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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

estabtistredtastheTight tobeTepresented-omthat committeentermationat-organizations,; governmm
npn-governmental, in liaison with 1SO, also take part in the work. ISO collaborates closely
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization,

Irfternational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part
The main task of technical committees is to prepare International Standards. Draff International §

afopted by the technical committees are circulated to the member bodies for\voting. Publicati
nternational Standard requires approval by at least 75 % of the member bodies.casting a vote.

exceptional circumstances, when a technical committee has collected.data of a different kind
which is normally published as an International Standard (“state of thenart”, for example), it may de|
simple majority vote of its participating members to publish a Technical Report. A Technical Report
informative in nature and does not have to be reviewed until the' data it provides are considered
Ignger valid or useful.

I

Altention is drawn to the possibility that some of the elements of this document may be the subject
rights. ISO shall not be held responsible for identifying any"or all such patent rights.

I3O/TR 15144-1 was prepared by Technical Cemmittee ISO/TC 60, Gears, Subcommittee S(
capacity calculation.

ISO/TR 15144 consists of the following paris; under the general title Calculation of micropitting loag
of cylindrical spur and helical gears:

—t Part 1: Introduction and basic principles
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Introduction

This part of ISO/TR 15144 provides principles for the calculation of the micropitting load capacity of cylindrical
involute spur and helical gears with external teeth.

comparatfive procedure based on known gear performance.
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Calculation of micropitting load capacity of cylindrical spu
helical gears —

Part 1:

r and

Introduction and basic principles

1 Scope

lindrical gears with external teeth. It has been developed on the basis-of testing and observati

D m/s. However, the procedure is applicable to any gear pair where\suitable reference data is
oviding the criteria specified below are satisfied.

The formulae specified are applicable for driving as well as fordriven cylindrical gears with tooth
agcordance with the basic rack specified in ISO 53. They are.also applicable for teeth conjugate to o
11

pitch line velocity is higher than 2 m/s.

This part of ISO/TR 15144 is not applicable for\the assessment of types of gear tooth surface dam
tHan micropitting.

2 Normative references

The following referenced docuiments are indispensable for the application of this document. R
dpcument (including any-amendments) applies.
130 53:1998, Cylindrical gears for general and heavy engineering — Standard basic rack tooth profilg
130 1122-1:1998, Vocabulary of gear terms — Part 1: Definitions related to geometry

130 1328=%:1995, Cylindrical gears — ISO system of accuracy — Part 1: Definitions and allowable
deviations relevant to corresponding flanks of gear teeth

T
c
Iubricated gear transmissions with modules between 3 mm and 11 mm-and pitch line velocities of 8 m/s to
6
p

nis part of ISO/TR 15144 describes a procedure for the calculation of the{micropitting load capacity of

on of oil-

available,

profiles in
her basic

rgcks where the virtual contact ratio is less than g,, =2,5. The results are in good agreement with other
ethods for normal working pressure angles up to 25%7reference helix angles up to 25° and in cages where

nge other

or dated

rdferences, only the editionCited applies. For undated references, the latest edition of the referenced

values of

IS 6-172006, Cafcufatiormr of foad
introduction and general influence factors

rinciples,

ISO 6336-2:2006, Calculation of load capacity of spur and helical gears — Part 2: Calculation of surface

durability (pitting)

ISO 21771:2007, Gears — Cylindrical involute gears and gear pairs — Concepts and geometry

ISO/TR 13989-1:2000, Calculation of scuffing load capacity of cylindrical, bevel and hypoid gears — Part 1:

Flash temperature method
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ISO/TR 1

3989-2:2000, Calculation of scuffing load capacity of cylindrical, bevel and hypoid gears — Part 2:

Integral temperature method

3 Terms, definitions, symbols and units

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 1122-1, ISO 6336-1 and ISO 6336-2

apply.
3.2 Symbols and units
The symlbols used in this document are given in Table 1. The units of length metre, millimetre and’micrometfe
are chosgn in accordance with common practice. The conversions of the units are already included in the
given equations.
Table 1 — Symbols and units
Symbq| Description Unit
a centre distance mm
B+ thermal contact coefficient of pinion N/(m-s°’5-K)
B thermal contact coefficient of wheel N/(m-s°‘5-K)
b face width mm
Cat tip relief of pinion pm
Ca tip relief of wheel Mm
Cesr effective tip relief um
Cmi1 specific heat per unit mass of pinion JI(kg-K)
Cm2 specific heat per unit mass of whegel JI(kg-K)
c maximum tooth stiffness per uhitface width (single stiffness) of a tooth pair N/(mm-pum)
Cyo mean value of mesh stiffness per unit face width N/(mm-um)
a1 tip diameter of pinion mm
a2 tip diameter of wheel mm
[0 /¥ base diameter of-pinion mm
/¥ base diameter-of wheel mm
fo 91 pitch diameter of pinion mm
Auo pitchdiameter of wheel mm
Oyq Y=circle diameter of pinion mm
dys Y-circle diameter of wheel mm
E, reduced modutus of etastiTity NI
E; modulus of elasticity of pinion N/mm?
E, modulus of elasticity of wheel N/mm?
Fot nominal transverse load in plane of action (base tangent plane) N
F (nominal) transverse tangential load at reference cylinder per mesh N
Gwm material parameter -
o parameter on the path of contact (distance of point Y from point A) mm
ol length of path of contact mm
H, load losses factor -

© 1SO 2010 — All rights reserved
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Symbol Description Unit
hy local lubricant film thickness pm
Ka application factor -
Kuo, transverse load factor -
Khp face load factor -
K, dynamic factor -
n rotation speed of pinion rhin”
P transmitted power kKW
Pet transverse base pitch on the path of contact mm

Pdyn.y local Hertzian contact stress including the load factors K Nfmm?
puy  |local nominal Hertzian contact stress N[mm?
Ra effective arithmetic mean roughness value um
Ra, arithmetic mean roughness value of pinion Lm
Ra, arithmetic mean roughness value of wheel Lm

Scry local sliding parameter -
S, safety factor against micropitting -

S min minimum required safety factor against micropitting -

T; nominal torque at the pinion Nm
Uy local velocity parameter -

u gear ratio -
Vgy local sliding velocity m/s
Viy local tangential velocity on pinion m/s
Vioy local tangential velocity on wheel m/s
Vsc sum of tangential velocities at pitch point m/s
Vsy sum of tangential velocities at point Y m/s
Wiy material factor -
Wy local load parameter -

Xouty local buttressing factor -
Xca tip relief.factor -
XL lubricant factor -
Xr roughness factor -
Xs lubrication factor -
Xy local load sharing factor -
Ze elasticity factor (N/mm?)*°
Z4 number of teeth of pinion -
Z number of teeth of wheel -

o transverse pressure angle °
fom pressure angle at the pitch cylinder °

By pressure-viscosity coefficient at local contact temperature m?/N
oM pressure-viscosity coefficient at bulk temperature m%/N
38 pressure-viscosity coefficient at 38 °C m%/N
S base helix angle °
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Table 1 (continued)

Symbol Description Unit
Emax maximum addendum contact ratio -
&, transverse contact ratio -
Eon virtual contact ratio, transverse contact ratio of a virtual spur gear -
& overlap ratio -
& total contact ratio =
& addendum contact ratio of the pinion -
& addendum contact ratio of the wheel =
noB.Y dynamic viscosity at local contact temperature N-s/m?
oM dynamic viscosity at bulk temperature N-s/m?
Tooil dynamic viscosity at oil inlet/sump temperature N-s/m?
738 dynamic viscosity at 38 °C N-s/m*
Gy local contact temperature °C
Ghy local flash temperature °C
iy bulk temperature °C
Obi oil inlet/sump temperature °C
AGE min minimum specific lubricant film thickness in the contact aréa -
AcFy local specific lubricant film thickness -
AcFp permissible specific lubricant film thickness -
AGFT limiting specific lubricant film thickness of the test\gears -
A specific heat conductivity of pinion W/(m-K)
Ame specific heat conductivity of wheel W/(m-K)
Hm mean coefficient of friction -
VoB.Y kinematic viscosity at local contacttemperature mm?/s
VoM kinematic viscosity at bulk temperature mm?/s
W Poisson’s ratio of pinion -
Vy Poisson’s ratio of whee} -
Vioo kinematic viscosity at. 100 °C mm?/s
Vao kinematic viscosity.at 40 °C mm?/s
Py density of pinion kg/m®
Pz density of Wheel kg/m®
Pn,c normal tadius of relative curvature at pitch diameter mm
Py normalradius of relative curvature at point Y mm
Pty transverse radius of relative curvature at point Y mm
2 % transverse radius of curvature of pinion at point Y mm
Pry transverse radius of curvature of wheel at point Y mm
PoBY density of lubricant at local contact temperature kg/m3
PoM density of lubricant at bulk temperature kg/m®
Dis density of lubricant at 15 °C kg/m®

Subscripts to symbols

parameter for any contact point Y in the contact area for Method A and on the path of contact for Method B;
(all parameters subscript Y have to be calculated with local values)

© 1SO 2010 — All rights reserved
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4 Definition of micropitting

Micropitting is a phenomenon that occurs in Hertzian type of rolling and sliding contact that operates in
elastohydrodynamic or boundary lubrication regimes. Micropitting is influenced by operating conditions such
as load, speed, sliding, temperature, surface topography, specific lubricant film thickness and chemical
composition of the lubricant. Micropitting is more commonly observed on materials with a high surface
hardness.

Micropitting is the generation of numerous surface cracks. The cracks grow at a shallow angle to the surface
forming micropits. The micropits are small relative to the size of the contact zone, typically of the order 10 -
20 uym deep. The micropits can coalesce to produce a continuous fractured surface which appears fas a dull,
matte surface during unmagnified visual inspection.

Micropitting is the preferred name for this phenomenon, but it has also been referred to as'grey staining, grey
flecking, frosting and peeling. lllustrations of micropitting can be found in ISO 10825 [8].

icropitting may arrest. However, if micropitting continues to progress, it may result in reduced gear tooth
ccuracy, increased dynamic loads and noise. If it does not arrest and continues t0 propagate it cap develop
to macropitting and other modes of gear failure.

390 Z

5| Basic formulae

5|1 General

ne calculation of micropitting load capacity is based oncthe'local specific lubricant film thickness Agey in the
bntact area and the permissible specific lubricant film thickness Agrp [11]. It is assumed that microgitting can
ccur, when the minimum specific lubricant film thickness Age min is lower than a corresponding crit/cal value
Lep. Both values Agemin @and Agep shall be calculated separately for pinion and wheel in the conta¢t area. It
bs to be recognized that the determination©f the minimum specific lubricant film thickness| and the
brmissible specific lubricant film thickness have to be based on the operating parameters.

T JT >0 0

ne micropitting load capacity can be, determined by comparing the minimum specific lubricant film fhickness
th the corresponding limiting value*derived from gears in service or from specific gear tesling. This
pmparison will be expressed by the”safety factor S; which shall be equal or higher than a minimfm safety
ctor against micropitting S, min-

a9 s -

icropitting mainly occurs'in’areas of negative specific sliding. Negative specific sliding is to be foynd along
e path of contact (se€ Figure 1) between point A and C on the driving gear and between point C fand E on
tHe driven gear. Considering the influences of lubricant, surface roughness, geometry of the gears and
perating conditions_the specific lubricant film thickness Agey can be calculated for every point in the field of
contact.

ozg=z

()]

2 Safety factor against micropitting S,

Tp account for the micropitting load capacity the safety factor S, according to equation (1) is defined.

Sy = 2ot min > S\ min (1)
GFP
where
AcEmin = Min (Acry) is the minimum specific lubricant film thickness in the contact area;
AcFy is the local specific lubricant film thickness (see 5.3);
Acrp is the permissible specific lubricant film thickness (see 5.4);
Si.min is the minimum required safety factor (see 5.5).

© 1SO 2010 — All rights reserved 5
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The minimum specific lubricant film thickness is determined from all calculated local values of the specific
lubricant film thickness Agg y obtained by equation (2).

5.3 Local specific lubricant film thickness Agry

For the determination of the safety factor S, the local lubricant film thickness hy according to Dowson/
Higginson [5] in the field of contact has to be known and compared with the effective surface roughness.

— hY
~a

(2)

AcF,

where

Ra

05-(Ra; + Ra,) (B)

>
<
|

41600-p,y - GM®® - UYO7 - Wy 013 .Sgry 0% ()
Ra s the effective arithmetic mean roughness value;

Ra, s the arithmetic mean roughness value of pinion (compare ISO 6336-2);
Ra; s the arithmetic mean roughness value of wheel (compare 1ISO 6336-2);
hy s the local lubricant film thickness;

PnY s the normal radius of relative curvature at point Y (see clause 10);

Gwm s the material parameter (see clause 6);

Uy s the local velocity parameter (see clause 7);

Wy s the local load parameter (see clause-8);

Sery s the local sliding parameter (see ctause 9).

Equation|(4) should be calculated in(the' case of Method B at the seven local points (Y) defined in 5.3 b) using
the values for p,vy, Uy, Wy and Sggy that exists at each point Y. The minimum of the seven hy (Agey) valugs
shall be ysed in equation (1).

An example calculation is-ptesented in Annex B.

a) Method A

The locall specifiec-tubricant film thickness can be determined in the complete contact area by any appropriafe
gear computing’program. In order to determine the local specific lubricant film thickness, the load distributioh,
the influence, of normal and sliding velocity with changes of meshing phase and the actual service conditiorrs

shall be tekehr-inte-consideration-

b) Method B

This method involves the assumption that the determinant local specific lubricant film thickness occurs on the
tooth flank in the area of negative sliding. For simplification the calculation of the local specific lubricant film
thickness is limited to certain points on the path of contact. For this purpose the lower point A and upper point
E on the path of contact, the lower point B and upper point D of single pair tooth contact, the midway point AB
between A and B, the midway point DE between D and E as well as the pitch point C are surveyed.

6 © 1SO 2010 — Al rights reserved
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5.4 Permissible specific lubricant film thickness Agrp

For the determination of the permissible specific lubricant film thickness Agep different procedures are
applicable.

a) Method A

For Method A experimental investigations or service experience relating to micropitting on real gears are used.
Runmng real gears under conditions where mlcroplttmg just occurs the minimum speC|f|c lubricant film

t IU[\I 1ICoo udll UU UGIUUIGLGU G\J\JUIUIIIS lU \J \J a) IIIIO VGIUU 1o Uqulvalclll LU lIIU Illllllllly OVCUIIIU IUU |Cant fllm

tHickness which is used to calculate the micropitting load capacity.

Spch experimental investigations may be performed on gears having the same design as the actual gear pair.
In this case the gear manufacturing, gear accuracy, operating conditions, lubricant and operating temperature
have to be appropriate for the actual gear box.

The cost required for this method is in general only justifiable for the development of new products gs well as
r gear boxes where failure would have serious consequences.

—h
(@)

therwise the permissible specific lubricant film thickness Agrp may-‘be derived from consideration of
mensions, service conditions and performance of carefully monitored-reference gears operated with the
spective lubricant. The more closely the dimensions and service conditions of the actual gears resemble
ose of the reference gears, the more effective will be the application of such values for the purpose of
bsign ratings or calculation checks.

agzaQ

Method B

he method adapted is validated by carrying out carefulccomparative studies of well-documented histories of a
imber of test gears applicable to the type, qualityvand manufacture of gearing under considergtion. The
ermissible specific lubricant film thickness Agep-isicalculated from the critical specific lubricant film thickness
et Which is the result of any standardised testmethod applicable to evaluate the micropitting load capacity

lubricants or materials by means of defined test gears operated under specified test conditions.| Ager is a
Unction of the temperature, oil viscosity,(base oil and additive chemistry and can be calculated acgording to
uation (2) in the contact point of the.défined test gears where the minimum specific lubricant film thickness
s to be found and for the test conditions where the failure limit concerning micropitting in the standarglised test
ocedure has been reached.

20 T 34 T

T o ©

—

ne test gears as well as thetest conditions (for example the test temperature) have to be appropridte for the
al gears in consideratjon.

—
Far)

Ahy standardised testCan be used to determine the data. Where a specific test procedure is not aviailable or
gquired, a numberof internationally available standardised test methods for the evaluation of mjcropitting
brformance ofears, lubricants and materials are currently available. Some widely used test proceflures are
e FVA-EZG-micropitting test [7], Flender micropitting test [12], BGA-DU micropitting test [2]| and the
icropitting test according to [3]. Annex A provides some generalised test data (for reference only) that have
ben produced using the test procedure according to FVA-Information Sheet 54/7 [7] where a valug for Agep
1an be'calculated for a generalised reference allowable using equation A.1.

—

o 3 =T

Q

5.5 Recommendation for the minimum safety factor against micropitting S; min

For a given application, adequate micropitting load capacity is demonstrated by the computed value of S; and
being greater than or equal to the value S, n, respectively.

Certain minimum values for the safety factor shall be determined. Recommendations concerning these
minimum values are made in the following, but values are not proposed.

© 1SO 2010 — All rights reserved 7
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An appropriate probability of failure and the safety factor shall be carefully chosen to meet the required
reliability at a justifiable cost. If the performance of the gears can be accurately appraised through testing of
the actual unit under actual load conditions, a lower safety factor and more economical manufacturing
procedures may be permissible:

Calculated minimum specific film thickness
Permissibl e specific film thickness

Safety factor =

In addition to the general requirements mentioned and the special requirements for specific lubricant film
thickness, the safety factor shall be chosen after careful consideration of the following influences.

— reliability of load values used for calculation: If loads or the response of the system to vibratien) afe
estinpated rather than measured, a larger safety factor should be used.

— varigtions in gear geometry and surface texture due to manufacturing tolerances,
— varigtions in alignment,

— varigtions in material due to process variations in chemistry, cleanliness and ‘microstructure (materigl
quality and heat treatment),

— varigtions in lubrication and its maintenance over the service life of the gears.
Dependirjg on the reliability of the assumptions on which the calc@lations are based (for example logd
assumptipns) and according to the reliability requirements (conseguénces of occurrence), a correspondinig
safety fagtor is to be chosen.
Where gears are produced according to a specification or a request for proposal (quotation), in which the gear
supplier |s to provide gears or assembled gear drives having specified calculated capacities (ratings) jn

accordance with this technical report, the value of thezsafety factor for micropitting is to be agreed upan
between the parties.

6 Matgrial parameter Gy

The material parameter Gy accounts-for the influence of the reduced modulus of elasticity E; and the
pressure{viscosity coefficient of the-lubricant at bulk temperature agy.

Gy +10° - agy - E,

—~
T
~—

where
E is the'reduced modulus of elasticity (see 6.1);
Clgm is\the pressure-viscosity coefficient at bulk temperature (see 6.2).

6.1 Reduced modulus of elasticity E;
For mating gears of different material and modulus of elasticity £, and E,, the reduced modulus of elasticity E,

can be determined by equation (6). For mating gears of the same material E = E; = E, equation (7) may be
used.

1-v2  1-v,? -
E =2 472 (6)
E, E,
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Er:1_V2 fOI' E1 :E2 :E and Vi=Vy =V (7)
where
E, is the modulus of elasticity of pinion (for steel: £ = 206000 N/mm?);
E, is the modulus of elasticity of wheel (for steel: £ = 206000 N/mm?);
1Z is-the-Poisson-sratio-ofpinton{for-steek—+=035
1% is the Poisson’s ratio of wheel (for steel: v=0,3).

6|2 Pressure-viscosity coefficient at bulk temperature ogu

=

the data for the pressure-viscosity coefficient at bulk temperature ag for the-specific lubrice
ailable, it can be approximated by equation (8) (see [9]).

1 1
aeM =a38 |:1+516(m—mJ:|
M

Q

where

obs is the pressure-viscosity coefficient of the lubricant at 38 °C;

A is the bulk temperature (see clause 14).

Iflno values for asg are available then the following approximated values [1] can be used.

rsg = 2,657 - 10 - 1735%"1%%8 for minerat-oil
csg = 1,466 - 10 - 1735207 for PAO - based synthetic non-VI improved oil

g = 1,392 - 102 - 75" "%" fot PAG - based synthetic oil

where
s is the dynamicviscosity of the lubricant at 38 °C.
7| Velocity parameter Uy

The velocityyparameter Uy describes the proportional increase of the specific lubricant film thick
creasing-dynamic viscosity 7,y of the lubricant at bulk temperature and sum of the tangential veloci

5

nt is not

(8)

©)
(10)

(11

hess with
ies Vsy.

L1 Vs

ST TT2000 - E, ooy

where

oM is the dynamic viscosity of the lubricant at bulk temperature (see 7.2);
Vsy is the sum of the tangential velocities (see 7.1);

E; is the reduced modulus of elasticity (see 6.1);

Puy is the local normal radius of relative curvature (see clause 10).

© 1SO 2010 — All rights reserved
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7.1 Sum of tangential velocities vs,y

The sum of the tangential velocities at a mesh point Y is calculated according to equation (13). The velocity for
pinion v,y v and wheel v;, vy in a certain contact point Y on the tooth flank depends on the diameter at pinion dy4
and the diameter at wheel dy; of point Y.

Vsy =Vry tVioy (13)

where
2 2
vr1yY:2-ﬂ~%~W"&)'sinawt~ ﬁ (1)
2 2

vrsz=2-n~%~%-sinawt- % (19)
Viy is the tangential velocity on pinion (see Figure 1);
Vioy is the tangential velocity on wheel (see Figure 1);
(/¥ is the base diameter of pinion;
Ub2 is the base diameter of wheel;
Ay is the pitch diameter of pinion;
w2 is the pitch diameter of wheel,
dy1 is the Y-circle diameter of pinion (see Figure 1 and clause 10);
dyo is the Y-circle diameter of wheel.(see Figure 1 and clause 10);
ny is the rotation speed of pinion;
u= 2,z is the gear ratio;
Ot is the pressure angle at the pitch cylinder.
7.2 Dynamic viscosity at bulk temperature 7y
The dyngmic viscasity at bulk temperature 7y can be calculated according to equation (16).

Mom | 10°5% Vo - Pom (16)
where
Vom is the kinematic viscosity of the lubricant at bulk temperature (see 7.2.1);
LM is the density of the lubricant at bulk temperature (see 7.2.2).

7.2.1 Kinematic viscosity at bulk temperature wy
The kinematic viscosity at bulk temperature 14, can be calculated from the kinematic viscosity 14, at 40 °C and

the kinematic viscosity 1499 at 100 °C on the basis of equation (17). Extrapolation for temperature higher than
140 °C should be confirmed by measurement.
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log[log(vgm +0,7)] = A-log(6y, +273)+ B 17)
where
A log[log(v4g +0,7)/10g(v4gg +0,7)] (18)
log(313/373)
B =log[log(v4 +0,7)] - A-log(313) (19)
4 is the bulk temperature (see clause 14);
Vo is the kinematic viscosity of the lubricant at 40 °C;
Voo is the kinematic viscosity of the lubricant at 100 °C.
712.2 Density of the lubricant at bulk temperature pgy
Ifithe density of the lubricant at bulk temperature pgy is not available, it cah“be approximated bas¢d on the
density of the lubricant at 15 °C according to equation (20).
peneprs | 1-07 . (Ou*273) = 289} (20)
P15
where
Pls is the density of the lubricant at 15 °C accarding to the lubricant data sheet;
4 is the bulk temperature (see clause .14).
Iflno data for py5 is available then equation*%21) may be used for approximation of mineral oils.
P15 = 43,37 -logv,, +805,5 (21)
Vio is the kinematic viscosity of the lubricant at 40 °C.
8| Load parameter-Wy
The load parameéter” Wy can be determined using the local Hertzian contact stress pgyny and thg reduced
modulus of eldsticity E..
W= M (22)
E,
where
Todyn.Y is the local Hertzian contact stress according to Method A (see 8.1) or according to Method B
(see 8.2);
E is the reduced modulus of elasticity (see 6.1).
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8.1

Local Hertzian contact stress pgyny,a according to Method A

The local Hertzian contact stress pgyny,a according to Method A should be determined by means of a 3D mesh
contact and load distribution analysis procedure. The local nominal Hertzian contact stress determined from
the elastic mesh contact model pyva is applied to equation (23) to obtain the local Hertzian contact stress

Pdyn,Y A-

PaynyA = PHy.A VKa - K, (23)

where
PH,y,A
Ka

Ky

NOTE

Ka and K,

82 Lo

The local

required

case of d

over the

Kain equ

pdyn

where

PH,v,B

Ka

NOTE G

8.21

N

is the local nominal Hertzian contact stress, calculated with a 3D load distribution program;
is the application factor (according to ISO 6336-1);
is the dynamic factor (according to ISO 6336-1).

Where either Ka or K, influences are already considered in the 3D elastic mesh contact model either or both
should be set as 1,0 in equation (23).

cal Hertzian contact stress pqy, vy according to Method B

Hertzian contact stress pqyny,s according to Method B is calculated according to equation (24). Th
nominal Hertzian contact stress pyv g is obtained by equation\(25), see 8.2.1. The total load in th
rive trains with multiple transmission paths or planetary gear systems is not quite evenly distributg
ndividual meshes. This is to be taken into consideratiofby inserting a distribution factor K, to follo
ation (24), to adjust the average load per mesh as necéssary.

S oo o

YB = PHYB '\/KA Ky Ko - Kng (28)

is the local nominal Hertzian centact stress (see 8.2.1);
is the application factor (according to ISO 6336-1);
is the dynamic factor\(according to ISO 6336-1);

is the transverse_load factor (according to ISO 6336-1). Profile modifications are considered jn
the factor Xy, See clause 11.

=

is the face-load factor (according to ISO 6336-1). Lead modifications are considered in this factg

ears with.a total contact ratio & > 2 can only be calculated according to Method A.

ominal Hertzian contact stress pivp
I R PRI~

The nominal Hertzian contact stress py v is used to determine the local Hertzian contact stress pgynys (S€€
8.1). To take the influence of different profile modifications into account the load sharing factor Xy is introduced.
For the calculation of the local nominal Hertzian contact stress the local nominal radius of relative curvature is

used.

b-p,y -cosa; -cos f,

F-X
Prye = Ze \/ o (25)

12
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where

Z - 2E7 (26)
Zk is the elasticity factor (according to 1ISO 6336-2);
b is the face width;
Fi isthe-transverse-tangentiaHoad-at reference—cylinder:
Xy is the load sharing factor (see clause 11);
E is the reduced modulus of elasticity (see 6.1);
Ie; is the transverse pressure angle;
yi! is the base helix angle;
Phy is the local normal radius of relative curvature (see clause 10):
9| Sliding parameter Sgry
The sliding parameter Sgey accounts for the influence of local sliding on the local temperature. This
tgmperature influences both the local pressure-viscosity coefficient and the local dynamic viscosity and hence
tHe local lubricant film thickness [6]. The indices “9OBYY” for local contact temperature and “6M{ for bulk
tgmperature are used. The local contact temperature Gy is the sum of the local flash 6y and| the bulk
tgmperature Gy.

Sery = Xopy " e,y 27)

Ggm *TTeMm
where
By is the pressure-viscosity coefficient at local contact temperature (see 9.1);
b8,y is the dynamic viscosity at local contact temperature (see 9.2);
ohm is the pressure-viscosity coefficient at bulk temperature (see 6.2);
7bm is-the dynamic viscosity at bulk temperature (see 7.2).
9{1 Pressure-viscosity coefficient at local contact temperature agg y
Ifithe’data for the pressure-viscosity coefficient at local contact temperature gy for the specific lubricant is
not available, it can be approximated by equation (28) (see [9]).
1 1

Qgpy = Q3g -[1 +516- (m—mﬂ (28)
where
38 is the pressure-viscosity coefficient of the lubricant at 38 °C (see also 6.2);
&y is the local contact temperature (see clause 12).
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9.2 Dynamic viscosity at local contact temperature 7y y

The dynamic viscosity at local contact temperature 7 v is determined by equation (29).

Mgy =10 -vegyy - Pey (29)
where
VoB.Y is the kinematic viscosity at local contact temperature (see 9.2.1);
PoBY is the density of the lubricant at local contact temperature (see 9.2.2).

9.2.1 Kjnematic viscosity at local contact temperature gy

The kinematic viscosity at local contact temperature vy can be calculated from the kinematic\Wiscosity 140 pt
40 °C ang the kinematic viscosity 1190 at 100 °C on the basis of equation (30). Extrapolation for temperatufe
higher than 140 °C should be confirmed by measurement.

log[lpg(vegy +0,7)] = A-log(6s v +273)+B (3D)
where

A= ogllog(v4 +0,7)/log(v4g0 +0,7)] ah

log(313/373)

B =log[log(v4 +0,7)] - A-log(313) (3R)
Gsvy is the local contact temperature (see clause 12);
Vao is the kinematic viscosity of the lubricant at 40 °C;
V100 is the kinematic viscosity of the-tubricant at 100 °C.

9.2.2 Depnsity of the lubricant at local contact temperature py v

If the derjsity of the lubricant at local contact temperature pgs v is not available, it can be approximated based
on the dgnsity of the lubricant,.at 15 °C according to equation (33).

Gy +273)-289

Pes, =,015'{1_077‘( (3p)
P15
where
P15 is the density of the lubricant at 15 °C according to the lubricant data sheet (see also 7.2.2);
Gs v is the local contact temperature (see clause 12).

10 Definition of contact point Y on the path of contact
Contact point Y is located between the SAP (contact point A) and EAP (contact point E) on the path of contact

according to Figure 1. It describes the actual contact point between pinion and wheel in a certain meshing
position gy.
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According to 5.3, Method B the calculation has to be done for the following contact points:

Y =
e A gy =9ga=0mm the lower point on the path of contact
e AB gy =9ne=(gu-Pet)/ 2 the midway point between A and B
B 9y = 98 = Ju - Pet the lower point of single pair tooth contact
s+ C ———=s tana; — 0o’ —dMZ T the pitchpoint
9y =Jc D) wt V 4 4 o P P
eD 9y = gb = Pet the upper point of single pair tooth contact
* DE  gv =gpe = (gu- Pet) / 2 + Pet the midway point between D and E
*E  gv=0e=9. the upper point on the path of coftact

© 1SO 2010 — All rights reserved
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(37)

(38)
(39)
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Figure 1 — Definition of contact point Y on the line of action

16 © 1SO 2010 — Al rights reserved


https://standardsiso.com/api/?name=c07259f21c10305394e4cc5f09aa97c1

ISO/TR 15144-1:2010(E)

The Y-circle diameter of pinion dy4 and wheel dy, are dependent on the location of contact point Y on the path
of contact gy and can be calculated according to equation (41) and equation (42).

2
dy,=2- dk22+[ dzz—di‘:z —Qq+g\(} (41)
. o [[o? aZ ) )
oYz — 2 V 4 TL 4 LA J

where

di4 is the tip diameter of pinion (see Figure 1);

di, is the tip diameter of wheel (see Figure 1);

di1 is the base diameter of pinion (see Figure 1);

di is the base diameter of wheel (see Figure 1);

g is the parameter on the path of contact (see Figure-1);

g is the length of path of contact (see Figure 1).

The transverse radius of relative curvature py can be determined according to equation (43).

pry =20 Py (43)
Puy t Py
where
fdw,zz —db12?

P2y = f (44)
Phi2y is the tranSverse radius of curvature of pinion/ wheel at point Y (see Figure 1);
fo/ ¥ is the base diameter of pinion/ wheel (see Figure 1);
b0 is-the Y-circle diameter of pinion/ wheel (see above and Figure 1).

The normal radius of relative curvature p,v can be calculated according to equation (45).

0,

= 45
pn,Y COSﬂ ( )

where
Py is the transverse relative radius of curvature (see above);

is the base helix angle.

© 1SO 2010 — All rights reserved 17
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11 Load sharing factor Xy

The load sharing factor Xy accounts for the load sharing of succeeding pairs of meshing teeth. The load
sharing factor is presented as a function of the linear parameter gy on the path of contact [4].

Due to inaccuracies a preceding pair of meshing teeth may cause an instantaneous increase or decrease of
the theoretical load sharing factor, independent of the instantaneous increase or decrease caused by
inaccuracies of a succeeding pair of meshing teeth at a later time. The value of Xy does not exceed 1,0 (for
cylindrical gears), which means full transverse single tooth contact. The region of transverse single tooth
contact may be extended by an irregularly varying location of a dynamic load.

The load
buttressir
factor X,

11.1 Spur gears with unmodified profiles

The load
discontin
double ¢
represen

sharing factor Xy depends on the type of gear transmission and on the profile modification. In case
g of helical teeth (no profile modification) the load sharing factor is combined with a buttressin
v [4]-

sharing factor for a spur gear with unmodified profile is conventionally >supposed to have
lous trapezoidal shape; see Figure 2. However, due to manufacturing inaccuracies, in each path
bntact the load sharing factor will increase for protruding flanks and dec€rease for other flanks. TH
ative load sharing factor is an envelope of possible curves; see Figure 3.

1

Figure 2 — Load sharing factor for cylindrical spur gears with unmodified profiles
and quality grade <7

Df
g

18

Figure 3 — Load sharing factor for cylindrical spur gears with unmodified profiles
and quality grade 2 8
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Xy = +—- = forgas gy < 46

Y 15 3 gg 9r=0y <08 (46)

Xy =10 forgs<gv<gp (47)
Q-2 1 g4-9v

Xy = +—- a for gD < gy < gE (48)
Y7 15 73 g4-9p

Q =7 for quality grade < 7;
@ = equals quality grade for grade = 8.
11.2 Spur gears with profile modification

w

pe Figure 4, Figure 5 and Figure 6.

/ / \\

A AB B D DE E

Figure 4 — Load sharing factor for cylindrical spur gears with optimum profile modificatjon

1
2/3
12
13
A AB B

Figure 5 — Load sharing factor for cylindrical spur gears with optimum profile modification on the
addendum of the driven gear and/or the dedendum of the driving gear
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2/3
1/2
13
\
A AB B D DE E
Figurel 6 — Load sharing factor for cylindrical spur gears with optimum profile modification on the
addendum of the driving gear and/or the dedendum of the driven gear
Linear interpolation between the values is possible.
1 1 gy . -
Xy F—+—-2Y for ga < gy < gas if Caz =0 um (49)
3 3 gg
Xy $9Y for ga < gv < gas if Cap = Cofr (s€614.3) (50)
g8
1 1 gy . X
Xy §F=—+—2% forgae < gy <gs if Ca0="0 um (51)
3 3 g
Xy ¥ 3—Y forgas < gy < gs if Cat = Cest (52)
B
Xy £1,0 for ge < gv's 9o (59)
Xy | 1,1 %9y for'gs < gy < goe if Ca2 =0 um (54)
3 3 9a —9p
| gcx _gY i = 5
Xy £ 22421 for go < gv < goe if Ca2 = Cetr (53)
94 9D
Xy |1, 9.9y for goe < gv < e if Ca1 =0 pm (58)
3"\3 9¢ —9p
_ 9q — 9y < < f _
Xy =22=L for gpe < gv < ge if Cat = Cest (57)
94 9D

11.3 Buttressing factor Xputy

Helical gears may have a buttressing effect near the end points A and E of the path of contact, due to the
oblique contact lines. This applies to cylindrical helical gears with no profile modification.
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)q}u(,B

A AU AB B D DE EU E
Figure 7 — Buttressing factor, Xyyy
The buttressing is expressed by means of a factor X, vy; see Figure 7, marked by the following values.
9au—9a=9e —9Jey =02mm-sing, (58)
with
da =0mm;
de=94 (see Figure 1).
Xbuta = Xpute =13 if 52 1,0 (59)
Xbut,A = Xbut,E :1+0,3'gB |f gB < 1,0 (60)
Xout.au = Xputeu = 1.0 (61)
g9
Xbuty = Xouta —m'(xbut,A -1 for ga < gv < gau (62)
Xbut,Y =1 ,0 for gAU < gY < gEU (63)
Xouty :XbutE_&'(XbutE_D for geu <gv=ge (64)
’ ~ 0,2mm-sin g, ’
where
&l “s the overlap ratio.

11.4 Helical gears with g <1 and unmodified profiles

Helical gears with a contact ratio &, > 1 and overlap ratio g < 1, have still poor single contact of tooth pairs.
Hence, they can be treated similar to spur gears, considering the geometry in the transverse plane, as well as

the buttressing effect. See Figure 8.

© 1SO 2010 — All rights reserved
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A AU AB B D DE EU E

Figure 8 — Load sharing factor for cylindrical helical gears with g < 1 and unmodified'profiles,
including the buttressing effect

The load |sharing factor is obtained by multiplying the Xy in 11.1 with the buttressing factor Xp,v in 11.3.

11.5 Helical gears with g < 1 and profile modification

Helical ge¢ars with a contact ratio &, > 1 and overlap ratio g < 1, havestill poor single contact of tooth pair
Hence, they can be treated similar to spur gears, considering the<{geometry in the transverse plane. Sge
Figure 9,|Figure 10 and Figure 11.

A AB B D DE E

Figure 9 — Load sharing factor for cylindrical helical gears with g < 1 and optimum profile
modification

@

Figure 10 — Load sharing factor for cylindrical helical gears with g <1 and optimum profile
modification on the addendum of the driven gear and/or the dedendum of the driving gear
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A AU AB B D DE EU E

modification on the addendum of the driving gear and/or the dedendumyof'the driven g

The load sharing factor is obtained by multiplying the Xy in 11.2 with the buttressing factor X,y in 11

-—

[1.6 Helical gears with g 2 1 and unmodified profiles
The buttressing effect of local high mesh stiffness at the end of‘oblique contact lines for helical g

>1and g 2> 1, is assumed to act near the ends A and E along’the helix teeth over a constant leng
brresponds to a transverse relative distance 0,2 mm - sinfy.see Figure 12. See also 11.3 and Figurg

N\ /

Q M

A AU AB B D DE EU E

he load sharing factor is obtained by multiplying the value 1/¢,, representing the mean load,
httressing factor Xyt y-

o —

Figure 11 — Load sharing factor for cylindrical helical gears with g < 1 and optimum prjf

le
ar

3.

ears with
th, which
b 7.

Figure 12 = Load sharing factor for cylindrical helical gears with g 2 1 and unmodified profiles

with the

1
XY =—'Xbut,Y

a

where

&, s the transverse contact ratio.
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11.7 Helical gears with g 2 1 and profile modification

Tip relief on the pinion (respectively wheel) reduces Xy in the range DE-E (respectively A-AB) and increases
Xy in the range AB-DE, see Figure 13, Figure 14 and Figure 15. The extensions of tip relief at both ends A-AB
and DE-E of the path of contact are assumed to be equal and to result in a contact ratio ¢, = 1 for unloaded
gears; see Figure 13.

Figure 13 — Load sharing factor for cylindrical helical gears with g2 1 and optimum profile

modification

A AU AB B D DE EU E

Figure 14 — Load sharing factor for cylindrical helical gears with g 2 1 and optimum profile
meodification on the-addendum of the driven gear and/or the dedendum of the driving gear

N\

A AU AB B D DE EU E

Figure 15 — Load sharing factor for cylindrical helical gears with g 2 1 and optimum profile
modification on the addendum of the driving gear and/or the dedendum of the driven gear
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The ranges are marked by the following values. Linear interpolation between these values is possible.

Xy = i+& - Xputy for ga< gv < gas if Ca1 = Cegand C,o =0 um (66)
| €a 2-84(gq+1) ] '
XY = i+ (80 il . Iy for ga < gv < gas if Ca1 =0 um and C, = Cog (67)
| €a 2'30'(gu+1)_ 9aB
Xy = LA CZ) J Iy for ga<gv < gas if Cat = Ca2 = Cext (68)
_‘90 ‘90'(50"'1) 9nB
1 (gcx _1) [ — —
Xy =—+—"—"— for gas < gv < goe if Ca1 =0 um and C,2="Ceg (69)
&y 2-&4-(gq+1)
if Ca1 = Ce and C, = 0 ym
1 (gq _1) : , —
XY =t — for [ON:} < gy < dbe if Ca1 v\ CaZ - Ceff (70)
Eq Ea '(ga + 1)
Xy = 1, (¢ =1) | 9a=9v for goe < gv < Gk if Ca1 = Cert @and Cap = 0 um (71)
| €a 2'gq'(gc(+1)_ 94 —9DE
1 ) L _
XY = —+ . XbUtY fOr gDE < gY < gE |f Ca1 = 0 Mm and CaZ - Ceff (72)
| €a 2'80'(€a+1)_ Y
Xy = i+ ) } 90 =9y TOr gpe S gv < gt if Cat = Ca2 = Cext (73)
_ga ga'(ga+1) 9q —9DE
12 Contact temperature &y
The local contact temperature”’ds v is defined as the sum of bulk temperature 6, and local flash temperature
A v. As a result of frictionin the teeth mesh, the flash temperature 6,y varies along the path of contaft. Hence
tHe local flash tempetafure 6,y has to be determined for every desired point Y in the field of coptact. For
simplification the balk temperature 4y is assumed as constant.
Osy = Ot bny (74)

where

v is the local flash temperature (see clause 13):

oy is the bulk temperature (see clause 14).

13 Flash temperature &y

The flash temperature &,y of the gear flanks is rapidly fluctuating in contact. In every mesh position different
rolling and sliding conditions occur. Furthermore the local contact load varies along the path of contact. These
conditions cause a continuous variation of the flash temperature which can be calculated according to
Blok [13] by equation (75).
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%

where

\/; Hm 'pdyn,Y '106 '|Vg,Y| )

pdyn Y
=" 8 Pry (75)
2 Bui-yVriy +Buz Ve \/ ™" 1000-E,
Vay=Vry = Vizy (76)
Bmt = Pm1 - Cmt - A (77)
BN ey 7

BM2

B
By
Hm
pdyn,Y
Viy
Vi2y

PnY

is the local sliding velocity;

is the thermal contact coefficient of pinion (see Table 2);

is the thermal contact coefficient of wheel (see Table 2);

is the mean coefficient of friction (see 14.1);

is the local Hertzian contact stress (see 8.1 and 8.2);

is the local tangential velocity on pinion (seeZ.1);

is the local tangential velocity on wheel.(see 7.1);

is the local normal radius of relative ‘curvature (see clause 10);

is the reduced modulus of eldsticity (see 6.1).

Table 2 — Material properties of steel

material density specific heat capacity | specific heat conductivity
pu kg/m’] om [J/(kgK)] A [WI(m-K)]
steel 7800 440 45

14 Bulk temperature 6y

The bulk
contact z

possible

HM = 00" + 7400 (

where
poo. .M. T1
60 1000
P
26

anprEoe

it

temperature 4y is the equilibrium temperature of the surface of the gear teeth before they enter the
bpe. The bulk temperature 6, should be measured or calculated by an adequate method. If this is npt

A {70\ (~amanara T41N1)

is the transmitted power;

P’;um 'Hv

Xs

a-b

j0,72

1,2 X,

7 Y \COTparc Uyt

(79)

(80)
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a is the centre distance;
b is the face width;
il is the lubricant inlet or oil sump temperature;
Hm is the mean coefficient of friction (see 14.1);
H, is the load losses factor (see 14.2);
XEa IS the tip reliet 1actor (see 14.3);
Xk is the lubricant factor (see 14.4).
14.1 Mean coefficient of friction u,
The mean coefficient of friction y, depends on the gear geometry, the surface ‘roughness, the {angential
velocity, the tangential load and the dynamic viscosity of the lubricant. JJt can be approximated by
efiuation (81).
Kn Ky Ko -Kig - For - Key 1 (. 0,05
Hm =07045'( b ] ‘(10 ‘ern) “XRo XL (81)
‘VscPnc
where
0,25
Xg = 2,2-( Ra J (82)
Pnc

Xk is the roughness factor;
b is the face width;
=" is, the nominal transverse load in plane of action;
Kh is the application factor (according to ISO 6336-1);
Kk, is the helical load factor (see below);
Khe is the transverse load factor (according to ISO 6336-1);
K is the face load factor (according to ISO 6336-1);
K is the dynamic factor (according to 1ISO 6336-1);
ic is the sum of the tangential velocities at the pitch point (see 7.1);
Tooil is the dynamic viscosity at inlet or oil sump temperature;
PnC is the normal radius of relative curvature at the pitch diameter;
Ra is the effective arithmetic mean roughness value (see 5.3);
X is the lubricant factor (see Table 3).
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The helical load factor Kg, takes into account an increasing friction for increasing total contact ratio (see
Figure 16).

1,4
1,35
g 1.3
X
l5 1,25
©
Py 2
T
E 1,15
8 1
©
£ 1,05
1 v,
1 1,5 2 2,5 3 35 1 45
total contact ratio ¢,
Figure 16 — Helical load factor Kg,
Kg, F1,0 if g<2 (83)
Kgy F1+02- (¢, —2)-(5-¢) if 2<g <35 (84)
Kg, F 1,3 if &235 (89)
Table 3 — Lubricant factor, X
oil type XL
mineral oil 1,0
polyalfaolefin 0,8
non water-soluble polyglycols 0,7
water-soluble polyglycols 0,6
traction fluid 1,5
phosphate ester 3

14.2 Load losses factor H,

The load losses factor H, is calculated according to equation (86) and (87).

Hv:(812+822+1—80)'[i+iJ- z it &<2 (86)
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T

cos Sy,

is the number of teeth of pinion;

is the number of teeth of wheel;

1

H, =0,5-¢, -[21
where
Z4
Z
&
1>
&
14.3 Tip relief factor Xc,

T
€
0
ti

—

tip relief factor X¢, —>

isthe hase halix anale:
IOy

is the addendum contact ratio of the pinion;

is the addendum contact ratio of the wheel;

is the transverse contact ratio.

e elastic deformation of the meshing teeth results in overload on the tip_in the area of high slidin
lief factor Xc, according to Figure 17 considers the positive influence’ of the profile modificatio]
erload. Xc, is a relative tip relief factor which depends on the actuakvalues of tip relief C,4, C,2, the
b relief Cerr, the ratio of addendum contact ratios and the direction of power flow.

1 //
2,0 /
upper point of J/
single pair tooth !
1,8 + contact | /
/ C, = C according to N
1,6 + /,/ equation (88) -
/‘
1,4
1,2 ///
/“/ C , < C . according to equation (89)
1,0 -pe==
0,8
0,0 0,2 0,4 0,6 0,8 1,0 1,2

maximum addendum contact ratio &,ay
emax. greater value of ¢4 and ¢,

Figure 17 — Tip relief factor X,

2010(E)

(87)

j. The tip
n on this
effective

The curves in Figure 17 can be approximated by the following equations:

Xca =14024 - £,0 + 0,71 £, 2

© 1SO 2010 — All rights reserved

if pinion drives wheel and & > 1,5-g and C,1 2 Ceit
if pinion drives wheel and & £ 1,5 5 and C,, 2 Cy
if wheel drives pinion and & > (2/3)'s and C,q 2 Cest

if wheel drives pinion and & < (2/3)-& and Cyp = Cet

(88)
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where

Ceff

Emax
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=1,0 in all other cases (89)

is the effective tip relief (see below);

is the maximum value, & or &.

Cetf is the effective tip relief, that amount of tip relief which compensates for the elastic deformation of the teeth

in single
Ceff
Ceff

where

b

C!

Cyo

Fi

Ka

is the face width;

is the single stiffness of a tooth pair per unit face width (according to ISO 6336-1);
is the mean value of mesh stiffness per unit face width (according to ISO 6336-1);
is the transverse tangential load at reference cylinder;

is the application factor (according to ISO 6336:1).

Tip relief factor as described above applies to géars of ISO accuracy grade <6, in accordance wi
ISO 1328-1. For less accurate gears, Xc, is to be setequal to 1; see also ISO 6336-1.

144 Lu

The lubri
The follo

st
st

Xs=

30

prication factor Xs

cation factor takes into accountia better heat transfer for dip lubrication than for injection lubricatio
ving values apply.

1,2 for injection lubrication;
1,0 for dip lubrication;

0,2 for gears submerged in oil.

nair contact
L KA—'I':‘ for spur gears (94
b-c
| Ka-Fe for helical gears (91
b-cy

th
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Annex A
(informative)

Calculation of the permissible specific lubricant film thickness Agrp
for oils with a micropitting test result according to FVA-Information
Sheet 54/7

he following information in this annex is provided as reference only and should not be inter;l)reted as
eneralised part of the procedure defined in this Technical Report.

T
g

One test procedure used to evaluate the micropitting load capacity of gear lubricants is the HVA-FZG-
nicropitting test according to FVA-Information Sheet 54/7 [7].

n

pr mineral oils investigated in this test procedure Agep can be taken from/kigure A.1 dependirj]g on the
bminal oil viscosity and the failure load stage SKS reached in the test C-GF/8,3/90. Interpolation between the
sfated values is possible.

>

0,6
Aarp \
0,5 AN
0,4 \\
0,3 \\ \
0,2 — —— ISO VG 460
k—— —_— ISO VG 220
0,1 ———— ISO VG 100
ISO VG 32
0,0
5 6 7 8 9 10

failure load stage (= SKS)

Figure A.1 — Minimum permissible specific lubricant film thickness for mineral oils as funcfion of
nominaldubricant viscosity and failure load stage SKS of the FVA-FZG micropitting teg
C-GF/8,3/90 with Ra = 0,50 ym

~—~

Fpr other-test conditions or different lubricants than presented in Figure A.1 the critical specific lubricant film
tHickness Agrr in contact point A of the specified test gears type C-GF is calculated at the reached fdilure load
slage nr\r\nrding to nqnnfinn (’)) The rnquirnd gear gonmnfry of the test gears fypn C-GFE is epnr\ifin in FVA-
Information Sheet 54/7. In this case the permissible specific lubricant film thickness Agrp is defined according
to equation (A.1). The material factor Wiy takes into account the influence of gear material different from the
case carburised standardised test gears type C-GF.

Agrp =1,4-Wyy - Agpr (A1)
where
W is the material factor (see Table A.1);
AGFT is the specific lubricant film thickness ascertained by tests (see 5.3).

© 1S0O 2010 — All rights reserved 31


https://standardsiso.com/api/?name=c07259f21c10305394e4cc5f09aa97c1

ISO/TR 15144-1:2010(E)

NOTE If no value for the failure load stage SKS of the lubricant is available, use the value Agrp of the lubricant for failure
load stage SKS 5.

Table A.1 — Material factor, Wy

Material Material factor, Wy
Case carburised steel, with austenite content:

- less than 25 % 1.0

- greater than 25 % 0,95
Gas nitrided steel (HV > 850) 1,5
Induction, flame hardened steel 0,65
Through hardened steel 0,5
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(informative)

Example calculation
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In the following annex an example calculation is presented. The calculation sequence has been provided to

$

data
Torotar

fcllruu a laaieal anproae hoaanth ralation o tha pane
oW T TOgTCa o pPProatr vt oo tothcr T

|

nd had profile deviations of approximately 10 ym.

.1 Input

1.1 Input of gear data
humber of teeth of pinion:
number of teeth of wheel:

hormal module:

The example calculates the safety factor S, of a specific gear set when compared to an allowable
Whilst any suitable test method can be used to determine the allowable Aggp value the calculation
uses a Agep established by the FVA-FZG micropitting test (Method B) as outlined in Annex A.

ne result of this example is confirmed by experimental investigations. The gears were obviously i

Z4 =18
22:18

m, =10,93 mm

ip diameter of pinion: da1 =221,4 mm
ip diameter of wheel: 02 =221,4 mm
hddendum modification factor of pinion: x4 =0,158
hddendum modification factorof wheel: X, = 0,158
ace width: b=21,4mm
nelix angle: p=0°
normal pressure angle: a,=20°
Centre-distance: a =200 mm
ear quality: Q=5
arithmetic mean roughness value of pinion: Ra;=0,90 ym
arithmetic mean roughness value of wheel: Ra; =0,90 ym

tooth flank modifications:

© 1SO 2010 — All rights reserved

no modifications

BFP value.

provided

cropitted
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B.1.2 Input of material data

modulus of elasticity of pinion: E; = 206000 N/mm?
modulus of elasticity of wheel: E, = 206000 N/mm?
Poisson’s ratio of pinion: v =0,3

Poisson’s ratio of wheel: »=0,3

specific jheat conductivity of pinon: Am1 = 45 W/(mK)
specific jheat conductivity of wheel: Az = 45 W/(mK)
specific jheat per unit mass of pinion: cwr = 440 J/(kgK)
specific jheat per unit mass of wheel: cwz = 440 J/(kgK)
density pf pinion: Pt = 7800 kg/m®
density pf wheel: ovs = 7800 kg/m®
materiall factor according to Table A.1: Ww=1,0

(for matghing case carburised/ case carburised)

B.1.3 Input of operating data

nominalftorque at the pinion: T, =1878 Nm
rotation [speed of the pinion: ny = 3000 min™
applicat|on factor: Ka=1,0
dynamig factor: K,=1,15
transverse load factor: Kho = 1,0

face loaf factor: Kip = 1,10

B.1.4 Input of lubricant data

oil inlet {femperature (injection lubrication): i =90 °C
kinematic viscosity at 40 °C: Vao = 210 mm°/s
kinematic viscosity at 100 °C: Vioo = 18,5 mm?/s
density of the lubricant at 15 °C: P15 = 895 kg/m®
oil type: mineral oil

failure load stage at operating temperature according to FVA 54/7: SKS 8
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B.2 Calculation of the current specific lubricant film thickness

B.2.1 Calculation of gear geometry (according to ISO 21771)

basic values:
m, = me = 10,93 mm
cos f
d, =z, -m, dy = 196,74 mm
o, =2, -m, d, =196,74 mm
z
=2 u=1
Z
o, = arctan tanay =20°
cos f
1 = d; - COS dp1 = 184,875 mm
O = dy -COS dpp = 184,875 mm
2-a
1 =—— dw1 =200 mm
w1 U+1 w1
o =2-a—dyy dwz =200 mm
~ {(z1+22)~mt-cosat} _ .
4 = arccos ot = 22,426
2-a
5, = arcsin(sin 3 -cos a, ) H=0°
Ot = M, - 7 - COS ¢y Pet = 32,267 mm
2
54 -4 (%] —-1-tana,, & =0,705
4 db1
2
2=Z—2[ (daﬂ —‘I—tana‘j £ =0705
v/ kadsz
1 [ [da®  des? \/ A’ s’
=— - + - —a-sin =
&q oo [\/ 4 4 4 4 At & = 1,411
_b-sing
gB - mn T &g = 0

© 1SO 2010 — All rights reserved
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&y

:gu +¢9B

£ =1411

9. = 45,519 mm

coordinates of the basic points (A, AB, B, C, D, DE, E) on the line of action (see clause 10):

ga=0mm ga=0mm

Ins = g% gas = 6,626 mm
98 = Jao|~ Pet gs = 13,253 mm
gc = izbl~tanawt - d"xz —dZ—12 o gc = 22,760.mm
9b = Pe gp'=.32,267 mm
9pE = —Q%Jr Pet goe = 38,893 mm
9e =9q ge = 45,519 mm

Oy =2

dAB1 =4

dgq =2

2
d, 2 d.?> d.?
21+[\/11— 21 —gu+gAJ

doi” |
4

2
/d 2 9.2
11 - 21 —Qq+QABJ
2 2 2 2
d d d
- +[,/ ya— —gq+gBJ
2 2 2 2
d d d
; +[,/ y— —ga+g0]

VR

dA1 =187,419 mm

dAB1 = 190,046 mm

dgt = 193,546 mm

dc1 =200,000 mm

oy = 2-

o
dpgq =2- 21+

36

2
db12 da12 db12
+ - — +
4 [ 4 4 94 T 90

7~ N\

2
/d 2 g2
11 - t: _ga+gDE}

dpt = 207,998 mm

dDE1 =214,394 mm
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2
dy i da? dyf _
dE1 =2. Z:] +[ Z‘ — Z:] —9q+9E dE1 —221,400 mm
2 2 2 2
d d d
da, =2. [Fb2 a2 _ Yp2 dar = 221,400 mm
A2 4 { 4 4 9a A2
2 2 2 2
gy =2+ | D02y | [Tz o2 g as = 214,394 Mm
4 4 4
2 2 2 2
d d d
o, =2. |02 a2 _ b2 _ ds2'=207,998 mm
B2 4 ( 4 4 (]} B2
2 2 2 2
d d d
. —2. |[9b2_ a2 Y2 dc2 = 200,000 mm
c2 4 { 4 4 e .
2 2 2 2
d d d _
dDZ —2. l:f +[ 342 _ Ef _gDJ dD2 = 193,546 mm
2 2 2 2
Opep =2+ %oz + %ez - %oz —9pE dpez = 190,046 mm
4 4 4
2 [ 2 2 2
d d d
- =2. |Zb2 a2 _¥b2 dzp = 187,419 mm
E2 4 ( 4 2 9e E2
transverse radius ofrelative curvature:
2 2
o = 2 o1 Z i P = 15,389 mm
P ap = V d"‘:”24_ sz i As = 22,045 mm
2 2
pus = dg4 ;dm P = 28,641 mm
2 2
P = de ;dm puc = 38,148 mm
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o= /dmz — Ay’
t1,D 4

2 2
dDE1 B db1
V 4

Pup = 47,655 mm

Pr1.DE = 54,282 mm

PHE= 60,908 mm

Pra = 60,908 mm

Pr.AB = 54,282 mm

PoB = 47,655 mm

Prc = 38,148 mm

PrD = 28,641 mm

PrDE = 22,015 mm

PrE = 15,389 mm

oA = 12,285 mm

PLAB = 15,663 mm

A= 17,890 mm

PHDE =
_ | dei® —dp?
PHE =1 P
dps” — do”
PrA = 4
2
P _ dag2” — b2
t2,AB 2
deo” — o’
P = 9 4
Poc =1 d022 _db22
t2,C 2
dps” — di”
Prp =1 4
[ 2 2
P _ dpez” —dp2
t2,DE - 4
dep” — o’
PrRE = 9 4
Pun = Pr1.A ° PrA
17Nl E—
At1.A T Pr2A
p _ |Pt1.AB " P2 AB
tAB =T 7
O11,A8 + Pi2.AB
Oip = Aipy Pr2B
tB = L————
Prpe T Prp
Dec = Puc " Prc
Kol —
Puc t Prc
Dip = Purp - Prpb
{5 R —
Pup t Prp
38

pre = 19,074 mm

oo = 17,890 mm
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Pt1DE * Pt2,DE
PtpE = B TeE Aoe = 15,663 mm
PuipE + PrDE

PHE  PrE
pre = pe = 12,285 mm
PHE T PrE

normal radius of relative curvature:

— PiA B

On A = cos Pnn = 12,285 mm
_ PtAB _

On,AB = cos Pnas = 151663 mm

_ PtB _
On B coS &, e = 17,890 mm

_ Pic _
OnC = coS Pnc = 19,074 mm

PtD -
OnD = coS Pnp = 17,890 mm
_ PtDE _

OnDE = —cosﬂb Pnpe = 15,663 mm

_ PtE _
OnE = coS B, onE = 12,285 mm

B.2.2 Calculation of material data
1-v2  d-v,° B 2
F o =2. N2 2 E, = 226374 N/mm
E, E,
Byt = - Pt - Cunt B = 12427,4 N/(ms°K)
MZ—V j|V|4 Pz RML = 19497,4 N/(MQCYSK)

B.2.3 Calculation of operating conditions
loading:

T
60 1000

P=2-7 P =590 kW
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T
F, =2000-— Fi=19091 N
1
7—1
Fyr =2000 - — Fyt = 20316 N
b1
local load sharing factor:
(no tooth flank modification, spur gears, gear quality < 7 — see Figure 2)
1 1 ga
X = _+_'_ =
A=3lt3 9 X, =0,333
)(AB___"_’]'Qﬂ Xas = 0,5
3 98
Xg=1p Xz=1,0
Xe=1,p Xg=1,0
Xp =1, Xp=1,0
1 94 —9oe
X, = __+_.°— -
DE=F+3 9o —9o Xoe = 0,5
11,1 94-9e
e Xe = 0,333
® 3] 3 g.-9p ;
elasticity factor:
Er — 2,0,5
Zg =4+ Zg = 189,812 (N/mm®)
47T
local Her{zian contact stress:
F X
47 . A - N 2
Prag ={4e \/b'pn,A D8 o, 00 g Prag = 963 N/mm
F-X
L 7. t '~ AB = 1045 N/mm?
PH.ABB E \/b'/?n,AB -COS ay -COS fg Praspe = 1045 N/mm
F-X
=7 . t B =1 N 2
Prpp = e \/ b- pap -COS @y -COS S, Prep = 1383 N/mm
F, - X
=7 t'7c = 1339 N/mm’
Pucp E \/b'Pn,c “cosa, -CoS f, PH.cB mm
40 © 1SO 2010 — Al rights reserved
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Fi - X
PHpp :ZE'\/b L0
* Pnp - COSay - COS By,

Ft'XDE

Pupes = ZE -
o b pnpEg - COS @y - COS f3,

F - X
Pues = Ze '1/,, —

ISO/TR 15144-1:2010(E)

Pros = 1383 N/mm?

Prpes = 1045 N/mm?

Pres = 963 N/mm?

o vUo CUO G
VP PhE T 7o

Pdyn,AB = PHAB '\/KA Ky - Kha - Kig

Pdyn,ABB = PH,ABSB '\/KA Ky Ko - Kig

PdynBB = PHBB '\/KA Ky - Kig - Kig

Pdayn,c8 = PHCB '\/KA Ky - Kha - Kig

PaynpB = PHDB '\/KA ‘K, - Kha - Kig

Pdyn,DEB = PHDEB '\/KA Ky Ky - Kig

PayneB = PHEB '\/KA Ky - Kha - Khg

Paynas = 1084N/mm?
Paynasle="1175 N/mm[
Baynps = 1555 N/mm?
Payn.ce= 1506 N/mm?
Poynpe= 1555 N/mm?
Paynpes = 1175 N/mm

Paynes = 1084 N/mm?

velocity:
n 22d
V. =2. ._1._.3 o1 Vi = 4,834 m/s
A 60 2000 \/ 2 _d, 2 e
n 2_4d
v =2z -—1-—- AB* M =6,916 m/s
r1,AB 60 2000 Vi1,AB )
W O e db1 Vs = 8,998 m/s
' 60 2000 2_4
b1
S V. E, = s =44-985mfs
r.e 60 2000 = ™ V dy? - dy, 2 nes b
2 2
n 1 D1 — by _
VD 'ﬁ'%'ﬁ's At W12 db12 Viip = 14,971 m/s
2
Vi DE :Z'W'ﬂ'ﬁ‘smam' oe1_— o1 Vii,pe = 17,053 m/s
' 60 2000 Wit~y ’
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_ m 1 o E1_— b1 _
VI’1,E = 'ﬁ'%"zovéo's'nawt' d 2—d 2 ViE= 19,135 m/s
wi b
2 2
Ny dwp A2~y
Vipp =27 —— —2¥=.sina,, 5 Vioa = 19,135 m/s
60-u 2000 wa — oo
, 2 2
Vippp =P < S dABZ d"22 =53 S
60-u 2000 \ duo® —diy
2 2
1 n Ay B2” — b2
Viog =47~ : “Sinay, - 5 Viog = 14,971 m/s
60-u 2000 wa — oo
2 2
] o dwp dey” —dyy
Ve =2-7-—— - —*_.sina Vioc 11,985 m/s
r2,C 47T 60.u 2000 wt w22 db22 r2,C

n d .
Vi2DE :2'”'—1'L2'Smawt .
’ 60-u 2000
i n d .
Vr2,E =7 .”.—1.L2.S|na

60-u 2000 wt

Vga =VHA ~Vi2a
VgaB =Vr1.a8 ~Vri2AB
VgB =VhB ~ V2B
Vgc =Vhec ~Viec

Vgb =VHp — V3D

VgpE = VrimE —ViopE

Vizp = 8,998 m/s

Vi2DE = 6,916 m/s

VioE = 4,834 m/s

Vga =-14,300 m/s
Vgag = -10,137 m/s
Vge =-5,974 m/s
Vgc =0 m/s

Vgp = 5,974 m/s

Vepe =10,137 m/s

VgE =VrE ~Vi2E

Vsa =Vra tVioa

Vsas =VriaB T V2B

Vs =Vrp tViog

42

Vge = 14,300 m/s
Vsa = 23,969 m/s
Vs ag = 23,969 m/s

Vsg = 23,969 m/s
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Vsc =Vrc Ve Vs c = 23,969 m/s

Vip =Vrp tVi2p Vsp = 23,969 m/s

Vspe =VripeE tVi2pE Vs pe = 23,969 m/s

Vse =VrEe T Vg vs e = 23,969 m/s
effective-arithmetic-meanroughnessvalue:

Ra =05-(Ra; +Ra,) Ra = 0,90 ym
B.2.4 Calculation of lubricant data

A log[log(v4g +0,7)/log(v4g0 +0,7)] A= 3385

log(313/373)
B = log[log(vy +0,7)]— A-log(313) B=28,815
og[log(veq +0,7)] = A-log(6y; +273)+ B Vooil = 24,825 mm?/s

Oy +273) - 289}

Ogoil = P15 ° |:1 —0,7 . ( Pooil = 843,2 kg/m3

P15
160il = 10°° “Voil " Poil eoil = 0,021 N-s/m?
K. =1,0 for mineral oil (see.Table 3)
og[log(vsg +0,7)] = A-log(38 +273) + B vag = 236,242 mm?/s

s = 879,6 kg/m®

s = prs .{1_07. (38+273)—289}

P15
738 =107 v pag 7738 = 0,208 N-s/m’
5g = 26571078 . 17,0134 s = 2,15:10° m?/N
Ke=1,2 for injection lubrication

B.2.5 Calculation of the material parameter

mean coefficient of friction:

R 0,25
a J Xk = 1,025

Xg =22 (
pn,C
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Ks,=1,0 for g < 2
02
Ka K, Kyy Kyg - Fot - K ’ _
i =0,045-[ Ay o h TR b BVJ (10% oot )" - Xe X, pm=0,048
b-vsc:pnc
bulk temperature:
HV:(£2+892+1—5,,)~(1+i\- z forg, <2 H.=0204
(Z17 Z, ) COSp,
€max = 41 = &2
Xca=1,p for no profile modification
0,72
i : X
O = 0, +7400-[P Fm ij S G = 1536 °C

a-b 1,2 X,
material parameter:

log[log(¥em +0,7)] = A-log(6y +273)+B

o = b .{1_07. (6w +273)—289}

P15

-6
om =107 vem - Pom

1 1
M

Gy =10° - agy - E,

B.2.6 Chalculation of the velocity parameter

Vs A

Uy =1, TEASS
A =T 2000E)° oo a

Une = Vs AB
AB = Mo

vom = 5,824 mm?/s

Pom = 798,7 kg/m®

77om = 0,005 N-s/m?

aom = 1,183-10° m¥N

Gy = 2678,6

Un = 2,005-10™"

Upg = 1,572-10™"

YUY TEr T PnAB

Ug =7 VB
B 2000-E, - pog
Vsc
U~ = &
C =M 2000 £,  prc
44

Ug=1,377-10™"

Uc = 1,291-10™"

© 1SO 2010 — All rights reserved


https://standardsiso.com/api/?name=c07259f21c10305394e4cc5f09aa97c1

ISO/TR 15144-1:2010(E)

Up = oy - o 22— Up = 1,377-10""
2000 -E, - pyp ’
Upe = out 5o 20E Uoe = 1,572-10°"
2000 - Er * Pn,DE 7
[V p— Ug = 2,005-10™"
2000 -E, - p, ¢ ’
B.2.7 Calculation of the load parameter
P 227
W, =8 = wi=1,439-10*
E,
2.7
W,s = Pdyn,AB i Was = 1,694-10™
E
;
2.
y, = Pome Ws = 2,966-10"
E,
2.7
W, — Lanc - We = 2,781-10*
E,
p, 22.x
Wy = 0 W = 2,966-10°
E,
2.z
W — DomDE > Woe = 1,694:10°
E
;
p, 2.2,
W =~ We = 1,439-10°
E,
B.2:8 Calculation of the sliding parameter
local flash temperature:
x/; 106 *Hm 'pdyn,A '|Vg,A| den,A o
A= . 8'Pn,A'm bha=175,3°C
BM1\/Vr1,A +BM2\/Vr2,A =r
10° 75N -lv p
O ps = x/; m * Pdyn,AB | g,AB| \/ dyn,AB thps = 154,1 °C

2 Blvm/Vm,AB +BM2\/Vr2,AB
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