Lubrication failures generally result from inadequate "wetting"
of tooth surfaces before meshing, inadequate viscosity to develop
suitable film between contacting surfaces under high contact pressure
and temperature, inadequate properties to reduce friction below a safe
Timit between surfaces, inability of lubricant to remove heat developed
during contact, and contamination o% lubricant with dirt, sand, metal
particles, sludge or acids which tend to wear or corrode tooth surfaces.
Knowing the various properties of a lubricant and lubricating system,
analysis may be made on different wear conditions as well as heat removal
from tooth surfaces. If one lubricant is specified, however, the
analysis for the package becomes restrictive if the user wishes to
utilize a different lubrication technique. On the other hand, a large
variety of lubricants may be less restrictive, but the prob]ém arises
in the selection of the correct lubricant and system for a“particu1ak
design. The user may find that it will be to his benefit to.specﬁfy
a Tubrication-wear analysis for a few lubricants which will reduce the
need for stock-piling a quantity of different lubricants. With a
Tubricant énd lubricating system specified, the properties of the
lubricant may be easily incorporated with the "flash temperature"
formula to ana]yée scoring as well as establishing a more valid friction
factor analysis for use in the efficiency determination.

Sﬁrface finish as seen from the "flash temperature" formula has
some affect in the wear characteristics of a tooth surface, since the
"flash temperature" increases rapidly if the surface roughness after

"run-in" is high. At the same time, the material endurance limit is



136

appreciably reduced if the quality of the surface finish is poor. In
an effort to make the computer package material independent, this
quantity has not been incorporated as part of the design; it is assumed
that surface finish quality will be a function of the AGMA quality
number with the gear set being "run-in" before actual use to achieve a
good operating surface finish. '

Temperature effects and heat transfer have a substantial
effect on the operating gear set, since temperature gradients cause
thermal expansion of various elements which may be detrimental in
terms of increased stress or poor operating conditions outside the
tolerance limits. The amount of temperature rise depends largely on
the ability of the lubricant and gear housing to absorb and dissipate
heat, while the lubricant capabilities depend on Tubricant properties,
method of application and external cooling sources. The gear housing
provides the means of application of the Tubricant as we]1was the |
external éoo]ing sources, either natural or artificial. Thése factors
are thus beyond the capabilities of the program due to the restrictive
nature of their implementation. For a particular design the user may
find that this information may be quite relevant and, therefore, may
readily implement the pertinent theory into the program as described

previously.

215C NOISE
At present, very little data is available to develop a general
noise factor to be employed in a design. Generally, gear noise is

an indication of the accuracy with which a gear has been produced.’
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Noise develops as a result of the clashing of loaded teeth related to
tooth errors and tooth-]oad}def1ection, as well as forced and resonant
vibrations of the gears and housing. In all cases, the noise origin is
found in the non-uniform tooth load, which is the result of non-uniform
angu]ar velocity and the inertia of the rotating masses whi]é secondary
causes may be produced by static or dynamic instability or torque
reversa1§ due to the drive sysfem or torsional vibrations. Uniformly
changing errors may produce vibrations corresponding to the frequehcy
of tooth engagement, while randomly varying errors may create numerous
different frequencies and irregular noise patterns. Since it is almost
impossible to obtain a set of‘gears to run without some noise, the
elimination of the above causes by having more accurate teeth and less
inertia in the rotating masses seems to be the only cure. Shigley [151]
presents a curve, Figure 2.15C.1, illustrating the permissible error in

action, e for a reasonable noise level, which may be approximated byA
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FIGURE 2.12C.7  Suggested Permissible Error for'Acceptab1e Noise Leve]
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€noise = 0-082079¢~0-001230PLY (2.15C. 1)
for PLV £ 4000 fpm
€nise = 0-0005 (2.15C.2)

PLV > 4000 fpm
However, since noise is a purely subjective topic which h&s
not been analytically or empirica11& developed mathematically, this

is another topic left to the discretion of the user.

2.15D TOOTH MODIFICATIONS

The theory developed concerning gear teeth has assumed that the
teeth mesh in true involute contact. However, errors of manufacturer,
deflection of the teeth under load and deflections of mountings under
load all combine to prevent theoretical contact. In order to reduce
excess tooth loads due to premature tip contact or excessive tip
contact pressures, profile modification has become a usual practice.
Dean [7, Chapter 5] presents a general criterion for modifying the tooth
profiles to allow for errors of gear manufacture as well as deflection
under load. Also mentioned is the practice of "crowning" to relieve
the ends of the teeth to force contact near the mid-face of the tooth.
As this area gf,gear design remains highly empirical with no definite
criterion for determining if modification should be employed or not,
this area of design has been left open. If a criterion of profile
modification were implemented by the user, the analysis should generally
take place after the optimization, when the anaTysis has returned to

Subroutine SPUR.



CHAPTER 3
OPTIMIZATION

3.1 OPTIMIZATION CRITERION

A11 of the previous sections, are concerned with feasibility of
a design. This package is also concerned with getting the best possible
design, and to do this, we must first establish criteria of desirability.

As the complexity of gear design increases, it becomes increasingly
important to weighf a number of parameters in the overall optimization
criterion. No longer can only one dependent variable (eg. volume of
gear material) be optimized, without also attempting to minimize cost,
maximize contact ratio, maximize efficiency or minimize dynamic Toading
and the like. Siddall [46] has summarized various works on the subject
of multifactor optimization from which the method employed for this
computer pdckagg has been extracted. The following paragraphs briefly
describe the reasoning behind the selection of the critéria known as
the minimization of the sum of the inverted utility functions, which is
utilized in this optimization.

Since the different dimensions of the dependent variables does
not allow a direct combination for an overall criterion, a method to
combine the variables must be found. One solution is to relate the
variables through utility functions of the dependent variables. The
utility function, scaled between zero and one and properly formed, does
not need weighting coefficients to suggest the relative importance

between the various dependent variables. Maximizing the summation of
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the individual utility may go to zero without forcing the total

utility to zero. This would make the design undesirable, but may be
accepted as an‘bverall optimum by the program. Maximizing the product
of the individual utility functions solves this inadequacy since the
combined utility goes to zero if an individual utility goes tb zero,
however, mu]tip]ying the ufi]ities may intuitively make the overall
optimization criterion too sensitive to small changes in the individual
utility functions. By inverting each utility so that the reciprocaj of
utility may be thought of as undesirability, the combined undesirability

may be minimized as follows:

-1 % -l
Ug "=} U (3.1.1)
i=]
ceo Ut NS sasl,
_ Upllg. - Uk Ug. . U Uylyes ety (3.1.2)
UjUy.. Uy

minimum

Equation (3.1.2) illustrates the combined advantages of pure
addition and pure multiplication of the individual utility functions.
Any function becoming zero forces the undesirability to infinity while
the addition-multiplication condition stabilizes the combined function.

Af the present time, with no real data available to accurately
define utility functions, the curves are chosen to be linear between
maximum and minimum values, which assumes that all the dependent
variables optimized affect the overall optimization function equally.
Dependent variables to be minimized would have a utility function

similar to case 1, Figure 3.1.71 and a utility function of
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u;=1.0-341 (3.1.3)

while maximized dependent variables similar to case 2, Figure 3.1.1

would have a utility function equation of

,min
Yi-Y;
Uj = .‘ 1 - (3.]04)

where y; represents the ith optimized dependent variable.

yimi“ and'y;M@* represent arbitrary 1limit values on the dependent
variable about which a utility function equivalent to- the desirability .
of a design is created. Using case 1 of Figure 3.1.1 as an example, the
desirability of a design, which produces a dependent variable y;j, near
y{MX is very small while the desirability of a design with dependent
variable y; closer to yimin is greater. A utility of 1 usually .

specifies the "ultimate" design although the utility may go hjghef.

Case 1 U; Case 2

10 10
0.0 00

Yrm Y?O?\‘ /Qrmw ﬁnax

FIGURE 3.1.1 Utility Functions
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Again using case 1 of Figure 3.1.1 as an example, the undesir-

ability or reciprocal of utility, sketch in Figure 3.1.2,

'.Cll" e 4 JP—’ -~
numoer —— actual
1y - - -- modified
10.
ymin ymax

FIGURE 3.1.2  Reciprocal of Utility

becomes discontinuous at the point y;,M where the utility function
becomes negative. In both case 1 and 2 the undesirability function
becomes discontinuous between positive and negative infinity when the
original utility function becomes less than zero. To avoid this, an
arbitrary large number has been chosen as infinity with a linear
increase from this value for variables y; exceeding the limits. This
configuration will generally force the dependent variables in such a
manner to decrease the undesirability.

In this package, the four dependent variables are volume,
contact ratio, centre distance and face width, each of which is identified
by flags NOFl, NOF2, NOF3, NOF4 respectively, each having a value of 1 or
0, The corresponding flag is set at 1 to indicate that the user wishes

this criterion employed in his optimization. This technique is very
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flexible with additional dependent variables only requiring the speci-
fication of NOF5, NOF6, ... etc., and some minor programming changes.
See Chapter 4.3. Thus, numerous quantities can be combined to yield an

overall optimum of many dependent variables.

3.2 OPTIMIZATION TECHNIQUES

Having formulated the problem in mathematical terms, it now
becomes possible to. obtain the best design by formal optimization
techniques [46, 47]. Any optimizaticn problem may be developed in
terms of

max imum
u = u(xl,xz,x3,...,xn) = or
minimum

: wi(xl,xz,x3,...,xn) = 0 where i=1,m

i < ¢j(xl,x2,x3,...,xn) S'Cj
where j = 1,p and c5 and Cj are constants. u expresses the optimization
function and the remaining equations define the equa1ity and inequality
constraints, if they exist, on the optimization function.

This theory has been utilized in the optimization portion of
the gear design employing the OPTISEP technique [47] of problem formula-
tion, incorporating various optimization search strategies. Appendix [D]
presents part of the OPTISEP presentation. In this method, the user
is only required to write 1) a calling program containing required
DIMENSION statements and input variable, the optimization technique call

statement and a suppiied subroutine for standard printed output, all

following basic FORTRAN procedure, 2) Subroutine UREAL to define the
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optimization function, an& 3) Subroutines CONST and EQUAL to define the
inequality and equality constraints, respectively. A1l subroutines
relevant to the optimization technique used can then be coupled with
the user created subroutines.

Two direct search technfques {42, 43, 44], Subroutines SEEK1
and SEEK3 and ohe gradient technique @51, Subroutine NPFMIN were used
in the optimization search of the spur gear design to determine the
fastest, most accurate technique for final implementation. After a
number of tests, Subroutine SEEK1 gave the least minimum results
of the three methéds, with subroutine SEEKS next, and Subroutine NPFMIN
third. Although Subroutines SEEK1 and SEEK3 used the same direct search
strategy, the artificial optimization function employed by Subroutine
SEEK3 is more complicated, thus taking more time. The gradient method,
Subroutiné NPFMIN, was hampered in its search because the gradients,.
which were too complicated to determine analytically due to the constraints
were determined using the finite difference technique. In addition,
the search algorithm utilized by the optimization stratégy made certain
assumptions which were not all fulfilled by the complex functions
created by the gear design and the artificial unconstrainedAoptimization
function.

Although SEEK1 seemed the fastest, it is possible for this
routine to hang up on constraints. For this reason, all three methods
have been incorporated in the program with a flag NTYPE specifying the
technique desired for the optimization. The user may find it advantageous

to optimize initially using Subroutine SEEK1, then reoptimizing with
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Subroutine SEEK3, utilizing the previous optimum as starting values for
the new search.

If another optimization technique provided by the user proves
more efficient than the methods presented, it may be implemented easily
by arranging the new optimization program similar to the OPTISEP
construction, Appendix [D], and utilizing the present base routines
Subroutine SPUR, UREAL, and CONST to incorporate the spur gear design

and constraints.



CHAPTER 4
USER ORIENTATION OF PACKAGE

4.1 CONCEPT OF USER ORIENTATION

Demands for more load capacity at higher speeds, with the
éonf]icting requirement of weight reduction, are only a few of the
problems confronting the modern machine designer which require his
full knowledge of current design practices. These include not only
materials or manufacturing methods, but also accepted methods of
analysis and design. The package brings together a conglomeration of
this kind of design information, organized into a Togical procedure for
spur gear design.

The whole concept of this package is to present the gear
designer with a rapid tool to successfully complete a feasible computer
design with at least the same flexibility and input of judgement offered
by a manual solution. At the same time, the package enables future
modifications to the design procedure to be incorporated easily, thus
allowing the maintenance of a "current design practice", in a well
organized and convenient manner. To accomplish this, the formulation
has been divided into two parts--the actual gear design procedure, and
the optimization procedure. By developing these parts independently,
implementation of different design variables by users becomes easier,

as illustrated later in this chapter.
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Not unlike any design, the problem is made up of independent or
design variables and input data, all of which act together to define
some design cr{teria which must be minimized or maximized within certain
constraints to achieve a suitable result.

To simp1ify the computation in this package, the design procedure
is developed in three parts involving dependent variables which are
problem-oriented, and calculated in Subroutine SPUR, dependent variables
which are functions of the design variables, and calculated in Subroutine
UREAL, and constraints which are calculated in Subroutine CONST. By
utilizing this procedure, greater flexibility is achieved so that modi-
fications are impiémented easily into the design. A1]l variables, whether
independent or dependent, are represented by names which are independent
of the optimization routine. This allows a union between the optimization
and design procedures through an intermediate routine which equivalences
the pseudonyms of the design procedure with the design variable airay
name of the optimization routine. For example, if the desigﬁ variables
in an optimizatibn routine are specified in an array X(I),I=1,n where n
is the total number of design variables and Fw represents face width, an
independent variables in the gear design, then the cross-link between the
two procedures'méy be achieved by a statement

Fw = X(J) (4.1.1)
which traﬁsfers the value of the design variables X(J) to the pseudonym .
Fw for use in the design proceduve. In this manner, numerous values
mey take on design variable status just by altering the intermediate

routine, thus increasing the scope of the design process. Thus the
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user is able to pick and choose the number of design variables he
desires simply by changing a few control values, without the need to
alter either the design procedure or the optimization procedure.
Since the design and optimization procedure are independent
except through the intermediate routine, the package can thus be
utilized in a pure analysis mode with all design variables specified
by the user, an optimization mode where the computer program determines
the best design variables for given conditions, or some intermediate
mode. It was with these features in mind that the user package was
developed, giving the user essentially complete control of the design
through control factors which allow various changes in the design

procedure to be injtiated.

4.2 PACKAGE DESIGN

In general, the purpose of gearing is to transmit motion
between shafts having the output speed some function of the input. In
most applications, an amount of power is to be transferred between
the shafts, subject to certain environmental conditions. The ability of
a gear to successfu1{; fulfil its operating requirements becomes a
function of some dependent variables which in turn depend on a number
of independent geometrical and material property variables. The
problem arises in differentiating between independent or design variables
and input variables, so that the highest degree of flexibility is .
maintained for most applications.

Due to discreteness of material properties over a range, it

seemed more appropriate to have these properties as input variables
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which would remain constant during an optimization. However, if a
material had continuous properties over a range, the program could be
modified so as to incorporate these material properties as design variables.

With the material properties described as input variables, the
gear geometry remains the only method of specifying a feasibfe design
within the limitations of the operating and envirommental requirements.
The centre distance, face width, pressure angle, number of teeth and
addendum-dedendum values of both gears best represent the independent
variables affecting a design criteria.

As was mentioned in Section 4.1, a 1ink can be made between the
pseudonyms of the design procedure and the independent variable array of
the optimization through an intermediate routine. Thus, it becomes
possible to select the desired design variables of a design. Using
various logic statements to create a control array indicating what
design variables are variable (i.e. computer determined va1ués) or
standard (i.e. following some prescribed convention), the correct
equivalence of the pseudonyms and the design variable array can be
implemented with the aid of the controlling array. The creation of the
control array is brought about in Subroutine VARY1, Appendix [E] while
the equivalence process during optimization is carried out in Subroutine
VARY, Appendix [El. For example, if centre distance CD is to be a
design variable in the program, the user specifies CD = 3HVAR (see
Appendix G for explanation. Through Togic statements in VARY1 -the
control array NVAR(I) = 6 indicates that CD is the 6th pseudonym in a
1ist of the eight gear design variables and the Ith design variables

of n variables to be optimized in this particular problem.
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In Subroutine VARY during the optimization, the appropriate
pseudonyms are equivalenced with the opfimization design array by
advancing through the control array and extracting the relevant lccations
of the pseudonyms. This method provyides a fast cross-link between the
optimization and désign routines, with a high degree of flexibility.
In a similar manner, values specifed as standard, where applicable
(see Appendix G), have a control array NSTD to control the extraction
of the appropriate specification formula during optimization. When
design variables are given numerical values by the user, they remain
constant throughout the analysis, thus bypassingkuse in the control
arrays. If all design variables are specified, no optimfzation is carried
out and only the feasibility analysis of the given design is returned.

Having specified how variables are intorporated into the design,
an explanation of a few basic design assumptions should be given.
Although one can analyze with exact quantitie§ in a paper design,
deviation from theée values either in manufacture or operation may
seriously effect the capacity of the gear to.fulfil its requirements.
Thus, in this package an attempt has been made to analyze the "worst"
conditions of the design so that the resultant gear will always be
operating in better conditions. For this reason, the few tolerances .
used in the program are unilateral in order that analysis can be made
for the "worst" case. Items which’'are not toleranced are taken as the
worst Timit.

The following list discusses briefly the reasoning behind the

selection of a particular design procedure for certain variables.
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1) The centre distance should have a positive unilateral
tolerance to prevent binding of the teeth.

2) The face width should have a positive unilateral tolerance
to prevent stress failure.

3) The addendum circle radius should have a negative unilateral
tolerance to prevent interference with the mating gear.

4) The dedendum circle radius should have a negative unilateral
tolerance to ensure that adequate clearance is available. This tolerance
will be a function of the amount of deliberate tooth thinning and tooth
thickness errors which tend to create a Targer dedendgm in generated
gears. Constraints should ensure that the minimum clearance is zero
and there is no undercutting even if the tooth thinning effects are
considered.

5) The tooth thickness at the pitch circle radius should have
a positive unilateral tolerance thus enabling tooth stressés to be
evaluated for the thinnest tooth condition. ' ‘

6) The backlash range required by the design should exceed

the backlash introduced to the design by error sources.

Another assumption utilized in the routine requires that the
analysis be cafried out for a floating point number of teeth, which is
integerized before returning to the calling program. In this procedure
the closest integers on either side of the floating point solution are
tested for the most feasible result. This allows the number of teeth
which is a discrete quantity, to be handled as a continuous variable in

the optimization.
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To fall within certain physical Timits the following inequality
constraints were implemented in Subroutine CONST.

1) PHI(1) and PHI(2) ensure that the actual bending stress
is less than the allowable.

2) PHI(3) and PHI(4) ensure that the actual wear (pitting)
stress is less than the allowable.

3) PHI(5) and PHI(6) ensure that undercut will not occur
even with a dedendum circle radius variation due to errors, while
PHI(7) and PHI(8) enable interference to be eliminated.

4) PHI(9) and PHI(10) prevent the teeth from being pointeq,
while PHI(11) and PHI(12) ensure adequate clearance is provided.

5) PHI(13) to PHI(18) ensure that the centre distance, facé
width and pressure angle fall within user specified limits.

6) PHI(19) ensures that the errors of.manufacture do not
contribute to backlash more than the allowed backlash range, while
PHI(20) and PHI(21) place the required tooth thickness tolerance class
within the actual machining errors.

7) PHI(22) and PHI(23) prevent the tooth thickness at the
addendum circle from being below a limiting value.

8) PHI(24) and PHI(25) prevent the load point on a gear tooth

from being below a limiting radius for the bending stress analysis.

Presented in this manner, the gear design is completely f]exible
for modification. The analysis can also be expected to present a
reliable design solution due to the considerations used in the design

procedure.
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4.3 PACKAGE MODICATIONS

As gear design information reaches the user, he may wish to
incorporate new analysis in this program. The following section presents
a brief description of the procedure for implementation of modications.

' If the new analysis is not dependent on variables which change

as a result of variations of the design variables, it may be incorpora-
ted in Sdbroutine SPUR before dr after the optimization CALL statements,
depending on the requirements. On the other hand, if the new analysis
depends either directly on any of the design variables, then it should
be evaluated in Subroutine UREAL. New variable names (pseudonyms),
whether independent or~dependént, should be placed in all the.labe11ed
COMMON blocks for data transfer. New design variables should be
implemented into Subroutines VARY1 and VARY in the same manner as the
present program, so that the same flexibility may be maintained. It
will be noted in Subroutines VARY1l and VARY that NN represents the
total number of geometric design variables utilized in each optimization .
At the present time N, which represents the total number of design
variables, is equal to NN. However, future design variable additions
will require a larger value of N with NN+1 to N representing the new
variables. Changes to the package will be understood more easily after
careful examination of Subroutines SPUR, UREAL, VARY1 and VARY. Care
should be taken to maintain adequate array sizes for altered parts of
the program.

If further dépendent variables are to be incorporated as design

criteria in the optimization function, utility functions may be made for
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the new vériab1es following the method outlined in Section 3.1. Each
new dependent variable will require the specification of a flag (eg.
NOF5, NOF6, ..., etc.), which expresses the user's desire to utilize
this criteria in the overall optimization. This desire is represented
internally in a coﬁtro11ing array NOF{NOFM), where NOFM is the total
possible dependent variables used in the optimization criterion (in
the present case NOFM=4). The first NOFN elements of this array contain
numbers specifying ‘the locations of the dependent variables utilized in
the optimization criterion, where NOFN may equal 1 to NOFM. A FORTRAN DO
Toop (I=1,NOFN), combined with a computed GO TO statement, extracts the
desired criterion from the Tist of possibilities, as illustrated in
Subroutine UREAL. On reading the program listing of Subroutine SPUR
(under title of SETUP OF OPTIMIATION CRITERION FLAGS) and Subroutine
UREAL (under title of OPTIMIZATION CRITERION) Fhis technique will become

clearer.



CHAPTER 5
DISCUSSION AND CONCLUSION

With such a large number of input and design variable options
available to the user, a complete test of all combinations would be
impossible. Like all computer design packages, a considerable number
of trials must be run to ensure that the results can be completely
guaranteed. Although a large number of examples were run for extreme
cases of spur gear design in an attempt to test the capabilities and
limitations of thé computer package, more tests will be needed in the
future. The results were quite satisfactory, a]though in some cases,
design requirements pushed the solution to a physically undesirable
region, although feasible from a theoretical viewpoint. Thus, as has
been mentioned previously, the designer's judgement should not be
lacking completely in the design process. The following paragraphs
illustrate some problems which may be encountered during the optimiza-
tion. |

As .the design is optimized, the solution tends towards Timiting
values 1in its search for the minimum optimization criterion. In some
cases, as the optimum is reached, or being reached, an exploratory
search may suggest a design combination which could not physically
exist, but must be evaluated to indicate infeasibility. Generated
solutions returned from the programmed analysis may be infinite, for
example, which may generate fatal computer error messages when this
result is utilized in further analysis. This problem occurs only with
the optimization routine SEEK1, when the directed random search 1s'being

- carried out in Subroutine SHOT at the assumed optimum. If these errors
155
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occur, the result of the last iteration printed in the intermediate
data may be taken as the optimum since the search was indicating an
optimum before SHOT was called. The final gear design layout may be
produced by inserting the last iteration results in the “ana]ysis-only“
mode of the package (see Appendix G). Alternatively, these values
could be used as starting values for another optimization technique.

Two other problem areas are the handling of a standard design
practice and the discreteness of the number of teeth. Although
standard design procedure may be handled in the design (see Appendix G),
the optimum sclution may not result in the selection of a standard
diametral pitch if the number of teeth or the centre distance are
design variables. If the gear is to be manufactured using standard
tooling, a standardized diametral pitch may also be a requirement
besides the specification of the standard addendum-dedendum sizes.
To bypass this limitation, the following formula, in FORTRAN notation,
'may be used to compute various combinations of centre distance and
number of teeth for the closest standard diametral pitch.

CD = (TEETH1*(RATIO+1.0))/(2.0*DP) (5.1)

In the "analysis-only" mode, the design may be tested for various
numbers of teeth close to the optimum solution utilizing the closest
standard diametral pitches above and below the optimum solution and
keeping the centre distance as a dependent variable. Another approach
is to specify centre distance and calculate the number of teeth to
keep the diametral pitch standard. Familiarity with the package
capabilities for incorporating different options will enable the user

to select an optimum standard solution with relative ease.
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Thrbugh the package all design variables have been employed
as floating point quantities (i.e. decimal numbers), so that a
continuous optimization function could be obtained for each variable.
However, the number of teeth in a gear is a discrete quantity which
demands that this variable should be treated as an integer value. To
overcome tﬁis discrepancy, the number of teeth is used as a floating
point number in the package but is integerized after the optimization
is comp]eté (see Séction 4.2). This creates the problem that a
constraint may be violated when the number of teeth is integerized,
thus making the design infeasible as in the example problem of
Appendix G. The corrected final solution may be obtained by using the
"analysis-only" mode close to the optimum until an acceptable solution
is reached which eliminates the violation, but yields a discrete
number of teeth.

Generally, 'enough relevant information is printed to give the
overall view of the resultant spur gear design. A close examination
of this output will enable the designer to make logical changes which
will represent more closely his real life situation. This package
offers the capability of both "analysis-only" and optimization with a
programming structure which can easily be changed with advances in the
design process, or to account for analyses not discussed. Most benefit
can be gained from this package by employing an interactive optimization,
utilizing a teletype or viewing scope which will quickly present the
- design to the user. rU]timate]y the package may be used as a base for
a plotting routine to yield final gear drawings. The package may also

be built into an overall optimization of machines incorporating gears,
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or combined with other computer packages, directly or indirectly

related with gear usage, including their manufacture.
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RATIO = GEAR RATIO (IE. GEAR TEETH / PINION TEETH)
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SUBRUUTLNE SFACT (CS;4S)
THIS ROJTINE DeTcRMINES THE SIZE FACTOR FOR THE STRESS ANALYSIS

CS,QS = SIZt CURRECTION FACTCR
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SUBROUTINE FFACT (GF)

THIS ROJTINE DETERMINES THE SURFACE FINISH CORRECTION FACTOR FOR

THe SURTACE STRESS ANALYSIS
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2

WKITE(6y 1G4UL) TOLRLTOLK2
WRITE (by 1003) PTUL1,PTOL2
WRITE (0y 1009) TOLL1,TOLL2
WRITL (by 10UB) TTUT1,TICT2
WRITE (b 10U TCT1,1CT2
WRKITe(oy 1duu) TPTULsTPTUC, TPTLL oTPTLZ
WRKITE {0y 1010) TPIVI,TPTVZ
WRITE (6, 1011)1PTL1,TPTL2
WRITE (o, 1007)COTOLUs CDTOLL
WRITE (by 1008) ERR
HERLTE (0p 863) )
WRITL (0, 801) HUBL 1, HUBLZ
WRITL (6y862) HUBR Ly HUBRZ
WRITE (by803) RLU1sRIM2
WRITE(o; BO4)WEBL sWeb2
WRITE (6, 865)VGL1,V0L2
RETURM
600 FURMAT(LHU 99Xy 12HGEAR LAYOUT y44Xy, 6HPINION, 19Xy 4 HGEAR 3/710X 11 {1H=3,
144X, 0 (14~) ;19X '-e(ld-)/ /)
8ul Fgl}({ﬂﬁlélg;;‘-}gHPthbURt ANGLE {(DEGREES) s o o o o o o o PAD =
[ 2
su2 FUl{o TAT(LUX 94 9HCENTRE DISTANCE (INCHES) e ¢ @ ¢ o o o o ch =
112X,tib, 877 -
803 ;0& Al(lgfghaHFALc WIDTH (INCHES) o o o s o o o o o o FW =
Lib, ¢ '
sl 4 l‘Uf\l1AT(1U)§y‘+9 NUMBER OF TEETH o o o o o 68 8 o a & TEETH =
lt1be 838X y21bat/) »
805 FUI‘(HAT(LUX,L}“)HAUUENDU” {INCHES) o s % o o o o o ¢ o o ADD =
1L1b05 5K’Cib06/) ) -
806 FORMATIILX,4SHULUENDUM (INGHES) o o o o o o o o o o o DED =
1L16.895X,L1b95/)
BU7 FURMAT(LOX,43HPLTCH CIRCLE RADIUS (INCHES) e o o o o @ PR =
1t 160 ByBXs E1648/) _ o
808 FORMAT(LUX, 49HBASE CIRULLE RADIUS (INCHES) o o o o o o REB =
lbdbe 8ybXKyE10D68/) )
8LY fuwnaftlux,quAuUaNuum CIRGCLE RADIUS (INGCHES) s o o o RO =
L1066 696Ky Elbod/)
810 FoKuAf(Lux,49HUtu;NUUM CIRGLE RADIUS C(INGHES) o o o o RI =
1!.’.100‘5;&)\7&1056/)
vii FummAT(xu\,suHquLuum ADDLNUUH CLRLLE RAUGIUS/10X,49HBEFORE INTERFE
1RENCE OCCURS (INCHLS) RM E160838XyE16487)
612 FORMATILOX) B 3HUNOCRGUT " LIMIT RADIUS TINCHES) 2 2 ooa . RU =
1t 166 848X y£E1648/)
613 fuamﬁf({é/g}yx,49HUAst PITCH (INCHES) o o o o o o o o o o 8P
1= ,12XsE1 by
814 FORMATILOX,4SHCIRCULAR PITCH (INCHES) o o o o o o o o cP =
112Xy t1bs 87 ) - o
815 FORMAT(LUX ,49HOLAMCTRAL PITCH (TEETH/INCH) 4 o o o o o DP =
112X, kibe87] ) ,
£16 t‘Or{l“AT(IUX,Q‘JHEFFICIENCYe T & & 8 9 & & 8 0 & o 6 0o e EFF =
112Ky E16e 8/) . )
817 FORMAT(LUX ,49HGELAR RATIO (GEAR TEETH /PINION TEETH) o RATIO =
112X, £16487)

JAA |


http:14~HGt.AR
http:E16e8z.8X,�16.81
http:112X,t..1b
http:1U08)i:.KR

618159&”A{(lgigngCONTAGT KATIO o o« o o o o » 5 o s o o o CRATIO =

CAy L1lDs

6c0 FORHATILIHL,9Xy1o0HLOAULING ANALYSIS, 39X 6HPINION; 19X 4HGEAR /10X,
lag(iH=)y J9X50(1H=) 319Xs4 (iH=)//)

621 FORHAT(lQX,QBHHUKDLPOWLR TRANSMITTED G o ¢ o o a o o o HP =
112X,L1lv.87) _

822 FOURMAT(LOX ,49HTANGENTIAL LCAU (LBS) ¢ o o o ¢ o o a o WT =
“112Xybib. 8717 _

823 FURMAT(LOX;4Y9HRADIAL LOAD (LBS) ¢« ¢ o © o s o o o » @ WR =
112X;E1be8/) .

824 FURMAT(LOXsUSHAXIAL LOAD (LBSY s & o o 6 o o o o & &« WA =
110Xy E160 07 )

825 FORMAT(LUX,y49HPITCH LINE VELOCILTY (FPM) o o o o o o o PLV =
112Xy E16, 877

826 FURMAT(LUXy49HSHAFT SPrED (RPM) o o o o o o 0 o o v o RPM =
lElbe 858X ,£16,8/7)

87 FURMATILUX3GY9HTURUUE (FT=LBS) o ¢ o o o o o ¢ o & o o TORQG =
11, 848XstE1b,8/) ) N

528 FURNAT(IO0Xy45HLUAU ANGLE (RADIANS) e o o o o o o o o o ANGL =
iLibe By8X 3 1be8/)

bcglFUKHAT(lUX,ZSHRADIUS TURLUAU Q§ Tg g?/égX,g???ENTRELINt ({INCHES)

6 ¢ s e e e @ ° 9

830 FORMHAT (//710Xy, SYHMATERILIAL PRUPL&TitS ANU STRESS ANALYSIS,;16Xy06HPI
INIUNle(yﬁHGLAR,/lUX 39 (1H=) y106X; 06 (1H=)319Xy4{1H=)//)

531 FORMATILDX,a3mmo00eu s OF  ELadt ity sty 23 i1 £ =
leloe 838Xy ylb,87)

532 FURMAT(10Xy4IHPULSSONS RATIG. o o « o o o o o o o o o u =
1L 1bs 838K yulbe /) )

533 FORNMAT(LOXyaIHULNSLITY (LBS/CUs INe) o o o o o o o o o  .RHO =
1616 BgbKsnloe8/) ) -

634 FOKMAT(LUX,QﬁHﬁKIN:LL HARDNESS s ¢ o ¢ o o o a9 o o & BHN =
AltlbeﬁyﬁXyClbod/ )

835 FURMAT(LOX sGIHNAXINUM ALLOWABLE FATIGUE STRESS (PSI). SAF =
1L1bo&’5X’E1b05/) e o

336 FORMAT{LUX;49HMAXIMNUM ALLOWABLE BENDING STRESS (PSI). SBM =
1Clb06’b)(,tlboa/) .

837 FU&HAT(lﬂXsHﬂHA»TUAL BENDING STRESS (PSI) o s o o o o Sg =
1k;1b.ti,5>(,r.lu¢b/) )

8s8 FURHAT(lUX,CﬁHMAXIMUM ALLOWABLE COMPRESSIVE/ 10X, 49HSTRESS (PSI)
1 ¢ o ® © e ® SAGC =3E1068, 8X,:1b.8/)

839 FURHHT(ldX,&HHHAXl UN ALLONABLE WEAR STRtSS {(PS1) « o 3SM =
101046 838X 9l6c8/)

6LU FORMATI{LUX,49HACTUAL WEAR STRESS (PSI)e o o o o o o o SS =
1cl1be 8 ngtioob/)\' ]

41 FURMAT(LOK,49HNURMAL LUAD (LBS) o o o o o o o o s o o WN =
112X, E1b:87) . . .

Sbhz FURMAT(LUXy49HCLEARANCE (INCHES)s o o ¢ o o0 o o o s o CCC =
110.858Xs210687) ]

843 FURHAT(lUX,Z?HTUdTH THlCKNL?B AT AggﬁNDUﬁ/iUX;g??CIRCLh {INCHES)

¢« o ¢ o & = ® ibe
o4 4 FUHHAT(lJX,3ZH”1NlMUM LIRCULAR 76UTH THICK ESS/1UXy49HAT PITCH CIR
{(INSHES) s —,tlb.&,dX,Elb.S/)

ka FURMAT(ldX 43HMAX1HUH ALLONABLL PUWtRoooUENDING (HP) , PAB =
1E 1604 8,8X,£1648/) _

8kho FURMA%(;UX,49HMAXIMUM ALLOWABLE POWERsssWEAR (HP) o o PAW =

8F v


http:FORI�IATL.UX
http:FOKI'lAHll.lX,'t='HDk.lNt.LL
http:lt.ib.btb~,clb.tl
http:E1b.8~8X,t..1b

1160 8,04, E1048/) 4
50 FOURIAT(L0Xy 36H***LOADING ANALYSLS FOR TIP LOADING®*%/)

851 FORNAT(LUX, TeH¥¥ $LOADING ANALYSIS FOR POINT UF HIGHEST SINGLE T00T
1H CUNTAST LOAUINGE*¥/)

b6 0 FURIAT(LHL,GXy 21HGLAR BLANK OLMENSIONS 334X y6HPINION, 19Xy 4 HGEAR,
1/10X 521 (1H2) y 34X 6 (1H=) 513X, & (1H=)/7)

bl FUK"IAT(LUX,‘?‘JHHUB LENGTH (INCHES) o ¢ o ¢ o 3 o o o @ HUBL =
1L 160 8y0KyE1648/)

b2 FORIAT(1UXyL43HUUTER HUB RADIUS {INGCHES) o o o o o o » HUBR =
1L 1600,0KyE1Ga8/)

563 FOmdAT(LJX,QSHiNNtR RIM RAULUS (INCHES) o o o o o o @ RIM =

L1be 30K L 1b0067) - | -

sl fOf{I’IA%(lUX9L}‘JHth§ THICKNESS (INCHES) s ¢ o o ¢ o-9 o o HEB =
1L 16, 898Ky E1648/)

565 FORMAT(LUKy43HGLAR BLANK VOLUME (CUBIC INCHES)e o o voL =
1e1lbe 658Xt 1604 07)

870 FURNATILIALI 9%, 17HBACKLASH ANAL YSIS/10X,17 (1H=)/)

671 FORNAT(LUX, 30RDcSIRED HININUM BACKLASH AT STANUARD/S0X,49HCENTRE D
LISTANGE (1RCHESY . BLMIN =,1&Xsbl0e87)

672 FUKNAT(lOX,obHUthKLU HAXIMUM SaCKCASH AT’ STARDARS/L0X,49HCENTRE O
1ISTANCe (INCHES BLMAX =912XyE16487)

873 FOKHAT(lOX,ooHALTUAL *uinImim BALKLASH AT STANDARUJ 10X, 49HCENTRE DI
1STANCE (INCHZS) LMINT =yieXsElbe87)

874 FORHAT(lUX,SbHAb]UAL MAXIMUM SACKUASH AT STANDARD/10X,49HCENTRE DI
1STANCL (INCHES) o BLMAXT_ =312X,E16,487)

875 FORHAT(LUX;35HiAxT 0N BACKLASH AT CENTRE' DLISTANCE/10X,49HTOLERANCE
1 LIAIT (INCHES) s o o o_s o o_s BLMAXU =,12X,E16487)

876 FURAAT(L10A, 35 RHAxIn0M’ TO0 TH. THINNING ‘FOR BACKLASH/10X,49HINGLUDING
1 WAUHINLING TOLERANCE (INGHES). BL =) 2Xyclbe8s0XsL1beB/)

90 FOUKITAT{1H1,3X,2UHMODIFICATION FACTORS/10X, 20(1H=),/7,10X AZHC=FACT
LORS LiP.0YLD 1N WEAR STRESS ANALYSIS/10X,h5Ha-FACTORS EMELGYED IN
2BENUING STRESS ANALYSIS/77)

901 FORMAT(10X, SZHBLNUING  ANALYSTS GeOMETRY FACTOR/10X,49HFOR THE PINI
10Ne o o o o e e GJ1 =,12X,E16.8/)

gLz FURHAT(;OX,JLHdtNUING AVALYSIS GEGUETRY FACTOR/10X,49HFOR THE GEAR
le o o & o . ° 12X,t:.1b.8/)

9031§Q§Hélélg§ianw;AR ANALYSIS GEOMETRY FACTOR o o o o e CJ =

Ay Ja

Gu4 FORMAT(LUXs49HCLASTIC COEFFICIENT FACTORe o o o o o CE =

112X, £16, 87}

GUS F oRnATI20X, 49RSURFACE GONDITION FACTORe o o o o o o o CF =
112Xy £168/)

Suo FURMATILUXy49HLOAU DISTRIBUTION CURRECTIGN FACTOR o o CH,QM =
1E 160 856Kyt 1608/)

907 FURMAT(10X, 43HOVELRLOAD GORRECTION FACTORe « o o o s « C04Q0 =
1L 1b,e 838Xy E16.8/) : ,

9u8 FOURMAT(LUXs49HSIZE CORRECTION FACTORe o ¢« o o ¢« s o o C3S;QGS =
1E 100 5,8X yE15087) :

9Ug FORNAT(LOX,49HVE LOCITY CORRECTION FACTOR. « o o o o o CV,QV =
161 8XyE16,6/7)

910 FORMAT (10X y43HOVERALL DERATING FACTOR o o o o s o o #COD,Q0D =
ltlo. 8 8‘,1:16.8//{)

911 F%§HA%(1g§;quaakuNtss RATIO FACTOR o o o s o o o o & CH =
112X, L16, ) A

912 FORMAT(LUX s 2¢HLIFE CORRECTION FACTOR/10UX; 49HFOR THE PINIONe o o o

67 ¥
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. i, « 6 o o @ LLLI QL 8X3E1lb48/)
913’ fORHAT(lUX,ZZHLlrt LéKK;CTléN kACfUR/lUX,#SHFOR THE GEARe o o
e o s s s eCLeQL LloeB89B8XsE16,8/)
914 FU%HAT(lUX,H9HRcLI REILITY CORROLTION'ERCIOR e o o o o CR,QR =
1pdo.8 7&K9Elb»d/) .
915 FORMAT(LUX;49HTc MPERATURE CORRSCTION FACTOR o o o s o CT,QT =
LLLOQB,UX;EIOmd//) »
916 FURMAT(10X,26HO0VERALL LlFL DtRATINb FAGTOR/10X 5 49HFOR THE PINION.
e & _6 © 8 @ 9 8 oLUDLl —,cib.& 8X,t1b.8/)
617 FORNATY LX) 2GHOVERALL LTIRE b:RATINb ACTOR7IUXS 49HFOR THE GEAR.
ls e_¢ 6 © 8 ® & qCQU QobLe 10¢ 898X;EL008/)
1udo’ FORnAT(xHu,95,1UHTULtRAN&:s,47x,ohpinxoh,1?x,4HGtAR 710X;10 (1H=),
147Xy b (13- 5 17Xy u (1H=) /7).
1001 FLRiAT(lOX,blH??NUUT TULtRANCE (INCHES) 4 o ¢ o o ¢ TOLR =
80X shlbed
1002 ESe R I AR O RO T TCH TOLERANCE (INGHES)e o o o o o s o TOLP =
110 830XK31068/)
1603 FURAAT(LUX,51HPROFILE TOLERANCE (INCHES)e o ¢ o o o o PTOL =
ibLi0eB8:0A3E10,87) i
1004 FURMAT(LUX,24HTOOTH TO TQOTH COMPOSITE/1UX,51HT OLERANCE (INCHES) .
1e o o o o o o o TTCT ,E)X’ E.i&?. §4{]
1005 FLRHAT(%ax,51g;?1AL ConPOSITE TOCEoANG 1ENnenEs]. . . CT =
o] tibe
Loue Bl R R AT 0TH THICKNESS TOLERANCE (INGHES)s o o TPTU =
ibi0.8 bK’1H+’L1b95//52x 9HTPTL = - E16.8,5X,1H~,E16.8/)
1007 rURuAftxux,qahc;NTmt UL3TANCE TOLERANCE (INCHES)e o o CDTOLU =
ﬁ+,tlb.8//pux 9HCU]QLL =51 ’1H',t1608/)
Love EoR R RO LR RORT TN AN e TR ERR =
113X, £160 87 | , ‘ .
1809 FOKHHT(IUX,?lHLEAU TOLERANCE {(INCHES) e ¢ ¢« ¢ o o o & T0LL =
i£io. 8 oX3E1648/)
1010 FORMAT(1UX,30HTOOTH THICKNESS VARIATION FROM TOOTH/10X,51HELEMENT
LERRURS (INCHES) o o TPTV =  Ei6e8,6XyL10s87)
10611 FORMIAT(10X, 36HTOQTH THLCKNEbS VARIATION FROW TOO%Hliﬁx,SLHELEMENT
LERKORS ANU’RUNOUT (INCH S)e » o TPTE = E16.8306XyEi0e8/)
£ N
SUBROUTINE HINT (PHI)
THIS ROJTINE PRINTS OUT SUGGESTED REMEDILS FOR VIOLATED
CONSTRALNTS =
IF COWSTRAINT VIOLATEU WNN=1 AND SUGGESTIONS WILL BE PRINTED AFTER

C3LICIC A0

()
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TRFLASISLE (Iee KO=3) AT THIS STASE, THEN **SUBRUUTINE ScARCH®*
FALLED AND TESUBROUTING SHOT#* FOUNU NO IMPROVEMENT
WRITL LD, 217)
o TURN
5 Ir{irRiNTecbevr 6O TO o _ )
CALL OPTLIFL1({AsU; UART,PHL, PSI NCONSyNEQUS; NVIOL)
HHii;(byZld)u,UAR]y(X(l),I i,N)
6 KUOnT=KJUNT+1
TFINOUNT o LE,NSHOT) GO TO 4
WRITE (6 2LI9INSHOT
KO=1
- RLTURH
<yl F?TNQT:}?;,47HOPTIPIZATION USINb OIRECT SEARCH METHODsseSEEKLI/1X,
1w/ {1H=-
201 FOURIAT(LX, 10HUATA INPUT/4Xy,48{1iH=)//)
2uze FU(({'\}AT(].)](:,??HNUNBER OF lNUE.PtNL) NT VARIABLES o o o o s 5 o s »
i =510
2034EBEﬂAT(L§,99HNUHBtK OF INEQUALITY (4GEeGe0) SONSTRAINTSs o o o
SLUNS =y lo .
cUb FORMAT(LX,bUHNUMBER OF EQUALITY CONSTRAINTSe ¢ o o o ¢ o s o o N
i QUS  =,167)
205168$HAT(1§,?yHLNPUT DATA FRINTED OUT FOR (IDATAGNESD) o o o o »
i =slo
2006 FU%?AT(lé,?9HlNT:RﬂEDIATL QUTPUT EVERY IPRINT ITERATIONS & o o 1IP
iRl =510
267 F0R¥AT(1x,??HmumbcR OF DIRECTED RANDOM ScARCHES PERMITTED. o
15 HO =y 1ib
2u8 gﬁg?&T(Lé,??HNUiBLR OF TEST POINTS IN OIRECTED RANDOM SEARCH
i =3 1l0
2u9 FOKMAT(IXyOUHML\XlMJM NUMBER OF ITERATICNSe o ¢ o s o o o & s o
1HAaXr  =,10/)
<14 FURIAT(léibUHFRAyTION GF RANGE USED AS bThP SIZE o o o o o o
=y s El0e @
211 FU&gAT(léibUTERé&}lUN UF RANGE USED FOR CONVERGENCE CRITtRION.
=9 3 °
212 FURMAT  {(olHucSTIMATED UPPER BOUNU ON RANGE OF X{I)se 4 « s o « RMA
X (L) =7/ 15cibe 8))
213 FORMAT  (o1lHucSTIMATED LOUWER BOUND ON RANGE OF X(I)e o » o o o RMI
1f§(l) = 7/ {5c1be8))
14 FORMAT {oiHUSTARTING VALUES OF X(I) ¢ ¢ o s o o o o o o s o #XSIR
1T4(I) =3//{51048))
215 FORMAT(1H1) S - )
¢ib FORMAT(Z1AJINTERMEDIATL RESULTS/1Xy20(1H=)//717 Xy 1HUy 13X, 4HUART,
17 x5 2 THINDEPENDENT VARIABLES XCI) /7Y ,
€17 FORMAT(30HUUIRZLT SEARUH HAS HUNG UP AND DIRECTED RANUOM SEARCH CA
LUHOT FIND & 3cTTckCPOINT/ 1X,kuHTRY  A) ENSURING THAT FEASIBLE REG
210N LXIDTS/6X,SZH5)_ MOKE FLAéIBLE STARTING VALULS 929H0) CHANGIN
$G VALUES OF F ANU 6//) )
c18 FORMAT(3HUGSHUT . ;0E16.8/ (4UXy4E10e8))
$19 FQRMAT(56HUDIRECTLD RANDOM SEARCH FOUND AN IMPROVEMENT BUT NSHOT =
1, [oy18H HAS BreN EXCEEUED/1X,45HTRY A) USING LAS ESULTS AS STAR
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GO TU 939
&4 GO .70 (254 205263928,329) 3IEXIT
¢5 IF(ABSOJART=ULAST) LTo1.UE~U7*ABS(ULAST)) GO TO &7
ULAST=UART
NOTRT=1
IFRK.GT 1. 0E-202) GO TO 30
KU=1i s
WRITE (by 83D) RR
R TURN
2b IF(ABS(JARTL1-ULAST) JLT.G*ABS(UARTL)) GO TO 27
ULAST=UART1
NSTRT=1
i{’J{KROL‘JTQL-Ut 2u) GO TO S
=1
WKITE(Oy 4UD)IRK
RETURN
7 KO=u )
CALL OPTIF2{X,UyUART PHI,PSI,NCONSy,NEQUS,NVIOL yRR)
TFUIVIO. oNEed] KO=1
IFIKG,E£del) GO TO 61
RETURN _ i
z8 IFINSTRT.EQeD) GO TO 32
NSTRT=N3TRT+1
ULAST=UART
GU TO su
€9 HRITe (b, 404IMAXM
KiU=1
RETURN .
o0 RR=RR*R:zDUCE
GO 10 937
31 NK;[ﬂ(b,QUl)ItXIT;RR
WKITele, 402)
RETURN
32 Ki=1 '
WRITE(bs&U3)
RLTURN B )
200 FORMAT(1H1,52HOPTINIZATION USING THE NEW FLETCHER POWELL TEGHNIGUE
171Xy Selii=177)
201 FORMAT(LX31UHDATA UINPUT/1Xs10(1H=-)//)
cel?2 FURRAT(I?,??HN MBER OF INDEFENOJZNT VARIABLES o o o o o o o o o
1 =310
LbslégsgAT(L§,39HNUN5LR OF INEQUALITY (4GEeDol) SONSTRAINTSe o o o N
=y 1o
204 FoﬁmAT(i§,?9HNuma;R OF EQUALITY CONSTRAINTSe o o o s o o o o o N
1eQUS =510
b5 FQR?AT(1§9S?HlNTtRHLDIATE OQUTPUT EVERY IPRINT ITERATIOUNS o o o ip
IRLIN =3 L0
clo Fg?gAT(l%,b?HlNPUT DATA PRINTED OUT FOR (JUATAWNESU) o0 o o o I
iu =y lo/
U7 "io)l"%NAT(l.X,?iHMAXIMUM NJMBER OF ITERATIONSs o o o o s o o ¢ o »
1IMaXi =, 106
2id FOR!AT&lX,QQHFRACIIQN UF RANGE USED FOR GRADIENT DETERMINATION/1X,
1b£HbY ré?{TE UDLFFERENCE e o ¢ o o o o ¢ o ¢ o s o o @ F =,
CcoXsL 10e .
. 209 FORMAT(1X,60HFRACTION OF RANGE USED FOR CONVERGENCE CRITERION,
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ENCE CRITERION

L LE

RMIN, XSTRTyNy NCONS, NEWUS 3 IPRINT,
s RMIN{1),XSTRT (1)

s TX)

k
SCARCH¥® CALLED BY #¥SUBROUTINE

WHoN_ ¥¥SUBROUTINL SEARCH** CALLED BY ¥¥SUBROUTINE

Scek3¥¥

RHAX (1)
X{1)

RIMAX
XB 0

(3 PHL1, PSI,
sRy Uy XA,

WHo N ¥** SUBROUTINE
I(1)

(1), 1

WHEN **SUBRUUTINE SEARCH*®*® CALLZD BY **SUBROUTINE
SELRL¥®

FEASBL®¥
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NNDEX
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ROUTINE SLUOPL (X yPHIZPSIZNyNCONSyNEUWUS,6GRADsDELX,R)

SU8
THIS ROJTINE DeTERMINES THE FINLTE DIFFERENCE GRADIENT OF THE
AKTIFICLAL OSJEUTLVE FUNCTIUN CREATED 1IN #*SUBROUTINE OPTIF2%+
THE GRAJIENT UF £AGH VARIABL: IS DIVIDED BY THE MAXIMUM ABSOLUTE
GRAUDLIENT DLTERMLNGO IN #*SUBROUTINE MAXMUM*®
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SUBKOUTLNE MAXMUIM(N, GRAD, GRADM)
THIS ROJTINE LETERMINES THE MAXIMUM ABSGLUTE VALUE IN AN ARRAY

UIMeNSION GRAU(L)

ggA?HlAfS(bRAD(l))

IF(bRAB% LTABS(GRAD(I)) ) GRAULM= ABb(GRAD(l))

CONT INUZ

RETURN

END
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B
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SUBROUTINE SURPSI{X;PSi,NEQUS;SUM)

THIS ROJTINE UcTLRMINES THE SUM OF THE ABSOLUTE VALUE OF THE
cGUALITY CONSTRALNRTS

mAuvCcwe o

SUBROUTLINE - FRANUNCA, NyM)
THIS RUJTINE GENcRATES RANDOM NJMBERS BETWEEN Ue0 AND 1.0
B IS A MACHLWNE=UEPENDENT CONSTANT_AND B=2,0%%*(I/2+1)+3,0
WHERE 1 = NUMBER OF BITS IN AN INTEGER WORD {(I=47 FOR CUC6400)
IMENSION A1)
167/7219.
/U Br19467 ,
Xo Ni°1 &)Y—AMOD(ABS(X),3.1B?57)
]

J= l <
i3 Y,l.U)
uc

—~ T

KZD

O0ID Y=u. ANU Y=1. TO PREVENT DIVIDING INTO ZERO

i?\]uou e JsUReY uEQQloU)Y-_-Uo 182818285
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SUBROUTINE CPTIF1 (X,U,UARTyPHIyPSI,NCONS,NEQUSHyNVICL)
THIS ROJTINE INLOKPORA]CS LGUALITY AND INEQUALITY CONSTRAINTS

IN AN ARTIFLIClLAL UbJECTIVE FUNCTION OF THE FORMeeos
UART = J + CCC*SUM(ABS(PHI(I))) + CCC*SUM(ABSI(PSI{(I)))
WHEREee s PHI(L) = INLQUALITY CONSTRAINTS
PSL(i) = EQUALITY CONSTRAINTS
CGC = PcNALTY FACTOR :

13)3 ge+20

TO PREVENT VERY MINOR VIOLATIONS OF INEQUALLITY GONSTRAINTS
ASSUME_ ZERO==1leyE=10 o . o

ONLY THE VIOLATED CONSTRAINTS ARE MULTIPLIED BY THE PENALTY
FACTOR I[N Thc ARTIFICIAL CBJECTIVE FUNCTION

DIMLNSION X{1),PHI(1),PSTIA(1)

WU i1

=z
+CCO N OCzZC 1l

b C b T
-

[ AT el 1 e o

GO TO &
PS 1y NEQUS)

S(PSI(I))

= e
=

=Z
Cad Pe =i

A HEe=
C & N e & HP-\W(/J

COZUHIT £C
UIC NS V&l S =

ZrCCCoOrMCCcCTOrrNIm O y
P-4

mAZCvCuCOHUOZUVHOCCHONOU U

C-TX

16°Y

8LV
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SUBROUTINE OPTIFZ (X Uy UART;PHI,PSIy)NCOUNS, NEQUS 3 NVIOL,R)

THIS ROJTINE INCORPORATES EQUALITY AND iNtQUALITY CONSTRAINTS
IN AN ARTLIFICIAL OUJECTIVE FUNCTION OF THE FORMese

UART = U + R®*SUMA(L.U/PHICI)) + SUMIPSL{U)*¥2)/SART(R))

INEQUALITY CONSTRAINTS

WHEREees PHLUL _ _
PSI(I EWQUALITY CONSTRAINTS

;-—
L
"l

ZTOOPG\’EVENTI\J:RY MINOR VIOLATIUNS OF INEGUALLTY GCONSTRAINTS ASSUME
ZERU==1, JE-1U
TO AVULD UDIVIUING BY APPROXIMATELY ZERO IN THE INEQUALITY
PORTION OF THt ARTLFICIAL UBJECTIVE FUNCTION, ASSUME THAT
CONSTRAINTS (ABS(PHL(I))«LTe=ZERU) ARE WNUT TU BE PENALLZCOD.
VIOLATLONS OF 1INpQUALLTY CONSTRAINTS Ake MULTIPLIED BY A LARGE
CONSTANT ASSUMED HeRE TO B 10.0£+20 ,
THIS FORM OF ARTIFLCIAL OBJECTIVE FUNCTLION KEEPS THE SEARCH AHWAY
FROM INFELASIBLE REGIONS DURING THE INITIAL SEARCH
DIHENSION X(13},PHI(1),PSI (1)
NVIOL=0
SUHi=ued
SuMe=0,0 _
LZeRU==-1,0E-10
CALL URZAL (XyU)
I"(N(JUN)QEO. J) GO TO 3
CALL CUNST(XgPHLyNCUNS)
DO 2 I1=1,NCCONS
IT(PHI(L)eGTe=ZERU) GO TO 1
IF(PHI(L) «GTLZERD) GO TO 2
NVIOL=NVIOL+1
88”%=5g11 + LU UE+2U*ABS{PHI(I))
ke
SUML=SU11+R/ABS {(PHI(I))
CONT INUZ _
IFINLQUS.EQe0) GO TO 5
DIV=8QRT (R)
ChLL cUJAL (X,P31,NcQUS)
DO 4 JU=iyNeQUs
SUM2=SUM2+ (A3S{PSI(JY)Y*¥2)/D1IV
CONTINUZ ]
UART=U+SUMLI+SUNML
RETURN
ENU
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APPENDIX B - A

Sten by Sten Search Plus False Position Method
of Root Determination

In some cases of the gear design analysis it was found
that. over a certain range used to determine the roots of an
equation, the equation would become discontinuous. Application
of aradient methods could not guarantee convergence in these
cases. To overcome this problem of discontinuity, a step by
step search technique followed by a false-position technique
vas utilized in root determination.

Fiaure B.1 vrepresents a functional possibility that

arises in the gear analysis.

F(x) ——range

]\\ x_ known value

XK —~<X
“known volue\ desired root

FIGURE B.] Example Discontinuous Function

Two points were usually known from limits of physical
conditions. With .these limits specifying a range, a step size
of approximately 10% of this range furnished the means for
a sten-by-step search by increasing the Tower point by this

increment,

Xpe1™ X¢ + ARANGE (B.1)

81
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M though this techrniaue does not ensure converaence
for all cases, the method seems to work quite well for gear

desian in the nackage.



PPPENDIX C.1

Parabola as Constant Stress Beam

A 83

The whole premise of the Lewis technique depends on the

assumption that a narabola represents a constant stress beam,

The followinag presentation is offered as proof of this premise.

We .assume a beam,

its ton and bottom surface.

as

m:

the stress is agiven as

which transposed yields

>
[}

Fiagqure C.1.,1 with constant stress on

WX

%5 = constant

(wx) (v/2)
)

bwx

by?

o

a 2
(m) Y

[
constant

This represents a parabola.

¥/ 2

ANANN NN

FIGURE C.1.1. Constant Stress Beam

Hith the bending moment specified

(c.1.1)

(c.1.2)

(c.1.2.)
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Mothod of Establishina Size of Parabola
Reoresentina Constant Stress Beam Inside Tooth Profile

Knowina the parabola reﬁresents a constant stress beam,
a geometric relationship between agéar tooth dimensions and this
parabola aids in determinina the points of maximum stress on the
tooth profiles. A stress equivalent may be made to the tooth
by inscribing the largest possible parabola in the tooth for
analysis. Fioure C€.2.1 illustrates that stress points A and B

may be found with the relation that DE = EB or DC = CF,

FIGURE C.2.1. Layout of Parabola in Tooth

when the correct parabola is inscribed in the tooth.

In general the formula of a parabola illustrated in

Fiaqure C.2.2 is

<
u

ax (c.2.1)

>

(@)}
\m

\NO

FIGURE C.2.2 Properties of a Parabola



A 85
With the function snecified for two points, the following

conditions must be satisfied

If(XK+])| < | F(Xy) ] (B.2)
and FIXp) f(Xpqd< 0 - (B.3)

Makina the initial test (B.2) prevents the search from diverging
if the step length puts the variable beyond the discontinuity,
as lona as the functional value beyond the discontinuity is
greater than the functional value of the variable before. If
this test is not satisfied the step length is reduced by half
and the process repeated. In most cases the step lenath of 10%
ofvthe ranae proved suitable for the search. 0nce~the variable
straddled the root (B.3), then the false pnosition technique,

Fiqure B.2, was employed.

Pk Kot R
Xk-1 F(Xk)

FIGURE B.2 Faise Position Technique

This process may be iterated by using the approximation

to the root of

Xy FORD - X PO )
and at the same time reauirinae that
F(X ). F(Xe q) < 0 (B.3)

at each step.



with the oradient or

slope B eaual to

2a X1

dy -

4. -
But at B

y] = a
or

Zy]

X4
Therefore,

(_ciy_) -

dX B

which proves by similar trianale in Figure C.2.2 that

A1

2y]
-

DE = EB or DC = CF

A 86

(c.2.2)

(C.2.3)

(C.2.4)

(C.2.5)

Thus, the noint of tangency on the fillet profile fulfilling

this property represents the noint of hiahest stress conqentfa-

tion on the tooth during bending.
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APPENDIX D

Extracts from the OPTISEP Manual

The information presented in the appendix depicts the
aeneral arrangement of the OPTISEP [47] technique of optimization,
with the user description of three optimization methods,

The following layout is +typical of an OPTISEP ontimization.
The PROGRAM MAIN card is a CDC 6400 computer control card.

PROGRAM MAIMN(INPUT,QUTPUT,TAPES=INPUT,TAPE6=0UTPUT)

DIMENSION X(N),PHI(NCONS),PSI(MNEQUS),RMAX(N) ,RMIN(N) ,XSTRT(N)
DIMENSION WORKI(N),WORK2(HN) ,WORK3(N) ,40ORKA(N)

DATA F,G,NSHOT,NTEST,MAXM/0.01,0.01,2,100,300/

DATA M,NCONS NEOUS/ s /

READ (5 1)(QMAX(I) RNIN(I),XSTRT(I),I=],N)

FOP“AT(BE]G 8)

CALL SEEK1(X,PHI,PSI,RMAX,RMIN,XSTRT,N,NCONS,NEQUS,
TIDATA,IPRINT.NSHOT ,NTEST,MAXM,F,&,U,HORKT,WORK2 ,HORK2 ,MORK4A)
CALL ANSWER (U,X,PHI,PSI.N,NCONS,NEQUS)

.« s 0

STOP
END

SUBROUTINE UREAL(X,U)
“DIMENSION X(1)

s .

» 3 .

U =
RETURN
END

SUBROUTIME CONST (X,PHI,NCONS)
DIME JSION X(1),PHI(T)

PHI{NCONS) =
RETURN
END
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SUBROUTINE EQUAL(X,PSI,NEQUS)

DIMENSION X(1).,PSI(1)
PSI(1) = :
PSI(2) =

PST(NEQUS) =
RETURN.
END

These user inserted routines would then be followed
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by the necessary auxiliary routines to operate Subroutine SEEK1,

or these routines could be stored in binary on vermanent files

inserted into the program with the use of control cards.
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SUBROUTINE UREAL(X,U)

. Purnose
To calculate the value of the objective function‘at a
point
2,-..,Xn)"
where U = minimum at the optimum

U= U(X],X

Method

The objective function may be defined by

(a) a simple FORTRAN arithmetic assignment statement
(b) a complex analysis coded to include any legal FORTRAN
statements and/or CALL's to one or more auxiliary
subroutines.
Whatever the methbd of analysis, the final value of the objective
function must be placed in U.

Input Variables

X(1) the current values of the independent variables

Qutnut Variables

U the value of the objective function corresponding to the

input values X{I)

How to Set un Subroutine UPEAL
The followina cards must be punched by the user

SUBROUTINE UREAL(X,YU)
DIMERSION X(1)

U = results of objective function analysis.
RETURN
END
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If additional data is recuired to perform the analysis,
the necessary information should be transformed from the MAIN
program or the appropriate subroutine to UREAL throuah labelled
COMMON blocks.

Where possible, the user should include conditional STOP's
or loaical by-passes of erroneous analysis in his codina to
prevent invalid results from being returned to the optimization

procedure,



A 91
SUBROUTINE EQUAL(X,PSI,NEQUS)
Purpnose
To calculate the‘va1ues of the eauality constraints at a
point
T wj(X],Xz,...,Xn) jo=1,m
where vy = 0 at a feasible point.
Method
The equality constraint functions may be defined by
(a) simple FORTRAN arithmetic assiqgnment statements
{b) a complex analvsis coded to include any legal FORTRAN
statements and/or CALL's to one or more auxiliary
subroutines. .
Whatever the method of anaiysis, the final values of the constraints
must be stored in the PSf(I) array.
Note: If the user's problem has no equality constraints, then
Subrqutine EQUAL may be omitted altoaether.

Input Variables

X(1) the current values of the independent variables
NEQUS the number of equality constraints.

Qutput Variables

PSI(I) the value of the equality constraints corresponding to
the input values X(I),
How to Set Up Subroutine EQUAL

The foilowina cards must be punched by the user

SUBROUTINE EQUAL (X,PSI,NEQUS)

DIMENSION X(1),PSI(1)

PSI{1) = result of eaquality constraint (1) analysis
PSI(2) = result of equality constraint (2) analysis
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LN IR
LN BN ]

o e 0

PSI(NEQUS) = result of equality constraint (NEQUS) analysis
RETURN
END

Miscellaneous

" If additional data is required to perform the analysis,
the necessary information should be‘transferred from the MAIN
program or the appropr%ate subroutine to EQUAL through labelled
COMMON blocks.

Where possible, the user should include conditional

STOP's or logical by-passes of erroneous analysis in his coding
to prevent invalid results from being returned to the optimiza-

tion procedure.
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SUBROUTINE CONST(X,PHI,NCONS)

Purpnose
To calculate the values of the inequality constraints at

a point

n) k = 1,p

o = o (XqaXpaeuu X
where ¢k > 0 at a feasible point,
Method

The inequality constraint fﬁnctions may be defined by
(a) simple FORTRAN arithmetic assianment statements
(b) a complex analysis coded to include any legal
FORTRAN statements and/or CALL's to one-or more
auxiliary subroutines.
Whatever the method of analysis, the final values of the
constraints must be stored in the PHI(I) array.
ﬁggg:> If the user's problem has no inequality constraints, theﬁ

Subroutine CONST may be omitted altogether.

Inout Variables

X(1) the current values of the independent variables
HCONS the number of inequality constraints

Qutput VYalues

PHI(I) the value of the inequality constraints corresponding
to the input values X(I).

How to Set un Subroutine CONST

The followina cards must be punched by the user,

SUBROUTINE CONST(X,PHI,NCONS)

DIMENSIOM X(1),PHI(1)

PHI(1) result of inequality constraint (1) analysis
PHI(2) result of inequality constraint (2) analysis

[ [
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LRI

Pﬁf(NCONS) = result of inequality constraint (NCONS) analysis
RETURN
END

Miscellaneous

If additional data is required to perform the analysis,
the neceséary information should be transfered from the MAIN
program or the appropriate subroutine to CONST through labelled
COMMON blocks.

‘ Where possible, the user should include conditional STOP's
or logical by-passes of erroneous analysis in his coding to
prevent invalid results from being returned to the optimization

procedure.
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SUBROUTINE SEEKY (X,PHI,PSI,RMAX,RMI{ ,XSTRT
N, NCONS NEOUS IDATA IPRINT,

NSHOT NTEQT VPXW ,:,U,
WORKT ,WORKZ, NORK3 ,WORK4)

Purpose

To minimize U = U(X 2""’Xn)

subject to wj(X1,X2,...,Xn) =0 J=1,m
b (XysXoseeesX ) 20 k= 1,p

Method

A direct search method [42] followed by a directed random
search is used with the constraints incorporated in an

unconstrained artificial objective function of the form:

UART = U(X),X,0usX) + 10705 [, (X XpseenX )| + 10 z v (Xq X,
&

| / ceX
Xn) <0] ' ,

Startino with an initial base point, an exnloratory search

[for ¢K(X]’X2,...,

is made by incrementing a variable by a small amount. The
incremented value of the variable is retained, if UART is
improved. However, if the move does not improve UART, then a:
necative step is tried. If this also fails then the variable
is returned to its base point value. Each variable .is checked
in this manner and if no move imoroves UART, the step lengths
are halfed and the search repeated. If all step lengths are
already less than their user-specified minimum values, then an
optimum is assumed,

If the search yields a lower value of UART, then a new

base point is established and a pattern move equal to the
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vector joinina the oriainal and new base points is attempted.

If the pattern move is successful, the new search is started
from that point. Otherwise, the search starts from the new base
point. This procedure is repeated until MAXM cycles have been
exceeded, or until no improvement can be found with all step
lenaths less than their user specified minima.

It is possible for this type of method to hang up on
constraints, or to achieve a local rather than qlobal optimum.
For this reason, the final optimum is checked bv generating
NTEST random values of the artificial objective function in the
vicinity of the assumed optimum. If an improved point is
found, it becomes the new base point for another séarch procedure.
Only NSHOT complete iterations through the search and directed

random check are permitted,

Input Variables

The following oroaram parameters must be set by the user.

N ndmber of desian or independent variables
NCONS number-of inequality constraints |
NEQUS number of equality constraints

IDATA = 0 input data is not printed out

1 input data is printed out

IPRINT = 0 intermediate results not printed out
= integer value to print out intermediate results
for every IPRINT cycles.
NSHOT maximum number of complete cycles through search
and-directed random search,
NTEST number of random points to be generated in directed

random search.
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MAXM maximum number of search cycles
F fraction of ranae used as initial step size
G fraction of initial step size used as minimum

step length

RMAX (1) estimated upper bounds on X(1), dimensioned with
value of N
RMIN(I) ‘ estimated lower bounds on X(I), dimensioned with

value of N
XSTRT(1) input starting values of X(I), dimensioned with
value of N

Qutput Variables

v - optimum value of the objective function, evaluated
in UREAL '
X(1) optimum values of the'independent variables,

dimensioned with’value of N

PHI(I) inequality constraint functions, evaluated in
CONST, dimensioned with value of NCONS

PSI(I) eauality constraint functions, evaluated in
EQUAL, dimensioned with value of NEQUS

Norkinq Arrays

WORK1 dimensioned with value of N
WORK2 dimensioned with value of N
WORK3 dimensioned with N

WORK4 dimensioned with value of N

Proarammina Information

Generallyadequate values for the input variables are
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NTEST = 100
MAXM = 300
F = .0
6 = .01
XSTRT(I) = (RMAX(I) + RMIN(I))/2.0; a known

feasible start is preferable.

If the input value of NCONS or NEQUS is zero, the argument
value of PHI or PSI in the calling orogram dimension statement
must be set to one. |

SEEK1 is a very fast method but tends to ‘hang up, especially
with eaquality constraints.

SEEK1 has full variable dimensionina. The callinag program
must provide dimensionina as given above.

If printout of the ootimum is desired directly from
SEEK1, then the statement CALL SEEK1 in the calling nrogram may
be followed immediately by

CALL ANSWER(U,X,PHI,PSI,N,NCONS,NEQUS)
This prints the optimum point and the value of the 4's and y's.
However, there is no way of knowing if SEEK1 has hung up on a
constraint or valley and is indicating a false optimum.

If the method has not converaed, an appropriate error
message is printed and SEEKT returns to the calling program.

The labelled COMMON block [COMMON/OPTI/KO,NMDEX] may be placed
in the calling program to detect KO = 1 (i.e., non-optimum
solution) if the standard printout of subroutine ANSWER is not
desired.

Subroutines called are SEARCH,SHOT,FRANDN,OPTIF1,UREAL ,CONST
EQUAL,ANSNER.
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SUBRQUTIMNE SEEK3 (X,PHI,PSI,RMAX ,RMIN,XSTRT,N,NCONS,
MEQUS ,IDATA,IPPINT ,MAXM,INDEX,
nHvioL,F,G¢,R,REDUCE,U ,HORK]T ,HORK2Z,
HMORK3,WNRKA)

Pungose

To minimize U = U(X1X2""’Xn)

subject to wj(X1,X2,...,Xn) =0 j=1,m
¢k(X1,X2,-.-,Xn) >0 k=1,p

Method
SEEK3 employs the same search procedure as SEEK] except

for the artificial, unconstrained objective function defined as

/f—[for ¢k(x1’X2"”Xn)1

U(XqaXpsennaXnry) = (X GXpaee X)) + 5 5 .
¢£(X],X2,...,Xn)
2
m P (Xy Xoseaa X))
L TG S S i -
=1 (rs)

[for qbk(X,l,Xz,..,Xn)<0]-\:>>

The inequality constraint portion of the function is
broken into two parts to account feasible or infeasible starting
point conditions. To permit an infeasible starting point (i.e.
¢k(X1,X2,...,Xn)<O), the absolute value of the violated constraint
is multiplied by a Targe number to drive the solution feasible
rapidly. In the feasible region (i.e. ¢k(X]’X2""’Xn)3p)
the first inequality constraint term controls the function for
the K = 1,p inequality constraints. The minimization is contro]]ed
by the constant r, which reduces after each minimization by

i

a constant factor "REDUCE" (i.e. Pise] = REDUCE * rs where 0<ri+]<ri).

If a feasible point is not found during the first minimization



(i.e. min, U(X1,X2,..,,X
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. 1) where ry = 1.0 is reasonable

n

starting value), then it is -assumed that no feasible solution

exists for the problem and an error message is printed out,

With the optimization forced feasible initially, a feasible

starting point for minimizing U(X],Xz,...,X

n? r1+]) should be

obtained from the feasible solution for U(X],Xz,...,Xn,ri).

Input Variables

The following program parameters must be defined by the

calling program.

N

NCONS

NEQUS

IDATA

IPRINT

MAXM

INDEX

G

R
REDUCE

RMAX(I)

number of desian or independent variables
number of inequality constraints
number of equality constraints

0 inout data is not printed out

1 input data is printed out

]

-0 intermediate results not printed out

integer value to print out intermediate results'

n

for every IPRINT cycles.
maximum number of search cycles.
set eqda] to one
fréction of range used as initial step size
fraction of initial step size used as minimum
step'léngth
penalty multiplier for constraints
feduction factor for penalty multiplier after each
minimization,
estimated upper bounds on X(I), dimensioned with

value of N
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RMIN(I) estimated lower bounds on X(I), dimensioned with

value of N
XSTRT(1) input starting values of X(I), dimensioned with
value of.N

Qutput Variables

NvIOL counter of the number of inequality constraints
violated
RR current value of the penalty function multiplier

(RR printed out only when IPRINT > 0)

U minimum value of the objective function, evaluated
in UREAL |
X(1) optimum values of the independent variables,

dimensioned with value of N
PHI(I) inequality constraint functions, evaluated in
CONST, dimensioned with the value of NCONS
PSI(I) equality constraint functions, evaluated in
EQUAL, dimensioned with the value of NEQUS

Working Arrays

WORK1 dimensioned with value of N
WORKZ dimensioned with value of N
WORK3 dimensioned with value of N
WORK4 dimensioned with value of N

Programming Information

R,REDUCE - The values used for R and REDUCE can affect
the rate of converagence but are otherwise fairly problem -
independent. A detajled discussion of criteria for choosing

R and REDUCE is given in reference [44],section 8.5.


http:counter.of
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SEEK3 terminates when either

(a) Ui""l (X],Xz,o.n,~xn) .- Ui (X],Xz,.ta,xn) < -IO
U,i(X] ,Xz,o [ ,Xn)

or

(b) RR < 10°20

Generally adequate values for the input variables are

F = .01 ,

G = .01

R = 1.0

REDUCE = ,05

MAXM = 300

XSTRT(1) = (RMAX(I) + RMIN(I)/2.0; a known

feasible start is preferable.

If the input value of HCONS or MEQUS is zero, the argument
value of PHI or PSI in the callina program dimension statement
must be set to one.

SEEK3 has full variable dimensioning. The calling.program
must provide dimensioning as aiven above.

If nrintout of the optimum is desired directly from
SEEK3, then the statement CALL SEEK3 in the callinag program
must be followed immediately by

CALL ANéwER (U,X,PHI,PSI ,N,NCONS,NEOUS)
This prints out the optimum point and the value of the ¢'s and
v's. However, there is no way of knowinag if SEEK3 has hung up
on a constraint or valley and is indicating a false optimum.

If the method has not converged; an appropriate error

message is printed out and SEEK3 returns to the calling program.
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The labelled common block [COMMON/OPTI/KO,NNDEX] may be placed
in the callina program to detect KO = 1 (i.e. non-optimum
solution) if the standard printout of subroutine ANSWER is not
desired.
Subroutines called are SEARCH,OPTIF2,ANSWER,UREAL,CONST
and EQUAL.



SUBROUTINE NPFMIN (X,PHI,PSI,RMAX,RMIN,XSTRT,
- N,NCONS,NEQUS,IDATA,IPRINT,
MAXM,F,G,R,REDUCE,U,DD,EE,FF

GG,HH)
Purpose
To minimize U = u(x],xz,...,xn)
subject to wj(X],Xz,...,Xn) =0 j=1,m
8 (XysXoueeasX ) > 0 k= 1,p
Method
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NPFMIN employs the same artificial unconstrainted objective

function as SEEK3 coupled with a gradient search alogarithm [45].

This method of search evaluates the new value of an independent

variable at the K+1 step as

where h].k defines a step length which is a function of the
partial derivatives at X1.k and all the derivatives at the
previous steps.

The search is considered optimum if the value of U does
not change significantly in two successive steps.

Subroutine SLOPE, uses the finite difference technique
to evaluate the gradients which are then normalized to prevent
the wide disparity in gradients magnitudes created by the
artificial objective function.

Input Variables

The following program parameters must be defined by the
calling program.

N number of design or independent variables
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NCONS number of inequality constraints
NEQUS number of eduality constraints
IDATA = 0 1input data is not printed out

1 1input data is printed out

IPRINT = 0 intermediate results not printed out

= integer value to print out intermediate results
for every IPRINT iterations.

MAXM maximum number of search iterations

F fraction of range used a step length for finite
difference gradient determination

G fraction of range used as step size minima
for optimum termination. Should not be less
than value of F.

R pena]ty mu1tiplier for constraints

REDUCE reduction factor for penalty multiplier after
each minimization,

RMAX(I) . estimated upper bounds on X(I), dimensioned with
value of N

RMIN(I) estimated lower bounds X(I), dimensioned with

‘ value of N
XSTRT(1) initial starting values of X(I), dimensioned

with value of N

Qutput Variables

RR current value of the penalty function mu1t1p11er
(RR printed out only when IPRINT>O)

U minimum value of the objective function, evaluated
in UREAL

X(1) . optimum values of the independent variables,

dimensioned with value of N

PHI(I) inequality constraint functions, evaluated in
CONST, dimensioned with the value of NCONS

PSI(I) equality constraint functions, evaluated 1n EQUAL
dimensioned with the value of NEQUS
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Working Arrays

DD dimensioned with value of N
EE dimensioned with value of N
FF dimensioned with value of R
GG dimensioned with value of N
HH dimensioned with value of N(N+7)/2

Programming Information

R,REDUCE - The values used for R and REDUCE can affect
the rate of convergence but are otherwise fairly problem -
independent. A detailed discussion of criteria for choosing R
and REDUCE is given in reference [44], section 8.5.

NPFMIN terminates when either
(a) Ui+](X],X2,...,Xn) - Ui(X],XZ,...,X

Ui(xl’XZ""’xn)
20

)

n

(b) RR < 10~

Generally adequate values for the input variables

are
F = ,0001
G = .0001
R = 1,0
REDUCE = .05
MAXM = 100

XSTRT(I) = (RMAX(I) + RMIN(I))/2.0; a known
feasible start is preferable

If the inobut value of NCONS or NEQUS is zero, the
argument value of PHI or PSI in the calling program dimension

statement must be set to one,
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NPFMIN has full varjable dimensioning. The calling

program must provide dimensioning as given above,

If printout of the optimum is desired directly from
NPFMIN, then the statement CALL NPFMIN in the calling program
must be followed immediately by

CALL ANSWER (U,X,PHI,PSI,N,NCONS,NEQUS)

This prints out the optimum point and the value of the
¢'s and y's. However, there is no May of knowing if NPFMIN has
hung up on a constraint or valley and is indicating a false
optimum.

If the method has not converged, an appropriate error
message is printed out and NPFMIN returns to the calling program.
The labelled COMMON block [COMMON/OPTI/KO,NNDEX] may be placed
in the calling program to detect KO = 1 (i.e.pnon optimum solution)
if the standard printout of Subroutine ANSWER is not desired.

Subroutine called are SLOPE,MAXMUM,OPTIFZ,ANSHEB,UREAL,'
CONST and EQUAL.
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SUBROUTINE FEASBL (X,PHI,PSI,RMAX,RMIH,XSTRT,
N,NCONS,NEQUS,IDATA,IPRINT,
MAXM,F,G,U,STEPP ,WORK1 ,WORK2Z,
WORK3,WORK4)

Purpose A

Subroutine FEASBL is used to obtain a feasible starting
point. Initially Subroutine SEEK3 is employed to drive the
inequality constraints feasible, without continuing to an
optimum after which a direct search in the feasible region
drives the equalityv constraints feasible, using the sum of the

equality constraints as the objective function.

Input Variables

The following program parameters must be defined by the .

callina nrogram.

N number of desian or independent variables
NCONS number of inequality constraints

NEQUS number of equality constraints

IDATA = 0 input data is not printed out

1 input data is printed out

IPRINT = 0 intermediate results not printed out

= integer value to print out intermediate results
after every IPRINT cycles.

MAXM maximum number of search cycles

F fraction of range used as initial step size

G fraction of initial step size used as minimum
step lenqgth

RMAX(T) estimated upper bounds on X(I), dimensioned with

value of R



RMIN(I)

XSTRT(1)

Qutout Variables

U
X(1)

PHI(TI)
PSI(I)

Workina Arrays

STEPP
WORK1
WORK?2
WORK3
WORK4

estimated lower bounds on X(I), dimensioned
with value of N
inout starting values of X(I), dimensioned

with value of N

feasible value of objective function
feasilbe values of independent variables,
dimensioned with value of N

inequality constraint function, evaluated
in CONST, dimensioned with value of NCONS

equality constraint function, evaluated in

EQUAL, dimensioned with value of HEQUS

dimensioned with value of N
dimensioned with value of N
dimensioned with value of N
dimensioned with value of N

dimensioned with value of N

Proarammina Information

Generally useful input values are

MAXM = 300
F = 01
G = ,01
XSTRT(I) = (RMAX(I) + RMIN(I))/2.0
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If the input value of NCONS or NEOUS is zero, the arguments

of PHI or PSI in the callina program dimension statement must

contain one,



FEASBL has full variable dimensioning. The calling
proaram must provide dimensioning as given above.

If printout of the feasible solution is desired directly
from FEASBL, then the statement CALL FEASBL in the calling

proaram may be followed immediately by

CALL ANSWER (U,X,PHI,PSI,N,NCONS,NEQUS)
This prints out the feasible point and the values of the ¢'s
and v's. ,
Subroutines ca]fed are SEEK3, SEARCH,OPTIF2,SUMPSI,
UREAL,EQUAL ,CONST ,ANSWER.
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APPENDIX E

AUXILIARY ROUTINES

A number of subroutines have been incorporated into the
computer which are not re1atéd to either the optimization
technique or the actual spur gear design. These routines have
been.developed to arrange the independent and dependent variables,
to write out appropriate data and error messages and generally
provide the controlling mechanism of the overall package. The
following bresents a brief summary of the purpose and cperation

of these routines,.

SUBROUTINE SPUR
Use Main calling program for the gear design

from which the optimization routines

are called

(X3

Calling Sequence : The user's calling routine made of the
' aporopriate labelled common blocks, the
input variable list and the CALL SPUR .
statement call this routine.

Special Features : (1) It determines if system is pinion or
gear drive, (2) It uses Subroutine

VARY1 to suggest starting values for
design variables. (3) It defines optimiza-
tion criteria control array. (4) It
defines constant dependent variables of
design. (5) It redefines starting
values if user specified. (6) It calls
optimization routine, if required.
(7) 1t has output results and message
printed if requested.

SUBROUTIMNE VARY1
Use : To determine the design variables in the
probiem, organize control arrays,
establish initial starting values and
print input data if required.

Calling Sequence : Subroutine SPUR calls this routine



Special Features :

SUBROUTINE VARY (X)

Use

Calling Sequence

Special Features

SUBROUTINE PRINT

Use
Calling Sequence

Special Features

SUBROUTINE HINT (PHI)

Use

Callina Sequence
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(1) It prints out input data, if
requested. (2) It determines status
of desian variables (i.e. constant,
standard or variable). (3) It prints
out status, if requested. (4) It
initializes values of variables and
standard quantities. (5) It prints
out relative positions of design
variable pnseudonyms in optimization
independent variable array X(I).

To equivalence pseudonyms of gear
design with variable array X(I) during
optimization search.

First routine called in Subroutine UREAL

To keep all variables positive the gear
design pseudonyms are equated to the
absolute value of the variable array
X(I)., In effect the objective function
of a negative variable becomes the
mirror images of its positive variable
equivalent.

The addendum and dedendum values
snecify the addendum dedendum circle
radii and the clearance at the end of
this routine ensuring that clearance
will never be negative.

To print out the spur gear design out-
put in a standard format.

Subroutine SPUR calls this program after
the analysis is complete.

The format for all nrinting has not
been established for terminal type-
writer or scope output.

To print out suggested remedies for
violated constraints for non-optimum
results

Subroutine SPUR calls this routine
before entering Subrogtine PRINT.
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Snecial Features : If violations occur in the constraints
: each constraint is checked, with error

messade and sugaested remedy printed
for each violation. These suggested
remedies are not the only method of
achievinag a feasible solution. Close
examination of the output results may
indicate an easier solution.
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APPENDIX F

INDEX OF SUBROUTINES

The followina information enables the reader to find the
related theory and the program listing for a particular subroutine.
After a brief description of each ;ubroutine, brackets [ ] will
enc]bse the section containing the appropriate theory and
parenthesis ( ) will indicate the program listing location in

Appendix A.

ADDEND determines the addendum length of pointed and
tooth thickness at addendum circle [2.4] (A.3)

"ANSWER prints -output final solution from optimization
routines in a standard format (A.53§

BEND determines the actual and allowable bending stresses
in a gear tooth [2.7A]1 (A.9)

BLASH determines various properties which are dependent
on backlash [2.13] (A.30)

CONRAT determines contact ratio for non-undercut and
: undercut conditions [2.10] {(A.26)

CONST determines inequality constraint values for
optimization routines [Appendix D] (A.40)

CUTTER determines hob cutter characteristics which affect
the tooth design during generation [2.4] (A.1)

CWALL determines point of highest stress concentration
on fillet profile [2.8A] (A.13)

EFACT determines elastic coefficient factor for stress
analysis [2.8B] (A.15)

EFFIC determines efficiency of gear mesh [2.11] (A.28)

ERROR determines AGMA suggested manufacturing errors

[2.12] (A.29)

FACTOR determines the overall derating factors for stress
analysis [2.8L] (A.25)

FEASBL evaluates feasible starting point for optimiiation
search (A.48)



FFACT
FILLET

FRANDN
HFACT

HINT
IFACT
JFACT
LENGTH
FFACT
LOAD

MAXMUM
MFACT

NPFMIN
OFACT
OPTIFl}
OPTIF2

PITCH

POWER

PRINT
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determines surface finish factors for stress
analysis [2,8G6] (A.20)

determines radius to point of intersection
of the fillet and involute profiles [2.4] (A.2)

random number generator (A.50)

determines hardness ratio factor for stress analysis
[2.84] (A.21)

prints suggested remedies for violated constraints
[Appendix E] (A.37)

determines geometry factor for wear stress analysis
[2.8A] (A.14) :

determines qgeometry factor for bend1ng stress
analysis [2.8A] (A.12)

determines length of approach and length of recess
for undercut conditions [2.10] (A.27)

determines life factors for stress analysis
[2.81] (A.22)

determines radius to l1oad application on the gear
tooth centre line [2.7A.1] (A.7)

determines maximum value of an'array (A.47)

determiﬁes the load distribution factors for stress
analysis [2.8D] (A.17)

gradiint method optimization routine [Appendix D]
(A.43

determines onverioad factor for stress analysis
[2.8E7 (A.18)

determine two different artificial unconstrained
optimization functions (A.51, A.52)

determines some fundamental geometric relations
in the gear design [2.5] (A.4)

determines the maximum permissible power trans-
missign for bending and weéar analysis [2.7C]
(A.11

prints design output in standard format [Appendix
E]l (A.36)
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determines reljability factor for stress ana]ys1s
[2.80] (A.23)

direct search optimization technique (A.44)

direct search optimization techniques with artifi-
cial unconstrained optimization functions
[Appendix D] (A.41, A.42)

determines size connection factor for stress
analysis [2.8F] (A.19)

determines if load sharing exists between
successive pairs of mating teeth [2.7A.] (A.8)

a directed random search technique emploved with
Subroutine SEEK1 (A.45)

determines dimensions of gear blank [2.14] (A.32)

determines gradients by finite d1fference
technique (A.46)

main calling ‘program for the gear design [Appendix
£E] (A.38)

determines sum of equality constraint violations
in Subroutine FEASBL (A.49)

determines temperature correction factor for
stress ana]ysis [2.8K] (A.24)

determ1nes load components of tooth loading
[2.6]1 (A.6)

determines centre distance tolerance and maximum
backlash at worst case [2.12, 2.13] (A.31)

determines the applied torque on the gear
[2 6] (A.5)

nrov1des 1ink between design variables. and
optimization routine [Appendix E] (A.35)

organizes various control arrays and suggests
values to be used in optimization routine [Appendix
E] (A.34)

determines the optimization criterion as well as
%ompuging analysis of gear design [Appendix D]
A.39

determines velocity correction factor for stress
analyses [2.8C] (A.16)
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VOLUME determines volume of gear blank [2.14] (A.33)

WEAR determines the actual and allowable wear stresses
[2.7B] (A.10)
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USER'S GUIDE

1.1 INTRODUCTION

' This package is one of a series for the automatic

optimum desian of enaineering components or devices. Its
purpose is the optimum desian of external spur gears. The
package is user oriented and requires no knowledge of combuter
programming (FORTRAM) or optimization. While the package can
be used with a minimal knowledge of, or experience in, gear
design, this practice is risky. Judgement cannot be comp]eteiy
removed from any desian, nor can a successful design be
quaranteed by any theoretical analysis if the desian assumptions
do not match the real life situétion. The user exercises his
judgement by ontions available in the input coding.

The program is basically self-sufficient, offering the
gear designer the conglomeration of information from various
accepted design sources brought together into one package. To
assist in the event of difficulties with the package or as a
reference for further development, the user should see
reference [1] which develops all aspects of the package.

1.2 CONFIGURATIQON

Figure 1.1 illustrates the basic gear geometry on which
the indenendent or design variables are listed.

1.3 OQOPTIMIZATION CRITERION

The user can select some or all of the following as
the optimization criterion, in any combination:
(a) minimum volume of gear set

(b) maximum contact ratio
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FIGURE 1.1 Gear Layout.
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(c) minimum centre distance

(d) minimum face width
If the volume is optimized, then the centre distance and face
width will be optimized also if they have been defined as
desian variables.

Since the above criteria may be used in any combination,
multifactor optimization was implemented to achieve the overall
criterion. Each criteria is developed in terms of a linear
utility function between zero and one which expresses the
imbortance of dependent variables over the range of its minimum
and maximum values. For example, high desirability or uti]ity
(e.g. utility = 1) occurs for minimum volume specified as
function of face width and centre distance minima, for maximum
contact ratio arbitrarily chosen as 2, and for minimum face
width and mirnimum centre distance specified by the user. On
the other hand, low utility (e.q. utility = 0) occurs for
maximum volume exnressed as function of face width-centre
distance maxima, for minimum contact ratio arbitrarily chosen
as 1, and for maximum face width and maximum centre distance
specified by the user. (See Figure 1.3.1 and 1.3.2)

The overall criterion is achieved by minimizing the sum
of the reciprocals of these individual utilities. MNo attempt
has been made to make one criteria more important in the
.proaram. However, the user may partially weight the importance
of face width and centre distance and, therefore, vd]ume, by
employing a large minimum-maximum range for either variable.
This approach tends to give less importance to  the variable

as it approaches
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a feasible region near the lower portion of its range. However,
by compressing the range, the variable takes on greater
importance over most values, especially if the variable is near
the maximum 1imit. Note that these limits also specify step
lenaths for the direct search optimization techniques and,
theréfore, their values should be chosen with discretion, See
reference [1] for further details on multifactor optimization.
1.4 INPUT DATA

The user must define guantities for all the following
input variables utilizina FORTPAN DATA statements, READ
statements, or individual arithmetic assignment statements. The
format of the numbers (i.e. integer or floatina point) must be
specified correctly where noted. An integer number is expressed
with no decimal point (e.a. 21), while floating point numbers
are expressed with a decimal point (e.g. 21.6 or 2.16§+0i).
Note that the number of teeth in a gear is an inteqger value,

but must be specified in floating point notation‘(e.g. 21.0).

Printout Control (integer numbers)

IDATA = 1 input data printed out
= 0 1input data not printed out
IPRINT = integer value for printing every IPRINT cycles of
intermediate results.
= 0 dintermediate results not printed out
INRITE = 1 final results printed out
=-0 final results not printed out
NTYPE optimization by Subroutine SEEKI

optimization by Subroutine SEEK3

optimization by Subroutine NPFMIN

NOTE: A value for NTYPE must be specified even
when no optimization will occur. For consistency
set NTYPE = 1 in these cases. ‘

W N —

1}
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Material Properties (floating point numbers)

BHNI Pinion .
BHN2 Gear } Brinell Hardness
. . . . . (2,3)
Tvynical Gear-Pinion Hardness Combinations
Gear Bhn Pinion Bhn
180 210
210 245
225 265
245 285
255 300
270 315
285 : 335
300 350
E; géglon] modulus of elasticity (psi)
RHO1 Pinion . . .3
RHO?2 | Gear } material density (1b/in”)
3; 222:0"} Poisson's ratio
SACI Pinion} allowable contact stress number, or
SAC2 Gear surface endurance 1imit (psi)

NOTE: An allowable contact stress number for

10 million cvycles of load anplication is deter-
mined by field exnerience, for each material

and condition of that material. This number
varies considerably with heat treatment. The
desiagner should consult anv new American Gear
Manufacturers Association {AGMA) ratina practices
as they come available, and use these contact
stress numbers whenever aonlicable. The

contact stress numbers listed in Table 1.1 may
be used as a aguide, with the lower values of

the chart suaoested for aeneral desian purposes.
The upper values mav be used when hich quality
material is used, when section size and design
allows maximum response to heat treatment,

and when proper control is effected by adequate
inspection. :
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Allowable Contact Stress Number - Sa
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c
Material Surface Sac Material Surface Sac
Hardness, Hardness,
Minimum . Minimum
Through
Hardened Cast Iron
180 Bhn 85-95,000 |[[AGMA Grade 20 : 50-60,000
- AGMA Grade 30 175 Bhn 65-75,000
240 Bhn  1105-115,000 ji6up Grade 40 | 200 Bhn 75-85.000
300 Bhn 120-135,000 Modular Iron 90-100% of
360 Bhn 145-160,000 Annea]gd 165 Bhn the sac
440 Bhn | 170-190,000 gg;mglgﬁﬁg 210 Bhn value of
Steel | Case and Temper 255 Bhn iﬁ:e] with
ized ardness
(see
Note 1)
Tensile
55 RC 180-200,00 Bronze Strength Sic
, psi (min)
60 Rc 200-225,000 Tin Bronze .
AGMA 2C(10- 40,000 30,000
Flame or 12% Tin)
Induction Aluminum
Hardened Bronze
ASTM B 148-
50 Rc 170-190,000 52 - 90,000 65,000
. (Alloy
9C-H.T.)
Note 1. For minimum case depths at the pitch diameter as shown in
Figure 1.2
Material Material hardness Min. saf-psi
Steel
Case Carburized and 55 R 55-65,000
Hardened ¢
Induction or Flame
Hardened
Hard Root 300 Bhn use values from
Figure 1.3
Unhardened Root - 22,000
Cast Iron
AGMA Grade 20 - 5,000
AGMA Grade 30 175 Bhn 8,500
AGMA Grade 40 200 Bhn 13,000
TABLE 1.2 Allowable Fatigue Design Stress

af
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SAF1 Pinion} allowable fatioue stress, or
SAF2 . Gear allowable desian bendina stress (psi)

NOTE: An allowable desian bending (fatigue)
stress for 10 million cvcles of load application
is determined by field experience, for each,
material and condition of that material. This
stress varies considerably with heat treatment,
foraina or castina practice, material composition
and .with various surface treatments. Freauently,
shot peenina permits a higher allowable stress

to be used. The allowable fatiaue design
stresses for steel, shown in Fiqure 1.3 are
values suacested for oeneral desian purposes,
while values for surface hardened steel and

other materials are shown in Table 1.2. Use

70 nercent of the allowable fatiqgue desian

stress values for idler agears and other gears
where the teeth are loaded in both directions.

Desian Requirements (floating point numbers)

HP | Horsepower transmitted

RPMI Innut shaft speed (RPM)

RPMO Output shaft speed (RPM)
SHAFTI Input shaft diameter (inches)
SHAFTO Output shaft diameter (inches)

NOTE: The shaft diameters are only required

as part of the gear blank volume determination.
No constraints affectinag gear size or radial
loadina as a function of shaft diameter have
been incorporated. If the final solution
results in a gear of smaller diameter than

the shaft, the aear and shaft must be made

as one, or the shaft has been overdesigned.

INDEPENDENT or DESIGN VARIABLES

The package has been arranged so that each desﬁqn variables
may be incorporated into the routine in three possible modes of
operation: constant, variable or standard,whefe applicable. 1If
all design variables are aiven constant values by the user,
only a feasibility analvsis will be carried out. Variables
specified as standard will become internal functions of other

variables. When a design variable is specified as variable,
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the optimization routine chooses values which enable a minimum

optimization

criterion to be achieved, if possible.

cD = floatina point number for constant centre distance
~(inches)
= 3HVAR for variable centre distance
FW | = floating point number for constant face width (inches)
= 3HVAR for variable face width
PAD = floatine point number for constant pressure angle
(dearees)
= 3HVAR for variable pressure angle
TEETH] = floating point number for constant number of teeth
= 3HVAR - for variable number. of teeth
NOTE: The number of aear teeth results automatically
from the nresentation of the number of pinion
teeth through the gear ratio. G _ P
N™ = mg N
ADDKI1 Pinion} = floatina noint number for addendum
ADDK2 Gear’ coefficient, defined by

ADDK1 = Dp x addendum of pinion
ADDK2 = Dp x addendum of gear

3HSTD for AGMA standard addendum snecif{ed as -
1.0/Dp

NOTE: This addendum system is used in
conjunction with the 20° and 25° pressure
anale systems.

3HVAR for variable addendum determination.
In this case the addendum values are
determined directly without reference to
the diametral pitch Dp

3HCON for a constant addendum. This facility
is utilized only when analvsis is desired
for a aiven aear desian (i.e. all design
constants) variables are user specified.
The actual floating point value of the
addendum must be specified in 1nput
variables ADD1 and ADD2 for the pinion
and gear respectively.
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NOTE: The addendum coefficient for pinion and
gear may be selected independently of each other
from the above possibilities.

Pinion} = floating point number for

Gear dedendum coefficient defined by
DEDKT = Dp x dedendum of pinion
DEDK2 = Dp x dedendum of gear

= 3HSTD for AGMA standard dedendum specified
as 1.25/Dpf0r DpiZO » OF

1-200 4 0.002 for b > 20

NOTE:" This dedendum system is used
in conjunction with the 20° pressure
anrale system. The 25° pressure angle
is specified as 1.25/Dp for the whole
diametral pitch range. Thus for a
25° pressure angle system set
DEDKT = 1.25 or DEDK2 = 1.25.

= 3HVAR for a variable dedendum determination.
In this case the dedendum values are
determined directly without reference
to the diametral pitch Dp.

= 3HCON ~for constant dedendum. This facility

is utilized only when analysis is
desired for a aiven gear desian (i.e.
all desiagn variables user specified
constants). The actual floating point
value of the dedendum must be specified
in input variables DEDK1 and DEDKZ for
the pinion and gear respectively.

NOTE: The dedendum coefficient for pinion and gear
may be selected independently of each other from the
above possibilities.

Pinion
Gear addendum
= floating point number for constant addendum (inches)
NOTE: In this case we must have
ADDK]} ~
ApDK2 § = 3HCON
This value need not be specified if the
addendum coefficient has a notation
other than 3HCON. .
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DED1 Pinion} dedendum

DED?2 Gear

= floating point number for constant dedendum (inches)
NOTE: IE t?is case we must have
DEDK _
DEDKZ} = 3HCON
This value need not be spec1f1ed if the
dedendum coefficient has a notation
other than 3HCON,.

NOTE: Variable in the sense used above (i.e. 3HVAR)
indicates that the values are computer determined.

SIZE LIMITS (floating point numbers)

CDMAX Upper centre distance 1imit (inches)
CDMIN Lower centre distance limit (inches)
FWMAX Upper face width 1imit (inches)
FWMIN ~ Lower face width 1imit (inches)
PADMAX Upper pressure angle limit (degrees)
PADMIN Lower pressure angle limit (degrees)

NOTE: Since these 1imit values are used to evaluate
the initial step size (i.e. 10% of range) for the
direct search optimization technique, an extremely
large range of the limits should not be taken even
though the user does not care about the limiting
values. If a feasible answer is known for the
design, the values may be set to some proportion

~ above and below the feasible solution so that the
initial search will be in the middle of the range.
On the other hand, if a feasible answer is not
known, values of 0 and 100 inches for the lower-
upper centre distance limits and 0° and 45° for the
ancular limits are reasonable values. Effective
face width limits may be determined by mu1t1p1y1ng
the centre distance limits by (2.0/(RATIO + 1.0))
where RATIO is the ratio of the faster shaft speed.
More reasonable design 1imits will become evident
after the initial ontimization run. Centre distance
may be agiven a larcer weight relative to the face
width in the ontimization criterion (see section 1.3)
by lowering the maximum centre distance 1imit and
increasing the maximum face width limit.

The pressure angle step size has been arbitarily

chosen as 1° so that the limits will not alter the
search in the same manner as the length limits.
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The final value of face width should not exceed
the final centre distance value times (2.0/(RATIO
+ 1,0)), so as to remain within the load distribu-
tion analysis of the program.

DESIGN CONTROL FACTORS (floatina noint numbers)

BLL Lower backlash 1imit modification factor

BLU | Upper back]ash Timit hodification factor

BLR Ratio of pinion tooth thinnina to total tooth thinning
CDR Centre distance to]eraﬁce modification factor

NOTE: Suoaested values for minimum and maximum
backlash have been incorporated in algebraic
functions (y = axP) with the modification factors
increasing or decreasing the "a" term. For normal
power qgearinag, BLL = BLU = 1.0 is suagested, while
for control aearing BLL = BLU = 0.0 results in
zero delibrate tooth thinning, but an.equivalent
tooth thinning to represent an error envelope over
the cear tooth is produced.

The tooth thinning ratio is normally BLR = 0.5,
with each gear accenting half of the tooth thinning
allowance for minimum backlash. If the pinion has
a-small number of teeth which have been enlarged to
avoid problems of undercut (i.e. smaller ratio of .
the number of teeth to pitch circle diameter), the
gear may take a greater portion of this backlash
allowance in order to avoid the absurdity of
increasing the tooth thickness to avoid undércut
and then thinninag the tooth to introduce backlash.
In such cases the value of BLR may range between
0.0 and 0.5.

The suqggested centre distance tolerances for the
various AGMA quality classes have been incorporated
in linear eaquations (y = ax + b), with the resultant
tolerance direct]y proportional to the linear result
times the modification factor. The CDR factor has
been introduced to provide a degree of flexibility,
and it expresses the ratio of the desired centre
distance tolerance to the computer suggested centre
distance tolerance. Since the computer values
reflect AGMA suggestions, CDR = 1.0 should be
generally utilized.

CYCLE Required number of life cycles of operation.

NOTE: The fatique strength of a material varies

as a function of the number of loading cycles.

For steel, this strength decreases with increased
loading cycles until the endurance limit is reached,
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after which the fatique strenath basically remains
constant for increased loading cycles. The AGMA

has found that, for steels, the endurance 1imit
occurs generally at 107 cycles, with the fatigue
strength at lesser cycles determined by a general
1ife factor function. Table 1.1 and 1.2 along

with Figure 1.3 represent sugagested fatique strength
or endurance limits for various steels.

If the fatique 1imits are beina used for materials
not listed in these tables, the actual fatique
strength of the material at the required number of
life cycles of opneration should be specified in
SAF1, SAF2, SAC1 and SAC2 while the_value of
CYCLE should be set. greater than 107, This procedure
bvypasses the life function specified in the
program for the steels mentioned in the previous.
charts.

Driven machine loading mode
1.0 load on driven machine - uniform

2.0 load on driven machine - moderate
3.0 1load on driven machine - heavy

NOTE: Table 1.3 may aid in the selection of the
loadingo mode of the driven machinery.

Power source loading mode
1.0 oower source - uniform

2.0 nower source - light shock
3.0 power source - medium shock

NOTE: Table 1.4 may aid in the selection of the
loadinag mode of the driven machinery.

Reliability of design

NOTE: For qeneral annlications set RELI

while for more reliable desians set RELI = 0.999

0i1 or qear blank temneratures (degrees Fahrenheit)

DESIGN CONTROL FACTORS (inteaer numbers)

NCUTI
NCUT2

Pinion .
Gear } Hob cutter type

= ] if gear cut by rack or hob with sharp
cornered teeth

= 2 if qear cut by rack or hob with rounded
corners.



A 132

TABLE 1.3 Load Classifications for Various App]ications;(4)
The following table lists and classifies the character
of the load in various applications for gearmotors. A gear-
motor is defined as the combination of an enclosed gear drive
and an elective motor with the frame of one component supporting
the other, and with the motor shaft common with or directly
coupled to the input pinion shaft. Thus, these values should
only be taken as mfnimum suggestions in classifying an application.
The pitch line velocity during operation should ﬁot exceed

5000 fpm.

Nomenclature :

u = uniform
M = medium shock
H = heavy shock
L.C. = load classification
Application L.C. Application L.C.
AGITORS Scale Hopper
Pure Liquids U Frequent Starts M
Liquids and Solids M CAN FILLING MACHINES U
Liquids -- Variable CANE KNIVES M
Density M CAR DUMPERS H
Semi-Tiquids CAR PULLERS -- Intermittent
--Variabie Density M Duty M
BLOWERS CLARIFIERS U
Centrifugal CLASSIFIERS M
Lobe CLAY WORKING MACHINERY
Vane Brick Press H
BREWING and DISTILLING Briquette Machine H
Bottling Machinery U Clay working Machinery M
Brew Kettles Pug Mill M
-- Continuous Duty U COMPRESSORS
Cookers -- Continuous Centrifugal U
Duty u Lobe M
Mash Tubs Reciprocating
-- Continuous Duty U Multi-Cylinder M
Single-Cylinder H
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Application L.C. Application L.C.
CONVEYORS -- UNIFORMLY Man Lifts
LOADED OR FED Passenger
Apron U Service -- Hand Life H
Assembly u FANS
Belt u Centrifugal u
Bucket u Cooling Towers
Chain’ U Induced Draft M
Flight U Forced Draft
Oven U Induced Draft M
Screw . U Large (Mine, etc.) M
CONVEYORS -- HEAVY DUTY NOT Large Industrial M
UNIFORMLY FED Light (Small Diameter) U
Apron Ml FEEDERS
Assembly M Apron M
Belt M Belt M
Bucket M Disc u
Chain M Reciprocating H
. Flight M Screw M
Live Roll (Package) U |l FOOD INDUSTRY .
Oven M Beet Slicer M
Reciprocating -H Cereal Cooker U
Screw M Dough Mixer M
Shaker H Meat Grinders M
CRANES and HOISTS GENERATORS -- (Not Welding) | U
Main Hoists HAMMER MILLS H
Heave Duty H || LAUNDRY WASHERS
Medium Duty M Reversing . M
Reversing M | LAUNDRY TUMBLERS M
Skip Hoists M Il LINE SHAFTS
Trolley Drive M Heavy Shock Load H
Bridge Drive M Moderate Shock Load M
CRUSHERS Uniform Load u
Ore H Il LUMBER INDUSTRY
Stone H Barkers -- Spindle Feed M
DREDGES Barkers =-- Main Drive H
Cable Reels M Carriage Drive
Conveyors M Conveyors -- Burner M
Cutter Head Drives H Main or Heavy
Jig Drives H Duty. M
Maneuvering Winches M Main Log H
Pumps M Merrv-go-Round M
Screen Drive H Slab H
Stackers M Transfer
Utility Winches M Waste
ELEVATORS Chains -- Floor M
Bucket -- Uniform Load U Green ) M
Heavy Load M Cut-0ff Saws -- Chain M
Continuous U Drag M
Centrifugal Discharge U Debarking Drums H
Escalators U Feeds -- Edger M
Freight M Gang H
Gravity Discharge u Trimmer M
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Application L.C. Application L.C.
LUMBER INDUSTRY, Continued. Constant Density U
Log Deck H. Variable Density M
Log Hauls =-- Incline OIL INDUSTRY
-- Well Type H Chillers M
Log Turning Devices H 0i1 Well Pumping M
Planer Feed M Paraffin Filter Press M
Planer Tilting Hoists M Rotary Kilns M
Rolls -- Live-0ff Brg PAPER MILLS
-- Roll Cases H Agitators (Mixers) M
Sorting Table M Barker Auxiliaries,
Tipple Hoist M Hydraulic M
Transfers -- Chain M Barker, Mechanical M
Transfers -- Craneway M Barking Drum H
Tray Drives M Beater & Pulper M
Veneer Lathe Drives Bleacher U
MACHINE -TOOLS Calenders M
Bending Roll M Calenders -- Super M
Notching Press -- Belt Converting Machines, excepy M
Driven Cutters, Platers
Plate Planer H Conveyors U
Punch Press -- Gear Conveyors, Log H
Driven H Couch M
Tapping Machines H Cutters, Platers . H
Other Machine Tools Cylinders M
Main Drives M Dryers - M
Auxiliary Drives u Felt Stretcher M
METAL MILLS Felt Whipper H
BEridle Rol1 Drives H Jordans U
Draw Bench -- Carriage H Presses U
Draw Bench -- Main Drive H Pulp Machines, Reel M
Forming Machines H Stock Chests M
Pinch Dryer & Scrubber Suction Roll U
Rolls, Reversing Washers and Thickeners M
Slitters M Winders - u
Table Conveyors PRINTING PRESSES u
Non-Reversing M | PULLERS
Reversing M Barge Haul H
Winding Reels =-- Strip M PUMPS
Wire Drawing & Flattening Centrifugal U
Machine M Proportioning M
Wire Winding Machine M Reciprocating
MILLS, ROTARY TYPE Single Acting
Ball H 3 or more Cylinders M
Cement Kilns Double Acting
Dryers & Coolers M 2 or more Cylinders M
Kiins M Single Acting
Pebble H 1 ar 2 Cylinders
Rod H Double Acting
Tumbling Barrels H Single Cylinder
MIXERS Rotary -- Gear Type U
Concrete Mixers, Continuous M -- Lobe, Vane U
Concrete Mixers, RUBBER INDUSTRY
Intermittent M Mixer H




Application L.C. Application L. C.
RUBBER INDUSTRY, Continued TEXTILE INDUSTRY
Rubber Calender ‘ ' M Batchers M
Rubber Mill (2 or more) M Calenders M
" Sheeter M Card Machines M
Tire Building Machines Cloth Finishing Machines,
Tire & Tube Press Openers (Washers, Pads, Tenters)
Tubers and Strainers M (Dryers, Calenders, etc.) | M
SEWAGE DISPOSAL EQUIPMENT Dry Cans M
Bar Screens U Dryers M
Chemical Feeders u Dyeing Machinery M
Collectors, Circuline or Knitting Machines
Straightline U (Tooms, etc.)
Dewatering Screens M Looms ] M
Grit Collectors U Mangles M
Scum Breakers M Nappers M
Slow or Rapid Mixers M Pads M
Sludge Collectors U Range Drives
Thickeners M Slashers M
Vacuum Filters M Soapers M
SCREENS Spinners M
Air Washing U Tenter Frames M
Rotary -- Stone or Gravel M Washers M
Traveling Water Intake U Winders (Other than
SLAB PUSHERS M Batchers) M
STEERING GEAR M Yarn Prepartory Machines
STOKERS u (Cards, Spinners, Slashers -
etc.) M
WINDLASS M
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TABLE 1.4 General Classification of Power Sources.(s)
The following chart lists and classifies the character
of general classes of prime movers for gear speed reducers.
These should only be taken as minimum suggestions in classifying

a power source,

Nomenclature :

U = uniform

L = 1light shock
M = medium shock
H = heavy shock

Duration of Service

Prime Mover

Less than
3 hrs./day

Less than
10 hrs./day

24 hrs./day

Electric Motors

U

U

L

Multi-Cylinder
Internal '
Combustion
Engine

Single Cylinder
Internal ~
Combustion
Engine
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NOTE: In aeneral NCUT = 2 will represent the most
realistic manufacturina method, The radius of
curvature of the rounded corner of the hob teeth
simulated in the proqgram is a function of the
clearance.

MLOAD 0 for computer determined load location on

gear tooth

1 for tooth tip-loading
for highest point of sinale tooth contact
loading

nn
~nN

NOTE: For aeneral purposes the design should be
carried out assuming tip-loading (i.e. NLOAD = 1),
since the theory used to determine if the actual
loading is tip loadina or highest point of single
tooth contact loading, cannot be guaranteed in
all cases. At the same time the NLOAD = 0 usage
takes an excessive amount of computer time. The
NLOAD = 0 and NLOAD = 2 facilities should only

be used to analyze a aiven design., If they are
implemented ‘in an optimization search, the
startina values for the search should be feasible
results from a tip-loading solution.

NQUAL AGMA quality number

NOTE: Table 1.5 suagests quality numbers for
various types of machinery.

OPTIMIZATION OPTIONS (integer numbers)

ISTRT = 0 computer evaluated starting values employed
-as initial optimization values

1 user suggested starting values employed
as initial optimization values

STRT(I) Array containing n user suagested startinag values
where n specified the number of independent
variables.

MOTE: Because of the opntions in defining which
quantities are to be desiagn variables, it is not
nossible for the user to relate design variables

to elements of STRT(I) until one run has been

made., Thus, for the first run, the user must
accept the internal starting values. The resultant
output, then relates design variables to elements
of X{I), which corresponds to STRT(I).
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Table 1.5 Applications and Suggested Quality Numbers

This table indicates a tabulation of many industrial
and end use applications for §pur gearing with typical AGMA
Quality Numbers for many applications. When selecting a Quality
Number for an industry or an application which is not shown use
a similar industry or application as a gquide. The AGMA Quality
Number shown opposite each item of equipment identifies the
quality of gearing generally used. Ther may be certain designs
or operating conditions that would justify specifying gears to
lower or higher Qua]ify Number. In the interest of economy,
use the 1owé Quality Number shown, unless some of the conditions
of the equipment or its operation indicate the use of: the

higher Quality Number.

Application . *Quality Numbers Application *Quality Numbers

AEROSPACE BAILING MACHINE 5~ 7

Actuators 7-11 :

Control Gearing 10-12 BOTTLING INDUSTRY

Engine Accessories 10-13 Capping - 6~ 7

Engine Power . 10-13 Filling 66— 7

Engine Starting 10-13 Labeling 6~ 7

Loading Hoist 7-11 Washer, Sterilizer 6- 7

Propeller Feathering 10-13

Small Engines 12-13 BREWING INDUSTRY

Agitator 6~ 8

AGRICULTURE . Barrel Washer 6— 8

Baler 3-7 Cookers 6—- 8

Beet Harvester 5- 7 Filling Machines 6- 8

Combine 56— 17 Mash Tubs - 6~ 8

Corn Picker 5—- 7 Pasteurizer 6~ 8

Cotton Picker 65— 7 Racking Machine 86— 8

Farm Elevator 3-7 '

Field Harvester 5— 7 BRICK-MAKING MACHINERY 5~ 7

Peanut Harvester 3- 7

Potato Digger 56— 7 BRIDGE MACHINERY 5— 7
AIR COMPRESSOR 10-11 BRIQUETTE MACHINES ’ S 7
AUTOMOTIVE INDUSTRY 10-11

*Quality Numbers are inclusive, from lowest to highest numbers showri.
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Application

*Quality Numbers

Application

*Quality Numbers

CEMENT INDUSTRY
. {Quarry Operation)
Conveyor
Crusher
Diesel-Electric Locomotive
Electric Dragline (cast gear)
. {cut gear)
Electric Locomotive
Electric Shovel  (cast gear)
{cut gear)
Elevator
Locomotive Crane (cast gear)
{cut gear)

{Plant Operation)
Air Separator
Ball Mill
Compeb Mill
Conveyor Mill
Cooler °
Elevator
Feeder
Filter
Kiln
Kiln Slurry Agitator
Overhead Crane
Pug, Rod, and Tube Mills
Pulverizer o
Raw and Finish Milt
Rotary Dryer
Sturry Agitator

CHEWING GUM INDUSTRY
Chicle Grinder
Coater
Mixer-Kneader
Molder-Roller
Wrapper

CHOCOLATE INDUSTRY
Glazer, Finisher
Mixer, Mill
Molder
Presser, Refiner
Tampering
Wrapper

CLAY WORKING MACHINERY

COMMERCIAL METERS
Gas
Liquid, Water, Milk
Parking

65—
65—
8—

6—
6—

6—
65—

5—

B
55—
5—
5—
5—
5—
B
5—
5—
.
.
B
5—
5

[ R NoNo R N oNo Yoo oo RN Re N ) NWOHARWRRWORD

6—
G-
6—
68—
6—

€0 00 €0 00 00

6—
6—
6—
6—
6—
6—

~ 0 00 00000

77—
7—
7—

W0 O

COMPUTING AND ACCOUNTING MACHINES

Accounting - Billing

Adding Machine — Caluclator
Addressograph

Bookkeeping

Cash Register

Comptometer

Computing

Data Processing

Dictating Machine
Typewriter

9-10
7- 9

9-10
6~ 8

10-11
7- 9

CONSTRUCTION EQUIPMENT
Backhoe
Cranes, Open Gearing
Enclosed Gearing
Ditch Digger
Transmission
Drag Line
Dumpster
Paver, L.oader
Transmission
Mixer
Swing Gear
Mixing Bucket
Shaker
Shovels, Open Gearing
Enclosed Gearing
Stationary Mixer, Transmission
Drum Gears
Stone Crusher, Transmission
Conveyor
Truck Mixer, Transfer Case
Drum Gears .

CRANES
Boom Hoist
Gantry
Load Hoist
Overhead
Ship

CRUSHERS
Ice, Feed )
Paortable and Stationary
Rock, Ore, Coal

DAIRY INDUSTRY
Bottle Washer
Homogenizer
Separator

DAMS AND LOCKS
Tainter Gates

DISH WASHER
Commercial

DISTILLERY INDUSTRY
Adgitator
Bottie Filler
Conveyor, Elevator
Grain Pulverizer
Mash Tub
Mixer
Yeast Tub

ELECTRIC FURNACE
Tilting Gears

6- 8
3- 6
6- 8
3-8
6— 8
65— 8
6— 8 .
3

8
3-5
3- 5
3

8
3- 6
6— 8
8
3-5
8

6

9
3-5

5—
5—
5
5—.
5—

~NoONO;

6—
6—
6—

o RN ]

66—
7-
7~

WO~

5- 7

5-7

5—
65—
6—
6—
58—
5—
65—

SNNNONNN

56— 7

ELECTRONIC INSTRUMENT CONTROL

AND GUIDANCE SYSTEMS
Accelerometer

Airborne Temperature Recorder

Aircraft Instrument
Altimeter-Stabilizer

10-12

12-13

12
9-11

*Quality Numbers are inclusive, from lowest to highest numbers shown. .
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Application *Quality Numbers Application *Quality Numbers
Analog Computer 10-12 MARINE INDUSTRY
Antenna Assembly ’ 7- 9 Anchor Hoist 6— 8
Anti-Aircraft Detector 12 Cargo Hoist 7- 8
Automatic Pilot 9-11 Conveyor -7
Digital Computer 10-12 Davit Gearing 5- 7
Gun-Data Computer 12-13 Elevator 6— 7
Gyro Caging Mechanism - 10-12 Smalil Propulsion
Gyrascope-Computer 12-13 Steering Gear 10-12
Pressure Transducer ©12-13 Winch 8
Radar, Sonar, Tuner 10-12 5- 8
Recorder, Telemeter 10-12
Servo System Component 9-11 METAL WORKING .
Sound Detector 9 Bending Roll 5-7
Transmitter, Receiver 10--12 Draw Bench 6- 8
Forge Press 5-17
ENGINES Punch Press 5- 7
Diesel, Semi-Dieset and Internal Combustion Roll Lathe 5-7
Engine Accessories 10-12 .
Supercharger 10-12 MINING AND PREPARATION
Timing Gearings 10-12 Agitator
Transmission 8-10 Breaker 65— 6
Car Dump 5—- 6
FARM EQUIPMENT . 1 Car Spotter 5-7
Milking Machine 6—- 8 Centrifugal Drier 7- 8
Separator . 810 Clarifier 7- 8
Sweeper . 4-6 Classifier 7- 8
. Coal Digger 6-10
FLOUR MILL INDUSTRY Concentrator 5- 6
Bleacher 7- 8 . Continuous Miner 6— 7
Grain Gleaner - 7- 8 Cutting Machine 6-10
Grinder ) 7-- 8 Conveyor ’ 5-7
Hulling v 7—- 8 Drag Line, Open Gearing 3—- 6
Milling, scouring : 7- 8 Enclosed Gearing 6— 8
Polisher ) 7- 8 Drills : 5—- 6 -
Separator 7- 8 Drier 5- 6
Electric Locomotive 6- 8
FOUNDRY INDUSTRY ) Elevator | 5— 6
Conveyor 5—- 8 Feeder 6— 8
Elevator 5- 6 Flotation 5- 6
Ladle 56— 6 Grizzly 5- 6
Molding Machine 5—- 6 Hoists, Skips 7- 8
Overhead Cranes 5- 6 Loader {Underground) 5—- 8
Sand Mixer 5- 6 Rock Drill 5—- 6
Sand Slinger 5- 6 Rotary Car Dump 6— 8
Tumbling Mill 5— 6 Screen (Rotary) 7- 8
Screen (Shaking) . 7- 8
HOME APPLIANCES Separator 65—~ 6
Biender 6-8 Sedimentation 5- 6
Mixer -9 Shaker 6— 8
Timer 8-10 Shovel 3-8
Washing Machine 8-10 Triple Gearing- 5- 7
! Washer 6- 8
MACHINE TOOL INDUSTRY Lo
Hand Motion (other than Indexing and Positioning) 6— 9 PAPER AND PULP
Feed Drives 8 and up Bag Machines 6—- 8
Speed Drives 8 ond up Bleacher, Decker ‘
Muttiple Spindel Drives 8 and up Box Machines 6— 8
Power Drives, 0-800 FPM €~ 8 Building Paper 6— 8
800-2000 FPM 8-10 Calender 6~ 8
2000-4000 FPM 10-12 Chipper 6— 8
Qver 4200 FPM ~12andup Coating 66— 8
Indexing and Positioning — Approximate Positioning §—-10 Digester
Accurate Indexing and Positioning 12 and up Envelope Machines 6~ 8
Food Container 6- 8

* Quatity Numbers are inciusiva, from lowest to highest numbers shown.
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Application

*Quality Numbers

Application

*Quality Numbers

Glazing 6— 8 Rubber Mill, Scrap Cutter 5—- 7
Grinder . Tire Building 6—- 8
Log Conveyor — Elevator 5- 7 Tire Chopper _ 5— 7
Mixer, Agitator 6— 8 Washer, Banbury Mixer 5— 7
Paper, Machine
Auxiliary 8- 9 SMALL POWER TOOLS
] Main Drive 10-12 Bench Grinder 6— 8
Press, Couch, Drier Rolls 6—- 8 Drills-Saws 7-9
Save-all Hair Clipper 7- 9
Slitting 10-12 Hedge Clipper 7- 9
Steam Drum 6— 8 Sander, Polisher 8-10
Varnishing 6— 8 Sprayer 6—- 8
Wall Paper Machines 6- 8
SPACE NAVIGATION.
PAVING INDUSTRY Sextant and Star Tracker 13 and up
Aggregate Drier 5— 7
Aggregate Spreader 5- 7 STEEL INDUSTRY
Asphalt Mixer 5~ 7 Auxiliary and Miscellaneous Drives
Ashpalt Spreader 5-7 Annealing Furnance 5- 6
Concrete Batch Mixer 5— 7 Bending Roll 5—- 6
Blooming-Mill Manipulator 5- 6
PHOTOGRAPHIC EQUIPMENT Blooming-Mill Rack and Pinion _ 5-86
Aerial 10—-12 Blooming-Mill Side Guard 5- 6
Commercial 8-10 Car Haul 5~ 6
' Coil Conveyor 5- 6
PRINTING INDUSTRY. Edger Drives 5— 6
Press, Book 9-11 Electrolytic Line 6— 7
Flat 9-11 Flange-Machine tngot Buggy 5—- 6
Magazine 9-11 Leveler 6—-7
Newspaper 9-11 Magazine Pusher 6~ 7
Roll Reels 6-— 7 Mill Shear Drives 6—-7
Rotary 9-11 Mill Table Drives (under 800 ft/min) 5~ 6 -
Book Binding Mill Table Drives {over 800-1800 ft/min) 66— 7
Mill Table Drives {over 1800 ft/min) 8
PUMP INDUSTRY Nail and Spike Machine 5- 6
Liquid 10-12 Piler . 5- 6
Rotary - 6—- 8 Plate Mill Rack and Pinion 5- 6
Slush-duplex-triplex - . 6— 8 Plate Mill Side Guards 5—- 6
Vacuum 6- 8 Plate Turnover . 5— 6
' Preheat Furnace Pusher 5- 6
QUARRY INDUSTRY Processor 6- 7
Conveyor-Eievator 6— 7 Pusher Rack and Pinion 5- 6
Crusher 5—7 Rotary Furnace 5~ 6
Rotary Screen 7- 8 Shear Depress Table 5- 6
Shovel-Electric-Diesel Slab Squeezer 56— 6
Slab-Squeezer Rack and Pinion 5- 6
RADAR AND MISSILE Slitter, Side Trimmer 6— 7
Antenna Elevating 8-10 Tension Reel 6—- 7
Datz Gear 10-12 Tilt Table, Upcoiler 5- 6
Launch Pad Azimuth 8 Transfer Car 5~ 6
Ring Gear g9-12 Wire Drawing Machine 6- 7
Rotating Drive 10-12 Blast Furnace, Coke Plant
Open-Hearth and Soaking Pits
RAILROADS Miscellaneous Drives
Construction Hoist 56— 7 Bessemer Tilt-Car Dump 5—- 6
Wrecking Crane 6— 8 Coke Pusher, Distributor 5— 6
Conveyor, Door Lift 5— 6
RUBBER AND PLASTICS Electric-Furnace Tift 5- 6
Boot and Shoe Machines 6— 8 Hot Metal Car Tilt 5- 6
Drier, Press 6- 8 Hot Metal Charger 5-- 6
Extruder, Strainer 6— 8 Jib Hoist, Dolomite Machine 5—- 6
Mixer, Tuber 6— 8 Larry Car, 5~ 6
Refiner, Calender 5—- 7 iixing Bin, Mixer Tilt 5— 6

*Quality Numbers are inclusive, from lowest to highest numbers shown.
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Application *Quality Numbers

Application

*Quality Numbers

Ore Crusher, Pig Machine
Pulverizer, Quench Car
Shaker, Stinter Conveyor
Stinter Machine Skip Hoist
Slag Crusher, Slag Shovel

Primary and-Secondary Rolling Mill Drives

""Blooming and Plate Mill
Heavy Duty Hot Mill Drives
Slabbing and Strip Mill

Hot Mill Drives
Sendzimer-Stekel
Tandem-Temper-Skin
Cold Mill Drives
Bar, Merchant, Rail, Rod
Structural, Tube
Mill Gearing
Billet Mills
Free Roughing
Tandem Roughing
Finishing
Cold Milis
Reversing
Tandesm
Temper
Foil
Hot Mills
Blooming and Slabbing Mills
Continuous Hot Strip Mills
Free Reversing Roughing

65—
5—
85—
5—
85—

65—
5—
B

7—
6—

~! 00 [N N} oo

5-
65—

[N ]

85—
5—
5—

[ X N0]

7—
7—
7—
7—

B—
85—

OOOM C0 00 00 00

Tandem Roughing {including Scalebreaker) 5~ 6

Finishing
Merchant Mills
Roughing
Intermediate
Finishing
Plate Mills
Reversing Roughing
Unidirectional Roughing
Unidirectional Finishing
Rod Mills
Roughing
Intermediate
Finishing
High Speed
Skelp Mills
Roughing
Intermediate
Finishing
Structural and Rail Mills
Heavy
Reversing Rougher
Finishing

-

6- 7

77—
7

5—
85—
5—

DOM Qoo

6-- 7
7- 8
10-12
12-14

6- 7
7—- 8
7- 9

5— 6
b- 6

Light
Roughing
Finishing

Overhead Cranes

Billet Charger, Cold Mill

Bucket Handling

Car Repair Shop

Cast House, Coil Storage

Charging Machine

Cinder Yard, Hot Top

Coal and Ore Bridges

Electric Furnace Charger

Hot Metal, Ladle

Hot Mill, Ladle House

Jib Crane, Motor, Room

Mold Yard, Rod Mill

Ore Unloader, Stripper

Overhead Hoist

Pickler Buitding

Pig Machine, Sand House

Portable Hoist

Scale Pit, Shipping

Scrap Balers and Shears

Scrap Preparation

Service Shops

Skull Cracker

Slab Handling
Precision-Gear Drives

Diesel Electric Gearing

Flying Shear

Shear Timing Gears

High Speed Reels

Locomotive Timing Gears

Pump Gears

Tube Reduction Gearing

Turbine

MISCELLANEQUS

Clocks

. Counters
- Fishing Reel

Gauges ’
IBM Card Puncher, Sorter
Metering Pumps

Motion Picture Equipment

Popcorn Machine, Commercial

Pumps

Sewing Machine
Slicer

Vending Machines

(]
i

5—

5—
5—
5—
85—~
55—
55—
5—
5—
5—
5—
5—
5—
h—
5—
85—
5—
5—
5~
5—
5—
. 5_
B—
5

DA ADIRARNAOONONOADHOHONNONOINADOD O

8- 9
9-10
9-10
8- 9
9-10
8- 9
8- 9
9-10

7-9
8-10
7—

6—
65—

7—
6-—

~ 0 ~N o~ fe:]

*Quality Numbers ara inclusive, from lowest to highest numbers shown.
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NOF1 = minimum volume optimized

"
(oo ]

minimum volume not optimized.
NOF2 = maximum contact ratio optimized
= 0 maximum contact ratio not optimized

NOF3 = 1 minimum centre distance optimized

]
o)

minimum centre distance not optimized
NOF4 = minimum face width ontimized
= 0 minimum face width not optimized

NOTE: For further information on the optimization
criteria see Section 1.3 or reference [1].

1.5 HOW TO SET UP CALLING PROGRAM

The calling program must have exactly the form of the
following example with decimal points added where indicated.
Labelled COMMON blocks ]fsted below are placed in the calling
proaram to transfer data to and from the package. Blocks BLKO
to BLK4A inclusive are sufficient to input all required data.
If, however, output results from the package are used for other
analysis (e.g. plotting routines, etc.), blocks BLKO to‘BLKls
inclusive are required. Following the list of input daté, the
CALL SPUR statement calls the package. The CALL TOCKS and CALL
TOCKP statements are CDC 6400 subroutines to print out the
amount of execution time between the CALL statements. An
equivalent subroutine to print executive time, if desired, as
well as other control cards will be required in accordance with

the computer used.
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COMMON/BLKO /IDATA,IPRINT,IYRITE,.NTYPE

COMMON/BLK1 /BHN1,BHN2,E1,E2,RHO1,RH02,SAC1,SAC2,SAF1,UT,U2
COMMON/BLK2 /HP,RPMI ,RPMO,SHAFTI,SHAFTO,CD,FW ,PAD,TEETHI
COMMON/BLK3 /ADD1,ADDK2,DEDK1,DEDK2,ADD1,ADD2 DED1,DED2
COMMON/BLK3A/CDMAX,CDMIN,FWMAX ,FUMIN,PADMAX ,PADMIN
COMMON/BLK3B/BLL, BLU BLR,CDR

COMMON/BLK4 /CYCLE DRIVEN DRIVER,NCUT1,NCUT2,NLOAD ,NQUAL ,RELI ,TEMP
COMMON/BLK4A/ISTRT ,STRT( 8) NOF1,NOF2, NOF3 NOF4

COMMON/BLK5S /BP,CP;DP,PAR,PLV,RATIO,RPM],RPMZ,SHAFT],SHAFTZ,TEETHZ
'‘COMMON/BLK6 /PR1,PR2,RB1,RB2,RI1,RI2,RM1,RM2,R01,R02,RUT1,RU2
COMMON/BLK7 /ADDL1,ADDL2,CCC1,CCC2,CRATIOQ,EFF
COMMON/BLK7A/HUBL1,HUBL2 ,HUBRT ,HUBR2 ,RIM1,RIM2 ,WEB1 ,WEB2,VOL1,VOL2
COMMON/BLK7B/ANGC1,ANGC2 ,ANGL1 ,ANGL2 ,RLT,RL2 ,RLLY,RLL2 ,RLMT,RLM2
COMMON/BLK7C/XKEY1,XKEY2 ,VOLMIN,VOLMAX,XLA,XLR,T01,T02,TP1,TP2
COMMON/BLK8 /CE,CF,CH,CJ,CL1,CL2,CM,CO0,CR,CS,CT,CV .
COMMON/BLKSA/QJ1,QJ2,QL1,QL2,QM,Q0,QR,QS,QT,QV

COMMON/BLK9 /COD,CODL1,CODL2,Q0D,Q0DL1,Q0DL2

COMMON/BLK10O /SB1,SB2,SBM1,SBM2,551,552,5SM1,SSM2
COMHON/BLK]OA/PAB] PABZ PAN] PANZ TORQ] TORQZ WA, WR,WT ,WN
COMMON/BLKI1 /J,K,N,NN, NCD NFW NTOOTH NDRIVE, NNLOAD NOPT LNOFN,PI
COMMON/BLK11A/NVAR(8) NSTD(8) NOF(4)

COMMON.BLK13 /BBA1, BBAZ BBX1, BBX2 BBY1,BBY2,RT1,RT2
COMMON/BLK14 /TOLR] TOLRZ TOLP1 TOLP2 PTOL] PTOLZ TOLLT, TOLL2
COMMON/BLK14A/TTCT1,TTCT2,TCT1 TCTZ TPTL] TPTL2 TPTUT TPTU2
COMMON/BLK]4B/TPTE1,TPTE2,TPTV1,TPTVZ,CDTOLL,CDTOLU,ERR
COMMOMN/BLK15 /BLMIN,BLMINT,BLMAX,BLMAXT,BLMAXU,DELBL,BL1,BL2

The following example, Table 1.6 has all data and
results printed for demonstration purposes.
1.6 OUTPUT INFORMATION

The input data is reprinted in the output for reference
according to the printout options, along with the variable list,
initial values for the independent variables, and input data
from the optimization technique. The intermediate results
printed present the true optimization function; the artificial
optimization function, a modified optimization function to
include constraints; and the design variables after every cycle
requested. On completion of the optimization procedure, the
optimum value of the criterion characteristic is printed along

with the corresponding design variables and the inequality
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LOADING ANALYSIS
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BACKLASH ANALYSIS
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constraints for those users familiar with optimization theory.

The printout then continues with the violated constraint

evaluation, if necessary, and the independent - dependent

design variable list. The output results of the example problem

are printed in Table 1.7.

REFERENCES
(1) Stratfon, J.D., "Optimum Computer Design of External

Spur Gears", Masters Thesis 1972, McMaster University.
(2) AGMA 210.02, "AGMA Standard for Surface Durability

(Pitting) of Spur Gear Teeth", January 1965.
(3) AGMA 220.02, "AGMA Standard for Rating the Strength

“of Spur Gear Teeth", August 1966. .

(4) AGMA 150.03, "Application Classification for Spur,

Helical, Herringbone and Bevel Gear Gearmotorsé, Apfi] 1968,
(5) AGMA 151.02, "Application Classification for Helical |

Herringbone and Spiral Bevel Gear Reduces", December 1963.

NOTE: A11 other AGMA Publications employed in the design

package have been noted in reference (1).
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