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Abstract— What sets the basis for a sturdy, durable,
quiet, and sustainable bevel gear pair torque
transmission application? And, which of the engiitep
concerns of strength and wear governs the choiggeaf
material(s) for optimum performance? That lies et
nexus between the bevel gears sizing design, aadedke
analysis for adequacy of withstanding the statiad an
dynamic loadings, and satisfying the conditionsttha
prevent premature tooth fracture, and surface wdar.
this paper a computational interactive tool for
conservative design and analysis of standard shtaig
bevel gears is presented. Developed with VisualicBas
the program, TSBgear, can be used for the geometric
sizing, strength and mesh contact conditions aiglyi$he
bevel gears design sizing decision is based oniaripr
specifications of selected combinations of facdwidt
module, pinion pitch diameter, gear pitch diametengd
number of teeth on pinion and gear based on a stahd
20-degrees pressure angle. Adequacy assessment for
service and proper function of the bevel gear mash,
provided for in the program, allows for satisfagtor
design evaluation. With many variables and reladhuips

to consider in a bevel gear pair application designd
analysis, the program presented, simplifies the -non
profile shifted, 90-degrees shaft angle type, gtiabevel
gears design process selection for an optimal. Rrog
flowcharts are presented. An application exampleaof
fine ground medium precision straight bevel geasigie
and analysis is shown.

Keywords— Gears, Bevel Gears, Power Transmission,
Final Drive, Rear Axle, Engineering Programs.

l. INTRODUCTION
Power and motion transmission in non-parallel and
intersecting shafts requires the use of bevel ggHrs
Such apply in rear axle final drive differential
transmissions of light vehicles in the automotindustry,
precision gearing of rotors of rotary-wing airceafthe
trailing edge flap drive of the Boeing 737, Coastal
Marine-structure “smart” applications - in floodgat
levees, and spillways in dams, the chemical planticg

tower fan gearing — the “floating half-shaft contéepnd
general industrial applications in hand and powslisd
roller shutter doors, robotics, military equipmenénd
several others [2-4]. Four types of bevel gears are
primarily in use - straight, spiral, hypoid, andrde the
Zerol is a propriety type bevel gear design of @eason
Company [5]. Straight bevel gears, the focus of thi
paper, are applied for economical, steady, lightlJdow
linear speed transmissions up to 5 m/s [5, 1]. Eligh
speed applications of straight bevel gears areynmisl
jerky [6]. Deutschman, Michels and Wilson [1], hoxee,
report that with good manufacturing finish of that c
gears by such processes as grinding, higher spgetts
about 75 m/s, and less noisy applications have been
attained. In the sections that follow, after a deth
presentation of the geometric sizing equations, the
fundamental equations for the strength and weagueaty
assessment is presented. In the development of the
TSBgearprogram, Osewere [7], applied the Sterling
Instrument [6] recommended data for general indalstr
applications with sets limits of: module (1.5 mm25
mm), pitch circle diameter (< 1600 mm), linear spée

25 m/s) and shaft rotating speed of less than 3660

[6].

Il. DESIGN EQUATIONS FOR BEVEL GEAR
SIZING
Figs. (1), (1a) and (1b) show bevel gear pair lineed
angular geometry features. The defined design geame
features and parameters are obtained, in line with
equations given in the sections that follow, and in
accordance with the general design consideratifriseo
American National Standards Institute/American Gear
Manufacturers Association, ANSI-AGMA D03 [8], Japan
Industrial ~ Standards/Japanese Gear Manufacturer
Association (JIS/JJGMA), and Sterling Instrument. [6]
JIS/IJGMA data is as reported by Sterling Instrunféht
2.1.Module, Number of Teeth
Module, m is used as metric standard input and relates to
the number of teeth on the pinion and gear by the
relations of (1) and (2) respectively.
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d
Number of teeth for pinionzl =1 (2)
m
d
Number of teeth for geaZz = — (2)
m

Where, d; and d, are pinion and gear pitch

diameters in [mm}espectively. In all cases, subscript, 1,
refers to pinion, and subscript, 2 is for gear ssle
otherwise stated.

0=Pitch

M= Pitch Apex o Crown

Fig. 1: Bevel Gear Pair Geometry Features — Redrawn
with modifications from following Sources: Stok&; [
Online: everpower [10]; ANSI-AGMA D03 [8]; Sterling
Instrument [6]

Crown Gear

or Wheel Pinior

Fig. 1b: Half-Section Bevel Mesh showing Dimengiangles [6]

2.2. Pitch cone Angle for Pinion and Gead {85

[degrees]
Bevel gear teeth are located along the elemenssooine
(see Figs. 1 and 1a), and dependent on the ratiaraber

of teeth in the two mating gears [11]. Also, fromng.FL, it
is seen that, the pitch diameter forms the fru$ta cone
at the pitch apex, with defined pitch cones anffi¢sThe
relationship between the ratio of number of ted#eth
ratio), and pitch cone angles is shown by (3):

_ sin ¥
51 =tan 1 7z o (3)
—=+4cos X
24

8,=% —s1 (4)

Where X =shaft angle. For most applications, Shaft
angle,2 =90-deg,referred to as “bevel gear in right-angle
drive”. In other applications, referred to as “begear in
non-right angle drive”, the shaft angles are othan the
90-deg [6, 9].

2.2.1. Velocity or Speed Ratid, [m/s]

The velocity or speed ratio of a bevel gear mesh is
derived from the number of teeth, pitch diametet dre
pitch cone angles as defined by (4a),
Z, _d;, _sing

Z, d, sing,

The convention in the program is for a speed requce
with the pinion as the driver, andl.

(42)

2.3. Outer Cone Distance, R, [mm]

The distance from the end of a pitch cone, to teshimg
gears coincident pitch cones’ apex point (the pépax).

d,

®  2sinéd, )

2.4. Tooth Flank Width (or Facewidth),b [mm]
This is related to the outer cone distance andhddfby
Sterling Instrument [6], by the relation of (6),

R
It should be less than;e or 10m (6)

Shigley and Mischke [5], sets facewidth conditigntibe
relation of (6a)

b= min(F% 10mj (62)
Some designers, Mott [11], interpret (6), and (Ba)

(i) Preferred facewidth as R%; and,

(i) A maximum facewidth astOm.

2.5. Mean Cone DistanceRm [mm]

The distance measured from the midpoint of a pEtaie
flank to the pitch apex. It is defined by (7)
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R, =R,—05b @)
2.6. Addendum, f_, [mm]
h, =1.00m ®)
2.7. Dedendum,hf [mm]
h, = 1188m )

2.8. Working Depth, Flw [mm]

An indication of the depth of engagement of tworgea
defined mathematically by (10):

h,, = 2.0m

2.9. Whole Depth,ft; [mm]

This is the total depth of a tooth space, i.e. st of the
addendum and the dedendum, and given as (11)):[6, 9

h = 2188n+ 005 (11)

Stokes [9], states that, in order to maintain umifo
clearance between the tip of the gear teeth, andoibt of
the teeth on the mating gear, bevel gears are rEbig
such that the face cone apex does not coincide tivéh
pitch cone apex. The clearance is the differendedsn
the Whole Depth and Working Depth as defined byj11
2.9.1 Clearancegc [mm]

¢ =0.188n+ 0.05 (11a)

The tolerance indicates that design can be vaoisdit
design and other requirements [8].

(10)

2.10. Dedendum Angleﬂf [degrees]

See Fig. 1b.

hy

R, 12)
2.11. Addendum Angle @ j[degrees]

Again, see Fig. 1b.

_ —1
Hf—tan

.- (3)

¢ (13)
2.12. Outer Cone Angle for pinion and gear,
5,11, 5,12 [degrees]
Ga1= 61+ 0, (14)
bg2= 6, + 0, (14a)
2.13. Root Cone Angle for pinion and gearﬁﬂ, ﬁfz
[degrees]
Op1= 6, -0 (15)
8pp= 6, -0 (15a)

2.14. Outside Diameter for pinion and gear,

dulJ duz [mm]
dal =d1+ ZhQCDS 61 (16)

2.15. Mounting Distance for pinion and gear,

X, X5 [mm]

For good performance, to prevent rough binding and
noisy operation, the distance from the back of dbar
hub to the pitch cones’ apex point (see also, EigO-
pitch apex—to-back) must be properly defined. Retéto

as the mounting distance (see Fig. 1b), it enableper
location of the axis of the mating gear; if lesarththe
defined, contact friction induced binding and iféeence
could occur, and when greater than recommendedd cou
lead to noisy operation through jamming due to the
excessive backlash [11, 6].

X, =R_,cosd;,—h_sin §, (17)
X, = R,cos8,—h,sind,
2.16.Axial Flank width for pinion and

(17a)

gearXpq. Xpz [mm]
The measured horizontal distance, from the bacthef
pitch cone to the front, at the inclined pitch camgle.

bcoséd
al
Xbl — —3 (18)
cos B4
b cos 64
b2 —
cos B,5
(18a)
2.17. Inner Outside Diameter for pinion and gear,
d;q, d;p (mm]
2bsind,
d,=d, - ——= (19)
cosd,
2bsino,
d,=d,, - -
cosd,
(19a)
2.18. Circular tooth thickness,s, [mm]
S= m (20)
2

2.19. Number of teeth of An Equivalent Spur gear fo

pinion and gear, £ 4, £ 2
44

~ cosé,

Zvl
(21)
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Z Z
"2 " cosé, (12
2.20. Back Cone Distance for pinion and gear,
va, sz [mm]
Ry
Cos &, (22)
= —dz
"2 " 2cos 6, (220)

2.21. Half of Tooth Angle at Pitch Circle for pinin
and gear, 8,1, 8 5 [degrees]

o 90
vi T &

Zul (23)
Hvz = 2 (23a)

Zv2
2.22. Chordal Thickness for pinion and gear,
$11,5 12 [mm]
S“_ - Zuim SlIl 61.?1 (24)
2.23. Chordal Addendum for pinion and gear,
.h,”_, htz [mm]
h!l - hﬂ + va I:]. — CO0S HUI)
(25)

2.24. Contact Ratio, £,

A concept that measures the overlap action foricootis
smooth tooth action and engagement, defined asathe
of the length of line-of-action to the base pitand
recommended in practice to be maintained>at2, [6].
Mathematically stated as:

_ VIIREal _ REM - \/Rsaz — Rsbz — (R, + Ryp)sing
. T COS € (26)
Where, R, = Outside radius of an equivalent spur gear;
R,,= Base Circle radius of an equivalent spur gear;
R, = Back cone distancep = pressure angle.
2.24.1. Outside Radius of an Equivalent Spur Gear,

£

Rva‘l! Rva.z [mm]
Rval = Rul + ha 27)
Rua? = RUE + ha (27a)

2.24.2. Base Circle Radius of an Equivalent Spur
Gear, R,pq. Rypz [mm]
Ry =R, cosa (28)

R, = R,cosa (28a)
2.25. Central or Mean Pitch Circle Diameter for

pinion and geard,,;q, d,,,2 [mm]

d,,, =d; — bsind; (29)
d,., =d, — bsind, (29a)
2.26. Inner Cone DistanceAiG [mm]

A; =R, -05b (30)
2.27. Inner Gear Spiral Angle, lﬁm [degrees]

1}5'1'5:'[]

2.28. Inner Transverse Pressure Anglear; [degrees]
4 tana
a; =tan™

|
COYs

2.29. Limit on Pinion Inner dedendum, b“ﬁ [mm]

(For Straight Bevel Gear) (31)

(32)

b, = A tand_ sin®ary, (33)
2.30. Pinion Inner dedendum,biiu [mm]
bi‘]:l = hf — {]Sbtan Hf

2.31. Coefficient of profile shift, x [mm]

h,—-h
x=-2 2 (35)
m
Where,h,, = addendum at outer end, and defined by
AGMA [8] by the relationship of (35a)y, is the standard

addendum as defined by (8).
h,, = h, + 0.5btand; (35a)

The Straight bevel gears of interest are non-gofil
shifted, & = 0); thereforeh, = h,,.

(34)

M. ADEQUACY ASSESSMENTFOR BEVEL
GEAR ANALYSIS
In drive motion transmissions, gear contact antéedgbn
imposes strains on the meshed pair due to varygggeas
of loading. The resulting stresses from wear, agding
are thus of analytical importance, since the geatenal
selected, must withstand service limitations irmigrof
strength, and surface resistance. In the sectibas t
follow, after a presentation of the equations arethod
for the bending stress analysis, the wear anadygisoach
is discussed. The Sterling Instrument [6], and AG8A
fundamentals are applied.
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3.1. Bending Strength Equations

The root stress due to the bending is of primamnceon.
Sterling Instrument [6] states the limiting conaliti for
the root stress as:
Or = 0rlim
Where,

O = Bending stress at the root; and

(36a)

Tr1im = allowable bending stress of the material
(which in most cases is the yield strength of tlzemial).
The acceptability condition of (36a) for safe bewgdi
stress at the root is derived from the analysisthef
tangential forceF, acting at the central pitch circle
versus the allowable tangential fordgym,, in line with
(36b) [6]:

Fon < F

tmlim (36b)
Allowable tangential forceFum is defined by (36c),
which is converted to strength relationship (37).

3.2. Tangential force at the central pitch circle,
Fipatim NI

R
Ferniim = 0.85 cos B, 0ypymb

—05b 1 KKgy 1
R, VWYY Kyl Ko Ky

3

(36¢)
Where, fj‘m = central spiral angle (degrees) = 0, for

straight bevel gear; m = module (mm);

b = facewidth (mm); Rg = Cone Distance

3.3. Bending strength, & g [Nmm‘z]

|AAAS R, KKK,

= Fem 85 cos p,.mbR, — 0.5 K,Kpy "7 (37)
The tangential force at the pitch circle,
F o= 20007,

d
Where, Tz = transmitted torque, (N mmy,, = central
pitch circle diameter as defined by (29) and (2%audl,
Ye, Y. Y5 Yo, Kn Ky, Ko, K, Kex, Kg, are bending
strength analysis factors to account for the varylasign
conditions of tooth profile, gear tooth generatmgter,
load distribution, life due to the cyclic repetitiof the
gear in operation, dynamic loading and overloadamy
an index of reliability.

3.4. Evaluating the factors in the Bending Strength
Equations

OF

(37a)

m

3.4.1 Form Factor for pinion and gear, ¥ gy, ¥ g2

This is a function of the profile shift in both fadand
axial directions and indicates the deviation fraandard
normal tooth profile, as a measure of theoreticalancut
limit [6].

YFl = 'CYFm (38)

Yeo = C¥poo (39)

Where,C = axial shift correction factor determined from

the value oK, the factor of axial shift obtained from the

relation of (40),

2(h,, - ha)tanan} - S _ o5y Xtana, (40)
cosp,, m cosp,,

K :i{s—O.SIm—
m

Where, e, =2 0% normal pressure angle
h’aﬂ = outer addendum as defined by (35a)

[,,,= mean spiral angle  [3(, =0 for straight bevel

gears)

x = Coefficient of profile shift

For Straight Bevels, withx(= 0), (40) reduces to (40a):
=Lis—05m}=2-057 (40a)

m m

Sterling Instrument [6], provide a useful chart of:

correction factorC, versus axial shift factoK. A least-

squares generated curve fit of the [6] chart iSneelf by

(42):

C = 0.809% * -1.0786K +0.9983 (41)

Substituting for the circular tooth thickness,in (40a)

with the value of (20), gives a value of the faatbraxial

shift, K = 0, for straight bevel gears. Thus, indicating no

axial profile shift. This gives a correction factof, C =

1.0, in the [6] chart, which correlates with the cufiteof

(41) with an observed error of about 0.2 percent.

In (38), and (39)Yz 1. Yzg; are radial tooth profile

factors for both pinion and gear respectively. riBtg
Instrument [6], provide general plot curves of rmpofile
and profile shifted gears, generated with a cutter with
a corner radiusy, related to the metric modulm, by the
relationship: y = 012m. In this paper, the curve of

interest is that ofx = 0, indicating no-profile shift.
Segmented Curve fittings of thex = 0, Sterling
Instrument [6] curve, along the lines of the obedrv
progressions defined by the virtual number of tegthby

the method of group averages suggested by Kandasamy
Thilagavathy, and Gunavathi [12] for such type peats,
results in the following equations:

For 127,<20: Yo, = 772%9% + 2707
(42a)
For 26Z,<50: Y, = 2183 €%%9% + 2304
(42b)
For 56<2,<100: Yq, =(-0.0035Z, + 257
(42c)
For 106:Z,<400: Y, = (-0.000333Z, + 2253
(42d)
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The relations (42a, 42b, 42c, and 42d), are afpkct

the radial tooth profile factors of the piniégg;, and

gear,Yeoz

Khurmi and Gupta [13], suggests that the tangefuiale

to satisfy the conditions for pinion and gear begdi
strengths be evaluated for by an iterative solubased
on the following conditions:

Op1 X Yeo1 2 Oy X Yeo, (42e)

The productg. XY, is called thestrength factor The

strength factor tends to impose a material comstrai
condition, viz.: If the condition of (42e) hold$en, the
gear is weaker, and the design decision is mad&vour

of the lower value of the produd; XYq, i.e., the

gear. Thus, (42e) is a reversible inequality. & ffinion
and the gear are made of same material, &8¢=Yroo,
take the pinion as the weaker material constraig}. [
3.4.2. Load distribution factor, ¥,

To account for the effect of non-uniform load distition
due to such likely causes as eccentric mounting,
deflections in shaft, tooth profile shift, the fmlNing
correction for smooth operation is applied [6]:

1
Y, =—

fa (43)
Where,£ ;=radial contact ratio
3.4.3. Spiral Angle factor,Y,
Y, =1- P

12C
Where,ﬁm=0, for straight bevel gears, implying =1.

(44)

3.4.4. Cutter diameter effect Y.

Y.: =1.15, For straight bevel gears of any size of
cutter diameter [6].
3.4.5. Life factor J{ ;, for Bending

The literature reports differing values at someleycThe
data of [6] is applied in the program to account the
performance of gears of certain material classes as
function of the Brinell Hardness for a defined tiniife of
operation. As an example, the data recommends e Lif
factor value oK, = 1.0, for number of cyclic repetitions
above 10for all material classes, and alkkp= 1.1 for all
classes of materials for cyclic repetitions of
approximately 1® Similar data reported by [1] for case
carburized Bevel Gears when compared as shown in
Table 1, indicate differences for some cycles adrafion.
Stokes [9], presents a Life factor versus cyclesipiure
plot for 5 %, 50 % and 95 % confidence-levels. The
Stokes [9] plot at 95% confidence level tallieshwihe

Deutschman edl. [1] data. How to obtain the life cycle?
For a single mesh gear, the number of revolutions =
number of cycles; and, for a gear with more thag¢ on
mating gear, life cycle = number of revolutions tiplied

by the number of mating gears [9].

Table 1: Life factod ;, for Bending

Number of Bevel Gears Case
cyclic with® Carburised @
Repetitions Carburising Bevel Gears
Gears with
Nitriding
Under 10000 15 3.1
Approx. 1{35 15 2.1
Approx. 10°© 11 14
Above. 107 1.0 1.0

Source superscripi(1) from Sterlinginstrumen{6];
Superscripi(2) in column 3 obtained from Deutschman,
etal. [1], Stokes [9].

3.4.6. Dimension factor for Bending Strength, KFX

The bevel gears dimension or size factor for begndaot
stress is related to the outer transverse modul,far
modules less than 1.6 mm the value as reported]oig [
about 0.5. Shigley and Mischke [5] also preseniza s
factor equation for module size range above 1.6 mm.
Sterling Instrument, [6] provide data indicatingattfor
modules above 1.5 mm the size factor generally
approximates unity. However, for a more exact asigly
Sterling Instrument [6] provide a data table, whietates
the dimension or size factor as a function of théside
diameter gear module size and the gear material fiyjpe
data applies to gears with and without hardenethser
Osewere [7], applied the method of Sterling Insint
[6] in the TSBgearprogram.

3.4.7. Tooth flank load distribution factor for straight

bevel gears,HM

The importance of the load distribution at the hoftank

is because, the greatest bending stress is abthef the
flank or base of the dedendum, and gear shaft fmpari
mounting distance, and shaft sturdiness, have faotain
the good contact over the working depth of the Hoot
flanks while in operation [6]. Based on AGMA daf3],
provide an equation to estimate the load distrdyuti
factor based on the face width and the type of stpp
mounting. Deutschman, eal., [1], also, relying on
AGMA data, defines a range of values for the saype t
of support mounting as reported in [5], but with a
definitive application to industry sectors: General
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Industrial Applications, Automotive, and Aircraft.
Sterling Instrument [6], again, using the mountiyige as
a guide, accounts for the factor, with the follogvin
classifications:

(i.) Rigid or Very stiff = shaft bearings in good close
proximity to the gears, and therefore good
contact;

(ii.) Some what weak = poor tooth contact.

(iii) Average = a value just about lying at betwégn

and(ii) .

In the straight bevelTSBgear program, the Sterling
Instrument [6] method is adopted, and for consérgat
design, the Stiffness of shaft or gear box is agsum
average. Thus, for such mid-value rating, basetyjpa of
mounting shaft support, the following is applied the
program:

16 = for —both- gears-supported—on-two- sides
18= for —one- gear-supported-on-one-end

21= for —both— gears—supported-on-one-end

Ky =

3.4.8. Dynamic Load factor, KV

Tribological considerations affect smooth runninf o
gears in terms of, circumferential speed, and dlip to
the inaccuracies in tooth profile, spacing and oun{9,

6]. Since, the relationship between the time riehange

of circumferential, or pitch-line velocity and dyni&
load is linear, so, gear material constituents, fimgh,
influence such conditions whilst in use, due toribed to
withstand the varying load capacities. Gear Stedwla
make allowance for accounting for such degrees of
imprecision by a transmission accuracy quality nemb
[11, 5]. Equations are available for suchy,
computations as a function of the pitch-line vetpcand
gear quality. Sterling Instrument [6] presentablé of
the dynamic loadKy, in relation to the precision grade of
the gear and the outer pitch circle tangential dpedine
with the precision class grading system of the dapa
Industrial Standard (JIS B1702). This is appliedthe
TSBgear program described in this paper. The Gear
Precision Grade can be obtained from calculatiothef
tolerance unit of allowable error. JIS groups alible
errors into groups of: Single Pitch error, Pitchrision
Error, Accumulated Pitch error, and Runout errdtor
example, for the gear precision class 1, within gpheed
range 18 m/sxvV<25 m/s,Ky = 1.7. And, in the speed
range 12 m/sV<18 m/s,Ky = 1.5 in the same precision
class 1; and for the same speed range in preditiss 2,
Ky = 1.7. The abridged Table 2, abstracted fromigsip
illustrate how the program handles the estimatanK,,
and covers the range of pitch-line velocity in the
Application ExampleTSBgearis programmed to handle

the entire velocity ranges for the JIS 1702 precigirade
of gear materials as listed by [6].

Table 2: Dynamic Load factorf(v (Source: Sterling
Instrument [6]; SDP/SI [14])

Tangential JIS B1702 Precision Grade of Gears
Speed at 1 2 3 4

Outer Pitch

Circle (m/s)
5<v<8 1.2 1.4 15 1.7
8<v<12 13 15 1.7

In a similar approach by way of a guide table, [d8kses
gear applications into industrial, accurate, anecision,
in which the maximum error in action between gdars
mesh for the classes, are given in terms of theuteod
Singh [15] also provides for gear designers, agtible
of maximum allowable error for achieving a quiegear
operation as a function of the pitch-line velocity.

3.4.9. Overload factor, K,

Several Sources in the literature provide guidiatyes to
account for the effect of load variations from fhawer
source (prime mover-“driver”), and the resultanbah
impact on the gear mesh (driven), and is a relakigm
between the nominal and actual tangential forceatia,

Ko = 1, when. Nominal tangential force = Actual
tangential force, indicating a Uniform steady imiplaad.
Such shock loadings increase the stresses at ohdilket
area, and depending on the prime mover and driven
machine, Table 3, from the listed sources, giveslegu
values for the likely impact load to be expectedl an
considered in a typical design for bevel gearing.

Table 3: Over load factorHD (Sources: Deutschman, et
al. [1]; Mott [11]; Sterling Instrument [6])

Impact Impact from Prime Mover (Power
from Load Source-“driver”)
Side of Uniform  Light Impact Medium
Machine Load Load Impact
(Driven (Motor  (Multicylinder Load
Machine) or Engine) (Single
Turbine) Cylinder
Engines)
Uniform 1.0 1.25 15
Load
Medium or 1.25 1.5 1.75
Moderate
Impact
Load
Heavy Load 1.75o0r 2.0 or higher 2.25 or
higher higher
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Mott [11] lists the expected likely impact or shock
loadings of some driven machines, in the Uniform,
Medium, and Heavy categories of Table 3.

A more extensive table of adjusting for load vaoias for
gear boxes is given by Singh [15].

3.4.10. Reliability Factor, K g

This factor allows for designing for a calculatégky such
as reduced life, rather than immediate failure [@id,
depends on a confidence interval reliability indexhe
range 0.90-0.999, as defined in earlier AGMA stadsla
and reported in [5]. Sterling Instrument [6], sdle
following conditions which compares with the method
reported by [5].

For General Case — a weighted average between

deterministic-and- Stochastic: Kp = 1.2
Deterministic: When all required factors can be
determined accurately: K, =1.0
Uncertainty: i.e. When all or some of the factaaamot
be determined accuratel‘ER =14

3.5. Surface Strength Equations
The limiting condition to establish a proper suefac
strength is based on:

Where,oy = Hertz Stress; owim = allowable
Hertz Stress

The allowable tangential force and Hertz stress are
obtained from (45b) and (46) respectively.

o,mm)ﬂ d; R,-05b U (’K,.ﬁzizkzvzwxﬂ_;)" 11
Zy / 038, R, UP11\  ZyZZ; | KugKoRoC2 (45b)

Where,U is the reciprocal of the velocity or speed ratio,
i.e. the teeth ratid) = (1) = (Z/Z,).
3.5.1. Hertz Stress

cosiFnUP+1 R, 2,222, e (46)
db  U? R-05b K,ZZZ,Z,K, ¥V PV OF

The faCtorSZHy ZMa Zm Zﬁy ZL! ZR! ZV! Z\Nr KHL! KHX! KHﬁv
Kv, Ko, Gr) in the surface strength relations of (45b), and
(46) are defined and obtained as follows:

3.5.2. Zone Factor, £ g

The Zone factor for Hertz stress accounts for ffeceof
tooth flank curvature [9].

2C0s
Z, = /—'8” 47
sina, cosa,

Where: &f; = Central Axial pressure angle =

tan—! (tan @y )

cos B

Frigm = (

oo

¢, = Normal pressure angle;

B, = 0 : Central Spiral Angle for straight bevel gear
B, = tan~*(tan B, cos a,)

3.5.3. Material factor, Z py

Also, called the elasticity factor or elastic céaént, is
dependent on specific material properties, andallfor
accounting for the effects of these properties ba t
contact stress [9, 11].

H(l—l‘?f L1 —1?22)

E, E, o
Where, 174, 17, = Poisson’s ratio for pinion and gear
respectively
El ’ Ez = young’s modulus for pinion and gear

respectively
3.5.4. Contact ratio factor, £,

Z_. = 1.0: For straight bevel gears
Accounts for, load sharing influence on specifiadings

[9].
3.5.5. Spiral angle factor,Zﬁ

Zs = 1.0

3.5.6. Life factor for surface strength, KHL

As in the case of bending, this is related to thenloer of
cycles of operation. Sterling Instrument [6] prasda
guide table for estimatind,. The following is the
recommended guide: at number of cycleg M0/, Ky =

1.0; at N =10°, Ky = 1.15; at N=10°, Ky = 1.3; at N

<10, Ky = 1.5.

3.5.7. Lubricant Factor, £

A chart of the variation of Lubricant factaf,, for two
gear material types, as a function of gear oikkiatic
viscosity is provided by [6], based on Lubricant
Kinematic viscosity, x4, in centistokes (cSt) for
temperature less than, and equal to 50 deg&D(degC).
The gear material types are: Normalized gear (dioy
guenched, and tempered gears), and, Surface Hardene
Gears.

Generated curve fits of the [6] chart for the Lahrit

factor,Z, , for two gear-type materials are:-

For Normalized gears:
Z, = —0.000002x* + 0.0016u + 0.8545 (49)
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For Surface hardened gears:

Z, = —0.000003u2 + 0.0015u + 0.8738 (49a)

Bosch [16], states that, the Society of Automotive
Engineers (SAE) classifications are the internatign
accepted standards for defining viscosity of singtel
multi-grade oils. Multi-grade oils have advantagesr
single grade oils in long time usage of resistatwe
viscosity-temperature change. Therefore, the
recommended gear oil in this paper for effective
transmission and to avoid damage to gear toottkslas
gear oils with multi-grade properties of: high \asity
stability relative to temperature, anti-frictionnca anti-
foaming additives to reduce friction and wear, digh
resistance to aging. Three such multi-grade gdaraoé:
SAE 80W-90, SAE 85W-140 and the Synthetic gear oil,
SAE 75W-90 [17]. Synthesised gear oils further have
advantages over other oils in terms of superior
temperature-viscosity properties and increased gagin
resistance [16]. Viscosity varies with temperaturer.
Subtech [17],have provided the following kinematic
viscosity versus temperature data (Table 4) fortkinee

oil types:

Table 4: Variation of some SAE Gear Oils’
Kinematic Viscosity with Temperature (Source: Sclote

[17])

Lubricant Type Kinematic Kinematic
Viscosity Viscosity at
at 40 degC 100 degC
(uin (uin
centistokes, centistokes,
cSt) cSt)
Multi-grade Gear Oil, 139 15
SAE 80W-90.
Multi-grade Gear Oil, 411 30.3
SAE 85W-140.
Synthetic Gear Oil, 110 19.2
SAE 75W-90.

Generated curve fit equations of the Subtech [lathd
results in the following viscosityu] versus temperature
(T) relationships:

For SAE 80W-90:4 = —2.0668T + 22168  (49b)
For SAES5W-140: 4 = —6.3444T + 66474  (49c)
For SAE 75W-90:4 = —1.5133 +17053  (49d)

Thus, with the type of gear oil, and gear transioiss
operating temperatur@&, known, the viscosity of the gear
oil during operation can be estimated, and theidabt

factor, Z,, then obtained by (49) or (49a), depending on
the gear material type.

The suggested Multi-grade type SAE lubricants diste
Table 4 compare with AGMA and ISO recommended
lubricants in terms of viscosity grades for straigbvel
gearing applications. As example, AGMA recommends,
AGMA viscosity grades 3 and 4 for cone distance8@8
mm) and (>300 mm) [6]. The AGMA viscosity grade3
ISO VG 100= (which can be equated to the) Synthetic
gear oil, SAE 75W-90 suggested in this paper. Stith
oils are also the recommended lubricants for exrem
temperature conditions such as turbine engines [1].
Furthermore, AGMA viscosity grade=#1SO VG 150=
(which can be equated to the) Multi-grade GearSAE
80W-90. The Multi-grade Gear Oil, SAE 85W-120S0O
VG 460= AGMA No. 7. Such high viscosity, multi-grade
gear oils are reported to have the tendency toceedu
noise; this is in addition to other noise reduction
techniques such as operating at lower speeds aus$ lo
[6]. Khurmi and Gupta [13] are of the opinion thhigh
viscosity gear oils will enable the formation ofctker oil
films, and hence, permit easy passage of contatsinan
that can cause abrasive wear. Bosch [16] noteggtiad
multi-grade oils extend through several SAE graddk.
the lubricant types are recommended by JIS forstréal
use in light, medium and heavily loaded enclosedr ge
systems.

3.5.8. Surface roughness factorZ g

Gear surface roughness is dependent on the getar cut
machine finish [5]. Gear mesh, in contact dynamic
condition, affects surface roughness. Standards are
available for the variation of different machining
operations, and the degree of surface roughnescexd
[18]. In gear design, allowance is made to accdant
such surface roughness variations, based on the gea
application and gear class. Sterling Instrument [6]
provides a method of accounting for the surface
roughness variation with a graph plot of a surface
roughness factorZg, versus average surface roughness,
Rnaxn The average surface roughness is obtained as a
function of the centre distance, mean cone distamze
pitch angles in line with the relations (50), (5Ca)d
(50b):

R _ Rmam+Rmas 2100 (p1m1) (50)
maxm f T

Where,

a=R,, (sind, + cos g, ) : Center distance (50a)
R, — R, — B . mean cone distance (50b)

Rnaxy @aNdRyaxa are the surface roughness values for
pinion and gear respectively.
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In the program, the expected machine finish ofpiméoon

and gear are assumed to be same, and hence, df equa
surface roughness values.

Generated curve fits of the [6] plot of Surface Bouess

FactorZR, versus Average Surface RoughneRsam

obtained by the relation of (50) for the two geaatenials
are;
For Normalised gears, curve fit (51):

Z, = 0.0008R2 . — 0.0352R, . + 1.1022 (51)
For Surface hardened gears curve fit (51a):
Z, = 0.0005R2,,,, — 0.0184R, ... +1.0573 (51a)

3.5.9. Sliding speed factor.Zy,

With the dynamic condition, gear material type, atabss
of gear application putting a limit on the tangehtor
sliding speed, a speed factor based on variatiatidihg
speed for two different gear materials for precisipade
applications is given in a graph plot by [6]. A
Convergence sliding speed factdy, ~ 1.0, at about a
linear speed at pitch circl®, = 10 m/sfor the two gear
material types of normalized and surface hardersed i
observed in the Sterling Instrument [6] graph ddisb
speed factor versus pitch-line spegg\s. V).

The relations (52) and (52a) are generated cuttiags

to predithl, as a function of pitch-line velocity, for

normalized gears, and surface hardened gears hanvgit
to-1 percent error respectively:
For Normalized gears:

Z, =—0.00009V% + 0.0089V + 0.9002 (52)
For Surface Hardened gears:
Z, = —0.00004VZ + 0.0037V + 0.9547 (52a)

Where, the Pitch-line Velocity, is defined by (53)
mdy1,

V= (53)
60000

4= pinion speed in rpnd; = pitch diameter

3.5.10. Hardness Ratio factor,Z,,

This factor, dependent on the surface hardness - an
indication of the wear resistance ability of madks; is
defined as hardness in the pitch circle region. The
program applies the JIS method as reported byn[@he

with the relationship:

HB, — 130
Z,=12——2 "

1700 (54)

Where, the range of the Brinell Hardnd4B,, of the gear
is:

130= HB, =470

For gear hardness falling out of this rangg=1.

(54a)

JIS specifies the surface strength hardness insteyin
Vicker hardness numbeHY). In the TSBgearprogram,
conversion between Brinell Hardness and Vicker
Hardness Numbers is based on the approximate linear
relationship:HV = 1.05HB, which correlates well forHV
surface hardness values, less than, and equalOtdi.@5
HV < 650) from data provided in a curve by [1] and ¢abl
by Engineers handbook.com [19]. ThdV vs. HB
relationship is though non-linear [1].
Deutschman, etal. [1], adopt a method of AGMA,
comparable to the JIS approach, in which for twargén
mesh, the hardness ratio factdy, is a function of the
ratio, Kz,, of the pinion hardness to gear hardness as
follows:
_ Brinell - Hardness- of — Pinion

2~ Brinell - Hardness- of - Gear
When, Kz, <1.2,7,, =1.0; for values oKz, >1.2, a graph
is provided ofZ,, vs. (Speed ratio) for different values of
Kzw Shigley and Mischke [5] report a similar method,
but, provide an equation &f, vs. (Speed ratio) for values
of, Kzy, Obtained in (54b) for the range: £.X;, <1.7.
Mott [11] suggests that the hardness of the pirtienat
least 16 % more than that of the gear for optimum
performance.

(54b)

3.5.11. Dimension factorKyx
For surface contact stress, the dimension or sid®f is:
Ky =10

3.5.12. Tooth flank load distribution factor, Ky
As applied in the case for bending, for the surfametact
analysis, the Sterling Instrument [6] method footto
flank load distribution factor based on consenatiw
average stiffness of shaft is assumed in T&Bgear
program described in this paper. In the program the
following, Ky, values apply:

185= for —both— gears—supported—on-two - sides
Kys =421= for —one- gear-supported—on-one-end

26 = for —both- gears-supported—on-one-end

3.5.13. Reliability factor, C'g
Sterling Instrument [6] recommends that, assuméaeva

of CR be not less than 1.15 for practical applications.

V. POWER TRANSMITTED
By (37) and (46) it is implied that the bendingesigth
and mesh contact analysis are dependentFgp, the
tangential force at the pitch circl€&, is related to the
power to be transmitte®, by (55):

— thvm — (F d n)

P tm™~'m
10z

195x10° (55)
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Where,V,, = tangential speed at the central pitch circle
(m/s) as defined by (56):

__dun
™ 1910(

dn, = central pitch circle diameter (mmi= rotating
speed (rpm)P = is in (kW).

(56)

V. THE TSBgear PROGRAM
Figs. (2) and (3) show thél'SBgear interfaces or
screenshots for the design and analysis respegtiih
accommodation for all possible input combinations f
the gear designer to make. Displayed, are the teesil
the Application Example. After the inputs of sedstt
possible combinations from: facewidth, module, @mi
pitch diameter, gear pitch diameter, and numbeeeth
on pinion and gear, or speed ratio, by a single smou
button click on theGeometry Design Butterall required
output calculations leading to a geometry size are
displayed. ArAnalyse for Bending and Durability Button
provision on the Design Page interface allows fieeamfor
adequacy analysis after all the speed, material and
lubricant properties, and the required number afley
have been input and/or selected from the pull-dewd
menu selection boxes. The calculated outputsttfer
adequacy assessment decision are displayed on the
Analysis Page screen. TH&Bgearprogram, computes
for, and compares the power ratings based on bgndin
strength and pitting, and final decision for an iopl
sized straight bevel gear selection made on thémmim
power rating. The Algorithmic flowcharts for bewgdar
design and analysis are shown in the Fig. (4) &)d (
respectively.

VL. APPLICATION EXAMPLE
A pair of straight bevel gears is to be applieddeneral
military industrial use to transmit power from anjpin to
the gear at 1200 rpm. For a uniform impact load Bty

cycle of over] U?, design and analyze a straight bevel

gear mesh for modulen = 5 mm; number of teeth: on
pinion, Z; = 25, and on gea¥, = 75 teeth; face width

= 28 mm; the pinion and gear are made of same rabter
SCM415, with carburized type of heat treatmentfasgr
hardness of HV 620 and core hardness of HB 270; the
design is for medium precision military industriase,
with a JIS3 precision grade surface roughness of

12.54111 for both pinion and gear and recommended gear

oil of SAE 80W-90 and transmission temperature @f 5
degC?

VII. CONCLUSION
From the Solutions in Fig. 2 and 3, (sAependix),

modifications to such gear input parameters as the
Module for example, in line with the International
Organisation for Standardisation (ISO) PreferredeSel

and Series 2 values of Module, will allow gear dasrs

to effect changes on the computed gear stresses and
power output, and thus, allow for proper geomeizing.
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Appendix
Solution to Application Example, Program Sequenat Rlowcharts are shown in the figures below.
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Fig. 2: Screenshot of Design program with inputd antputs

Page | 97



International Journal of Advanced Engineering Research and Science (IJAERS)

[Vol-2, Issue-7, JULY- 2015]
ISSN: 2349-6495

o
Dynamics Analysis lnout Parameters
Select Finion Materal
Heat Treatment Cabunzed Gears

Materal | Siuctural Aloy Steel

TSB GEAR (MECHANICAL ENGINEERING, UNIVERSITY OF PORTHARCOURT) - ANALYSISPAGE =

v

Dynamics Analysis Input Parameters
Select Gear Matexial

Heat Trestment Carburized Gears
Materal Stuctural Aloy Steel

v

Farce Analysis Qutput Parameters
Number OF Teeth OF An Fquivalent SpurGean-]
ToothProfie Factor, Pivion and Gearfd
Pichine Veloctyim/e]
TangentialSpeed At Central PRchCirclefn/s]

o e

26 And 237
272And 2.17

785
73And 73

Torque On Finion And GeanfNmm] 234382.18 And 883121.18

Tangential Force On Pinvien And Geanf\]
Radtaf Farce On Pinion And GearfM]

5069 And 5069
1750.34 And 583.28

Awial Foarce O Pinion And Gearh] 583.28 And 1750.34

Eective ~ Sective ~
Mateds! Caturized CoreHarohess(HE)  Coretiarhes Material Caburized ComHarohess(HE)  CoreHardhes:
Depth Death
SCMATS | Fetativety Shalow | 270 204 SCMATS | Retstivety shatowr | 270 [28¢
SCMAT5 Aelatively Shalow | 270 284 SCMATE Relstively Shalow | 270 264
[ sceirs Relatively Shalow 270 284 y B Relstively Shalow 284
SCM15 Relatively Shalow | 270 284 SCMATE Relstively Shalow 284
SCM15 Relatively Shalow | 270 284 SCMATE Relstively Shalow 284
SCM15 Aeiatively Shalow | 310 27 . SCMATE Relstively Shalow 227 .
< > < >
Impact From PameMover  Impact From Load Side OF Machine Bending Sirength Analysis Output Parameters
= finematic Viscosty Lhder S0CICS . 11834
© Ui ® Comection Factor For Axial Shitf]
e 4 Toath Form Factor Pinian, 5
) Mectum Impact Losd () Hesvy Inpact Load 27
Tooth Fomm Factor Gear] 217
Gear Mounting Tipe | Ce Gear Supported On One 5nd % Fockal Cortact Ratiofy =
Frecision Grade OF Gears Fom JIS BI702 JiS3 v Load Distibution Factort] 056
Nember OF Cyclic Repetfionfy Above 10°7 v Spiral Angle factor] 7
Gasar OF Tipe(lubricant)| Gasr OF SAE 80W-50 v Cutter Dismeter Sect Factorf] 115
Powesf ] e factor ForBendirg] 7
5 e Teolank Load Distbution imq'? r,].;
St Far Fiior Aad 125 L,
face Rougfness i Geanfum] Dynamic Load Factor] 7.5
Lubricant Temperature{C] 50 Overipad Factor] 7
Reliabilty Factorf] 72
Alowable BendingStress A Root. PrionfNemm 2] 4165
Alowable BandingSiess At Aoct,Gearfinm 2] 47165
Alowable Tangential Force At Cantral Pich Cicle PionfN] | 8774.37
Alowable Tengential Force At Ceriiral Piich Gicle,GearfN] | 10177
Bending Stress A Root. PrionfNinm ™2 26015
Evecute Back Giear Bending Siress At Root Gearinm 2] 416.54

Life factor For Suface Srengthf]
Lubricant Factor For Pinion And Gearf
Average Suface Roughressfam]

248
189.72
7
7
7
7.07 And 1.07
S44

Surface Roughness Factor For Pinion And Geary]  0.93 And 0.93
Siiding Speed Factor Far Pinion And Geany | 0.98 And 0.58

Alowable Heitz Stress, Fiian{N/nm 2]

Alowable Heriz Siress, GearfV/inm 2]

Alfowabie tangerial Force Based On Hertz Stress. Finioa[l]
Alowable tangentisl Force Based On HertzStress, GaarfM]
Hertz Stress, PinionfNinm 2]

Hertz Siress, GearN/mm 2]

Young's Modklus For Pinion And Gear Paifkgl /mm 2]
Power Firting Gased] (i Gendh 7 e

Fig. 3: Screenshot of Analysis program with inpartsl outputs
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Fig. 4: Flowchart for Algorithm used in the TSBg&izing and Geometry Design
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Fig. 5: Flowchart forTSBgearAlgorithm in Bending and Surface Strength Analysis

Page | 99



