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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
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

In exceptional circumstances, when a technical committee has collected data of a different kind from that
which is normally published as an International Standard (“state of the art”, for example), it may decide by a
simple majority vote of its participating members to publish a Technical Report. A Technical Report is entirely
informative in nature and does not have to be reviewed until the data it provides are considered to be no
longer valid or useful.

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

ISO/TR 15144-1 was prepared by Technical Committee ISO/TC 60, Gears, Subcommittee SC 2, Gear
capacity calculation.

ISO/TR 15144 consists of the following parts, under the general title Calculation of micropitting load capacity
of cylindrical spur and helical gears:

— 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.

The basis for the calculation of the micropitting load capacity of a gear set is the model of the minimum
operating specific lubricant film thickness in the contact zone. There are many influence parameters, such as
surface topology, contact stress level, and lubricant chemistry. Whilst these parameters are known to affect
the performance of micropitting for a gear set, it must be stated that the subject area remains a topic of
research and, as such, the science has not yet developed to allow these specific parameters to be included
directly in the calculation methods. Furthermore, the correct application of tip and root relief (involute
modification) has been found to greatly influence micropitting; the suitable values should therefore be applied.
Surface finish is another crucial parameter. At present Ra is used, but other aspects such as Rz or skewness
have been observed to have significant effects which could be reflected in the finishing process applied.

Although the calculation of specific lubricant film thickness does not provide a direct method for assessing
micropitting load capacity, it can serve as an evaluation criterion when applied as part of a suitable
comparative procedure based on known gear performance.

© 1SO 2010 — All rights reserved
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Calculation of micropitting load capacity of cylindrical spur and
helical gears —

Part 1:
Introduction and basic principles

1 Scope

This part of ISO/TR 15144 describes a procedure for the calculation of the micropitting load capacity of
cylindrical gears with external teeth. It has been developed on the basis of testing and observation of oil-
lubricated gear transmissions with modules between 3 mm and 11 mm and pitch line velocities of 8 m/s to
60 m/s. However, the procedure is applicable to any gear pair where suitable reference data is available,
providing the criteria specified below are satisfied.

The formulae specified are applicable for driving as well as for driven cylindrical gears with tooth profiles in
accordance with the basic rack specified in ISO 53. They are also applicable for teeth conjugate to other basic
racks where the virtual contact ratio is less than ¢, =2,5. The results are in good agreement with other
methods for normal working pressure angles up to 25°, reference helix angles up to 25° and in cases where
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 damage other
than micropitting.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 53:1998, Cylindrical gears for general and heavy engineering — Standard basic rack tooth profile

ISO 1122-1:1998, Vocabulary of gear terms — Part 1: Definitions related to geometry

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

ISO 6336-1:2006, Calculation of load capacity of spur and helical gears — Part 1: Basic principles,
introduction and general influence factors

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 13989-2:2000, 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 symbols used in this document are given in Table 1. The units of length metre, millimetre and micrometre
are chosen in accordance with common practice. The conversions of the units are already included in the
given equations.

Table 1 — Symbols and units

Symbol 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 wheel JI(kg-K)
c maximum tooth stiffness per unit face 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

b1 base diameter of pinion mm

/¥ base diameter of wheel mm

fo 91 pitch diameter of pinion mm

Auo pitch diameter of wheel mm

dy1 Y-circle diameter of pinion mm

dyo Y-circle diameter of wheel mm

E. reduced modulus of elasticity N/mm?
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 -
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Table 1 (continued)

ISO/TR 15144-1:2010(E)

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 min”’
P transmitted power kW
Pet transverse base pitch on the path of contact mm
Pdyn.y local Hertzian contact stress including the load factors K N/mm?
puy  |local nominal Hertzian contact stress N/mm?
Ra effective arithmetic mean roughness value um
Ra, arithmetic mean roughness value of pinion pm
Ra, arithmetic mean roughness value of wheel pm
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 °

A Anan
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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 area -
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 -
VoBY kinematic viscosity at local contact temperature mm?/s
VoM kinematic viscosity at bulk temperature mm?/s
W Poisson’s ratio of pinion -
Vy Poisson’s ratio of wheel -
Vioo kinematic viscosity at 100 °C mm?/s
Vao kinematic viscosity at 40 °C mm?/s
M1 density of pinion kg/m3
Pz density of wheel kg/m®
Pn,c normal radius of relative curvature at pitch diameter mm
Py normal radius 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)

Copyright International Organization for Standardization
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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 um deep. The micropits can coalesce to produce a continuous fractured surface which appears as 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].

Micropitting may arrest. However, if micropitting continues to progress, it may result in reduced gear tooth
accuracy, increased dynamic loads and noise. If it does not arrest and continues to propagate it can develop
into macropitting and other modes of gear failure.

5 Basic formulae

5.1 General

The calculation of micropitting load capacity is based on the local specific lubricant film thickness Agey in the
contact area and the permissible specific lubricant film thickness Agrp [11]. It is assumed that micropitting can
occur, when the minimum specific lubricant film thickness Agemin is lower than a corresponding critical value
Acep. Both values Agrmin and Agep shall be calculated separately for pinion and wheel in the contact area. It
has to be recognized that the determination of the minimum specific lubricant film thickness and the
permissible specific lubricant film thickness have to be based on the operating parameters.

The micropitting load capacity can be determined by comparing the minimum specific lubricant film thickness
with the corresponding limiting value derived from gears in service or from specific gear testing. This
comparison will be expressed by the safety factor S, which shall be equal or higher than a minimum safety
factor against micropitting S; min.

Micropitting mainly occurs in areas of negative specific sliding. Negative specific sliding is to be found along
the path of contact (see Figure 1) between point A and C on the driving gear and between point C and E on
the driven gear. Considering the influences of lubricant, surface roughness, geometry of the gears and
operating conditions the specific lubricant film thickness Agry can be calculated for every point in the field of
contact.

5.2 Safety factor against micropitting S,

To 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).
Copyright Intemational Organization fo Stantaraization Ihts 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

j“GF,Y = Ra (2)
where
Ra=05-(Ra, + Ra,) (3)
hy =1600-p,y -Gu®® - Uy ®7 - Wy 012 .Sgpy 022 (4)
Ra is the effective arithmetic mean roughness value;
Ra, is the arithmetic mean roughness value of pinion (compare ISO 6336-2);
Ra; is the arithmetic mean roughness value of wheel (compare ISO 6336-2);
hy is the local lubricant film thickness;
PnY is the normal radius of relative curvature at point Y (see clause 10);
Gwm is the material parameter (see clause 6);
Uy is the local velocity parameter (see clause 7);
Wy is the local load parameter (see clause 8);

Sery is the local sliding parameter (see clause 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 Sgry that exists at each point Y. The minimum of the seven hy (Agey) values
shall be used in equation (1).

An example calculation is presented in Annex B.

a) Method A

The local specific lubricant film thickness can be determined in the complete contact area by any appropriate
gear computing program. In order to determine the local specific lubricant film thickness, the load distribution,
the influence of normal and sliding velocity with changes of meshing phase and the actual service conditions
shall be taken into 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.

Copyright International Organization for Standardization © ISO 201 0 - A” rlghts 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.

Running real gears under conditions where micropitting just occurs the minimum specific lubricant film
thickness can be calculated according to 5.3 a). This value is equivalent to the limiting specific lubricant film
thickness which is used to calculate the micropitting load capacity.

Such 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 as well as
for gear boxes where failure would have serious consequences.

Otherwise the permissible specific lubricant film thickness Agrp may be derived from consideration of
dimensions, service conditions and performance of carefully monitored reference gears operated with the
respective lubricant. The more closely the dimensions and service conditions of the actual gears resemble
those of the reference gears, the more effective will be the application of such values for the purpose of
design ratings or calculation checks.

b) Method B

The method adapted is validated by carrying out careful comparative studies of well-documented histories of a
number of test gears applicable to the type, quality and manufacture of gearing under consideration. The
permissible specific lubricant film thickness Agep is calculated from the critical specific lubricant film thickness
Acer Which is the result of any standardised test method applicable to evaluate the micropitting load capacity
of lubricants or materials by means of defined test gears operated under specified test conditions. Ager is a
function of the temperature, oil viscosity, base oil and additive chemistry and can be calculated according to
equation (2) in the contact point of the defined test gears where the minimum specific lubricant film thickness
is to be found and for the test conditions where the failure limit concerning micropitting in the standardised test
procedure has been reached.

The test gears as well as the test conditions (for example the test temperature) have to be appropriate for the
real gears in consideration.

Any standardised test can be used to determine the data. Where a specific test procedure is not available or
required, a number of internationally available standardised test methods for the evaluation of micropitting
performance of gears, lubricants and materials are currently available. Some widely used test procedures are
the FVA-FZG-micropitting test [7], Flender micropitting test [12], BGA-DU micropitting test [2] and the
micropitting test according to [3]. Annex A provides some generalised test data (for reference only) that have
been produced using the test procedure according to FVA-Information Sheet 54/7 [7] where a value for Agep
can be calculated for a generalised reference allowable using equation A.1.

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.

AN~ AnAA AL
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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 vibration, are
estimated rather than measured, a larger safety factor should be used.

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

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

— variations in lubrication and its maintenance over the service life of the gears.

Depending on the reliability of the assumptions on which the calculations are based (for example load
assumptions) and according to the reliability requirements (consequences of occurrence), a corresponding
safety factor is to be chosen.

Where gears are produced according to a specification or a request for proposal (quotation), in which the gear
supplier is to provide gears or assembled gear drives having specified calculated capacities (ratings) in
accordance with this technical report, the value of the safety factor for micropitting is to be agreed upon
between the parties.

6 Material 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, (5)
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
2 2
1-v 1-v
E =2 472 (6)
E, E,
Copyright In?ernational Organization for Standardization © ISO 201 0 - A” r|ght3 I'eserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TR 15144-1:2010(E)

Er=1_EV2 forE, = E, =Eandv,=v, =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?);
2] is the Poisson’s ratio of pinion (for steel: v=0,3);
vy is the Poisson’s ratio of wheel (for steel: v=0,3).

6.2 Pressure-viscosity coefficient at bulk temperature ogu

If the data for the pressure-viscosity coefficient at bulk temperature oy for the specific lubricant is not
available, it can be approximated by equation (8) (see [9]).

1 1
= 1+516 | ———— ——— 8
o = s { (eM 1273 31 1}} ©)
where
3 is the pressure-viscosity coefficient of the lubricant at 38 °C;
oy is the bulk temperature (see clause 14).

If no values for asg are available then the following approximated values [1] can be used.

rsg = 2,657 - 10 - 1735%"1%%8 for mineral oil (9)
csg = 1,466 - 10 - 1735207 for PAO - based synthetic non-VI improved oil (10)
asg = 1,392 - 10 - 17362772 for PAG - based synthetic oil (11)
where
38 is the dynamic viscosity of the lubricant at 38 °C.

7 Velocity parameter Uy

The velocity parameter Uy describes the proportional increase of the specific lubricant film thickness with
increasing dynamic viscosity 7sm Of the lubricant at bulk temperature and sum of the tangential velocities vs v.

Uy = oy o 2 —— (12)
2000 -E, - o,y
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).
Copyright International Organization for Standardization JNtS reserved 9
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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

vr1yY:2-ﬂ~%~%'sinawt~ % (14)

w1 b1
2 2

vrsz=2-n~%~%-sinawt- % (15)
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);
dys is the Y-circle diameter of wheel (see Figure 1 and clause 10);
n 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 dynamic viscosity at bulk temperature 7y can be calculated according to equation (16).

nom =107% Ve - 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

_log[log(v,g +0,7)/log(v490 +0,7)]

A log(313/373) (18)
B =log[log(v4 +0,7)] - A-log(313) (19)
oy is the bulk temperature (see clause 14);
Vio is the kinematic viscosity of the lubricant at 40 °C;
V100 is the kinematic viscosity of the lubricant at 100 °C.

7.2.2 Density of the lubricant at bulk temperature pgy

If the density of the lubricant at bulk temperature pgy is not available, it can be approximated based on the
density of the lubricant at 15 °C according to equation (20).

peneprs | 1-07 . (Ou*273) = 289} (20)
P15
where
P15 is the density of the lubricant at 15 °C according to the lubricant data sheet;
oy is the bulk temperature (see clause 14).
If no data for py5 is available then equation (21) may be used for approximation of mineral oils.
P15 = 43,37 -logv,, +805,5 (21)

Vao is the kinematic viscosity of the lubricant at 40 °C.

8 Load parameter Wy

The load parameter Wy can be determined using the local Hertzian contact stress pgyny and the reduced
modulus of elasticity E..

2

w, = 2 Pany_ (22)
E?
where
Todyn.Y is the local Hertzian contact stress according to Method A (see 8.1) or according to Method B g
(see 8.2); :
E, is the reduced modulus of elasticity (see 6.1).
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8.1 Local Hertzian contact stress pgynya 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

Padyn,Y A-
Payny.a = Prya VKa - K, (23)
where
PHy.A is the local nominal Hertzian contact stress, calculated with a 3D load distribution program;
Ka is the application factor (according to ISO 6336-1);
K, is the dynamic factor (according to ISO 6336-1).
NOTE Where either Ka or K, influences are already considered in the 3D elastic mesh contact model either or both

Ka and K, should be set as 1,0 in equation (23).

8.2 Local Hertzian contact stress pgynys according to Method B

The local Hertzian contact stress py,nvs according to Method B is calculated according to equation (24). The
required nominal Hertzian contact stress pyvg is obtained by equation (25), see 8.2.1. The total load in the
case of drive trains with multiple transmission paths or planetary gear systems is not quite evenly distributed
over the individual meshes. This is to be taken into consideration by inserting a distribution factor K, to follow
Ka in equation (24), to adjust the average load per mesh as necessary.

Pdyn,yB = PH,yB '\/KA Ky -Kha - Kig (24)
where
PH.y,B is the local nominal Hertzian contact stress (see 8.2.1);
Ka is the application factor (according to ISO 6336-1);
K, is the dynamic factor (according to 1ISO 6336-1);
Ko is the transverse load factor (according to ISO 6336-1). Profile modifications are considered in

the factor Xy, see clause 11.

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

NOTE Gears with a total contact ratio ¢, > 2 can only be calculated according to Method A.

8.2.1 Nominal Hertzian contact stress pyygs

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.
F-X
P = Ze L Xy (25)
H,Y,B E
b-p,y -cosa; -cos f,
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where
Ze = ZE—;Z (26)
Zk is the elasticity factor (according to 1ISO 6336-2);
b is the face width;
F is the transverse tangential load at reference cylinder;
Xy is the load sharing factor (see clause 11);
E; is the reduced modulus of elasticity (see 6.1);
1 is the transverse pressure angle;
So is the base helix angle;
Pny 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
temperature influences both the local pressure-viscosity coefficient and the local dynamic viscosity and hence
the local lubricant film thickness [6]. The indices “0B,Y” for local contact temperature and “6M” for bulk
temperature are used. The local contact temperature Gy is the sum of the local flash 6y and the bulk
temperature éGy.

Sery = Xopy " e,y (27)
Ggm *TTeMm
where
oY is the pressure-viscosity coefficient at local contact temperature (see 9.1);
TeB,Y is the dynamic viscosity at local contact temperature (see 9.2);
gm is the pressure-viscosity coefficient at bulk temperature (see 6.2);
Tom is the dynamic viscosity at bulk temperature (see 7.2).

9.1 Pressure-viscosity coefficient at local contact temperature agg y

If the data for the pressure-viscosity coefficient at local contact temperature aygy for the specific lubricant is
not available, it can be approximated by equation (28) (see [9]).

1 1
a =Qs5+|1+516| ——mMm ———— 28
oBY — 738 [ (HB,Y +273 31 1}} (29)
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 Kinematic viscosity at local contact temperature gy
The kinematic viscosity at local contact temperature vy can be calculated from the kinematic viscosity 14, at
40 °C and the kinematic viscosity 1190 at 100 °C on the basis of equation (30). Extrapolation for temperature
higher than 140 °C should be confirmed by measurement.

log[log(vegy +0,7)] = A-log(6s v +273)+B (30)

where

_log[log(v,g +0,7)/log(v4p0 +0,7)]

A log(313/373) (31)
B =log[log(v4g +0,7)] - A-log(313) (32)
Gsvy is the local contact temperature (see clause 12);
Vio is the kinematic viscosity of the lubricant at 40 °C;
V100 is the kinematic viscosity of the lubricant at 100 °C.

9.2.2 Density of the lubricant at local contact temperature py y

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

Og.y +273)-289

PeBY = P15 '{1_077‘( (33)
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.

1A .
Copyright International Organization for Standardization ©1S0 2010 — All r|ght3 reserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TR 15144-1:2010(E)

According to 5.3, Method B the calculation has to be done for the following contact points:

Y =

e A
e AB
e B

e C

Provided by IHS under license with ISO

No reproduction or networking permitted without license from IHS

gy=ga=0mm

9y = 9ag = (Jo- Pet) / 2

9y = 9B = Ju - Pet

d d,2  dyf
gY:gC:%'tanawt_ %—%Jfga
9y = gb = Pet
9y = 9oe = (Ga- Pet) [ 2 + Pet
9y = 9e = Ja

the lower point on the path of contact
the midway point between A and B

the lower point of single pair tooth contact

the pitch point

the upper point of single pair tooth contact
the midway point between D and E

the upper point on the path of contact

Not for Resale

(34)
(39)
(36)

(37)

(38)
(39)
(40)
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| .

Figure 1 — Definition of contact point Y on the line of action
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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

dyy -2 (B | [0 G g g (@1)
dy” | dw®  dpy” i

dy, =2- 22 +[ 12 - ‘;2 -gy (42)

where

fo 0% is the tip diameter of pinion (see Figure 1);

da2 is the tip diameter of wheel (see Figure 1);

db1 is the base diameter of pinion (see Figure 1);

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

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

o 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)
P12y is the transverse radius of curvature of pinion/ wheel at point Y (see Figure 1);
A1 is the base diameter of pinion/ wheel (see Figure 1);
dyq2 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).

Py
Pny = (45)
Ccospf,
where
Py is the transverse relative radius of curvature (see above);
is the base helix angle.
T R AAA A AN 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 sharing factor Xy depends on the type of gear transmission and on the profile modification. In case of
buttressing of helical teeth (no profile modification) the load sharing factor is combined with a buttressing
factor Xbut,Y [4]

11.1 Spur gears with unmodified profiles

The load sharing factor for a spur gear with unmodified profile is conventionally supposed to have a
discontinuous trapezoidal shape; see Figure 2. However, due to manufacturing inaccuracies, in each path of
double contact the load sharing factor will increase for protruding flanks and decrease for other flanks. The
representative 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

Figure 3 — Load sharing factor for cylindrical spur gears with unmodified profiles
and quality grade 2 8

10 .
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Q_2 1 gY
Xy = +—- = forgas gy < 46
Y 15 3 gg 9r=0y <08 (46)
Xy =10 forgs<gv<gp (47)
Q-2 1 g4-9y
Xy = +—.24 forgp<gy s 48
Y 15 3 9. —do 9p <gv=gE (48)
where

Q =7 for quality grade < 7;

Q = equals quality grade for grade = 8.

11.2 Spur gears with profile modification

See 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 modification

1
2/3
12
13
A AB B D DE E

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

113

Figure 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.

XY:1+l.g_Y for ga < gv < gas if Ca2 =0 um (49)
3 3 gg
Xy =9¥ for ga < gv < Gas if Caz = Cett (s€€ 14.3) (50)
98
XY:1+l.g_Y for gas < gy < gs if Cq1 =0 um (51)
3 3 g
Xy = 3—Y forgas < gy < gs if Cat = Cest (52)
B
Xy =1,0 for gs < gv < go (53)
Y:l 1. 9a-9v for go < gy < goe if Ca2 =0 um (54)
3 3 9« 9o
XY _ g(x _gY for gD < gY < gDE |f CaZ = Ceff (55)
94 —9p
XY=l+l.M for goe < gv < e if Ca1 =0 pm (56)
3 3 9« 9o
Xy = 9a =9y for goe < gv =< ge if Ca1 = Cetr 57)
94 —9p

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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XbuLA )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, y; see Figure 7, marked by the following values.
gau—9a=9e —9ey =02mm - sing, (58)

with

ga=0mm;

ge=94 (see Figure 1).

Xouta = Xoue =1,3 if 51,0 (59)
Xoun = Xoue =1+03 -5 if & < 1,0 (60)
Xoutau = Xputeu = 1,0 (61)
Xouty = Xbuta _m'(xbut,A -1 for ga < gv < gau (62)
Xouty = 1,0 for gau < gv < geu (63)
Xouty = Xputg ~ o 9y (Xpure = 1) for geu < gv =< ge (64)

0,2mm -sin g,
where

& is 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.
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T

A AU AB DE EU

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 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. See
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

el

A AU AB D DE EU E

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

Figure 11 — Load sharing factor for cylindrical helical gears with g < 1 and optimum profile
modification on the addendum of the driving gear and/or the dedendum of the driven gear

The load sharing factor is obtained by multiplying the Xy in 11.2 with the buttressing factor X,y in 11.3.

11.6 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 gears with

& =1and g =1, is assumed to act near the ends A and E along the helix teeth over a constant length, which
corresponds to a transverse relative distance 0,2 mm - sing,; see Figure 12. See also 11.3 and Figure 7.

N\ /

A AU AB B D DE EU E

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

The load sharing factor is obtained by multiplying the value 1/¢,, representing the mean load, with the
buttressing factor Xpyt v-

1
Xy = g— Xout,y (65)

a

where

&, s the transverse contact ratio.

A IO ANAN A ' e
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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.
A AB B D DE E

Figure 13 — Load sharing factor for cylindrical helical gears with g 2 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
modification 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:

1 £q —1
—+—(u ) “Xputy
| €a 2~gq-(50+1)_
DR e I -
| €a 2'30'(gu+1)_ 9aB
1 (ea-)) } gy
_‘90 ‘90'(50"'1) 9nB
i (ga_1)

&y 2-&4-(gq+1)

i (gq_1)

Ea ga'(ga+1)

__i+ (50_1) . 94 —9v
| €a 2'gq'(gc(+1)_ 94 —9DE
1 £q —1
_+M 'Xbut,Y
| €a 2-84(gq+1) ]

_i (80_1) :| 9qa ~9v
_ga ga'(ga+1) 9q —9DE

12 Contact temperature Gy

for ga< gv < gas

for ga < gy < gns

for ga < gv < gas

for gas < gv < goe

for gag < gv < goe

for gpe < gv < ge

for gpe < gv < ge

for gpe < gv < ge

ISO/TR 15144-1:2010(E)

if Ca1 = Cegand C,o =0 um

if Ca1 =0 um and C, = Cog

if Ca1 = Ca2 = Ceff

if Ca1 =0 um and C,, = Ceg

if Ca1 = Cegand C,o = 0 ym

if Ca1 = Caz = Cert

if Ca1 = Ceff and Ca2 =0 Mm

if Ca1 =0 um and Cy = Ceg

if Ca1 = Ca2 = Ceff

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

The local contact temperature 6sv is defined as the sum of bulk temperature 6, and local flash temperature
6hy. As a result of friction in the teeth mesh, the flash temperature 6,y varies along the path of contact. Hence
the local flash temperature 6,y has to be determined for every desired point Y in the field of contact. For
simplification the bulk temperature 4y is assumed as constant.

Oy =6 +bhy

where
&I,Y
ey

is the local flash temperature (see clause 13);

is the bulk temperature (see clause 14).

13 Flash temperature &y

(74)

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

Payn, ¥
O,y :7' B, '\/Vr1,Y B '\/Vrz,y \/B-Pn,v 100yTEr (75)
where
Vay=Vry —Vigy (76)
Bumi =~ Pw1 - Cw1 - Ami (77)
Bumz =/ Pm2 - Cmz - Amz (78)
Vgy is the local sliding velocity;
Bu1 is the thermal contact coefficient of pinion (see Table 2);
B> is the thermal contact coefficient of wheel (see Table 2);
Hm is the mean coefficient of friction (see 14.1);
Pdyn,y is the local Hertzian contact stress (see 8.1 and 8.2);
Viy is the local tangential velocity on pinion (see 7.1);
Vioy is the local tangential velocity on wheel (see 7.1);
o % is the local normal radius of relative curvature (see clause 10);
E is the reduced modulus of elasticity (see 6.1).

Table 2 — Material properties of steel

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

14 Bulk temperature 6y

The bulk temperature 4y is the equilibrium temperature of the surface of the gear teeth before they enter the
contact zone. The bulk temperature 4, should be measured or calculated by an adequate method. If this is not
possible 4, can be approximated according to equation (79) (compare [10]).

0,72
O = Oy + 7400 2tm Ha )7 Xs
a- b 1 !2 : XCa
where
P=2.r. o L
60 1000
P is the transmitted power,
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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 relief factor (see 14.3);

Xs 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 tangential
velocity, the tangential load and the dynamic viscosity of the lubricant. It can be approximated by

equation (81).

Ly = 0,045{

where

0,25
Ra J

XR = 2,2'(
pn,C

Vsc
Teoil
Pn,c
Ra

X
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is the roughness factor;

is the face width;

is the nominal transverse load in plane of action;

is the application factor (according to ISO 6336-1);

is the helical load factor (see below);

is the transverse load factor (according to ISO 6336-1);

is the face load factor (according to ISO 6336-1);

is the dynamic factor (according to 1ISO 6336-1);

is the sum of the tangential velocities at the pitch point (see 7.1);
is the dynamic viscosity at inlet or oil sump temperature;

is the normal radius of relative curvature at the pitch diameter;
is the effective arithmetic mean roughness value (see 5.3);

is the lubricant factor (see Table 3).

Not for Resale

(81)

(82)
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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
F 13
4
l5 1,25
©
8 12
T
E 1,15
8 1
©
< 1,05
1
1 1,5 2 2,5 3 3,5 4 4,5
total contact ratio ¢,
Figure 16 — Helical load factor Kz,
KBV =1,0 if <2
KBV:1+O,2~ (gv—2)-(5—gv) if 2<g<35
KBY =1,3 if &235

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 1,3

14.2 Load losses factor H,

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

HV:(g12+522+1_50).[i+iJ. i if £y <2

Copyright International Organization for Standardization
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(84)

(85)

(86)
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H, =05 ¢, [Zi1+%] Cozﬂb it &2 (87)
where
Z4 is the number of teeth of pinion;
Z is the number of teeth of wheel;
5o is the base helix angle;
& is the addendum contact ratio of the pinion;
& is the addendum contact ratio of the wheel;
Eu is the transverse contact ratio.

14.3 Tip relief factor Xc,

The elastic deformation of the meshing teeth results in overload on the tip in the area of high sliding. The tip
relief factor Xg, according to Figure 17 considers the positive influence of the profile modification on this
overload. Xc, is a relative tip relief factor which depends on the actual values of tip relief C,4, C,2, the effective
tip relief Ceg, the ratio of addendum contact ratios and the direction of power flow.

/
2,0 | 7
upper point of J/
single pair tooth
I 1,8 + contact /

3 / C, = C according to n
b3 1,6 + ,/ equation (88) —
5 o
° rd
S 14
(T
2
©
’5. 1,2 //

2 "
e C , < C o according to equation (89)
R —
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¢,

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

Xea =1+0,24 - &5, +O,71-gmax2 if pinion drives wheel and & > 1,5-5 and C,1 2 Cest (88)
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

n s 29
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Xca=10 in all other cases (89)
where
Cest is the effective tip relief (see below);
Emax 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 pair contact.

Corf = KA—'I,:‘ for spur gears (90)
b-c
Cer = Ka-Fi for helical gears (91)
b-cy
where
b is the face width;
c is the single stiffness of a tooth pair per unit face width (according to ISO 6336-1);
Cya is the mean value of mesh stiffness per unit face width (according to ISO 6336-1);
F is the transverse tangential load at reference cylinder;
Ka is the application factor (according to ISO 6336-1).

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

14.4 Lubrication factor Xs

The lubrication factor takes into account a better heat transfer for dip lubrication than for injection lubrication.
The following values apply.

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

Xs = 0,2 for gears submerged in oil.

2n .
Copyright International Organization for Standardization ©1S0 2010 — All r|ght3 reserved
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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

The following information in this annex is provided as reference only and should not be interpreted as
generalised part of the procedure defined in this Technical Report.

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

For mineral oils investigated in this test procedure Agep can be taken from Figure A.1 depending on the
nominal oil viscosity and the failure load stage SKS reached in the test C-GF/8,3/90. Interpolation between the
stated 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 function of
nominal lubricant viscosity and failure load stage SKS of the FVA-FZG micropitting test
C-GF/8,3/90 with Ra = 0,50 ym

For 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 failure load
stage according to equation (2). The required gear geometry of the test gears type C-GF is specified 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).

AN~ AnAA AL
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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

© 1SO 2010 — All rights reserved
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Example calculation

Annex B

(informative)

ISO/TR 15144-1:2010(E)

In the following annex an example calculation is presented. The calculation sequence has been provided to
follow a logical approach with relation to the input data.

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

The result of this example is confirmed by experimental investigations. The gears were obviously micropitted
and had profile deviations of approximately 10 pm.

B.1 Input

B.1.1 Input of gear data
number of teeth of pinion:
number of teeth of wheel:
normal module:
tip diameter of pinion:
tip diameter of wheel:
addendum modification factor of pinion:
addendum modification factor of wheel:
face width:
helix angle:
normal pressure angle:
centre distance:

gear quality:

arithmetic mean roughness value of pinion:

arithmetic mean roughness value of wheel:

tooth flank modifications:

A Anan

A~ An
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z,=18

z, =18

m, =10,93 mm
da1 =221,4 mm
02 =221,4 mm
x1=0,158
x2=0,158
b=21,4 mm
p=0°

a4 =20°

a =200 mm
Q=5

Ra; =0,90 um
Ra, = 0,90 um

no modifications
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B.1.2 Input of material data
modulus of elasticity of pinion:
modulus of elasticity of wheel:
Poisson’s ratio of pinion:

Poisson’s ratio of wheel:

specific heat conductivity of pinon:
specific heat conductivity of wheel:
specific heat per unit mass of pinion:
specific heat per unit mass of wheel:
density of pinion:

density of wheel:

material factor according to Table A.1:

(for matching case carburised/ case carburised)

B.1.3 Input of operating data
nominal torque at the pinion:
rotation speed of the pinion:
application factor:
dynamic factor:
transverse load factor:

face load factor:

B14 Input of lubricant data

oil irﬂet temperature (injection lubrication):
kinematic viscosity at 40 °C:

kinematic viscosity at 100 °C:

density of the lubricant at 15 °C:

oil type:

failure load stage at operating temperature according to FVA 54/7:

Copyright International Organization for Standardization
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale

E; = 206000 N/mm?
E, = 206000 N/mm?
v =0,3

»n=0,3

At = 45 W/(mK)
Az = 45 W/(mK)
o = 440 J/(kgK)
Cwz = 440 J/(kgK)
pur = 7800 kg/m®

vz = 7800 kg/m®

WW= 1,0

T, =1878 Nm
ny = 3000 min™’
Ky=1,0
K,=1,15

KHQ = 1,0
Kug = 1,10

00” =90 °C

vao = 210 mm?/s
Vioo = 18,5 mm?/s
p15 = 895 kg/m3
mineral oil

SKS 8

© 1SO 2010 — All rights reserved
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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)

pet = mt 'ﬂ'COSat

2
d
g =21 {—31] —1-tana,,

basic values:
m, = —n m = 10,93 mm
dy=2z;-m dy = 196,74 mm
dy =2z, -my d, = 196,74 mm
z
Z
a, = arctan tana, =20°
! cos f “=
dyy =d;-cosey dp1 = 184,875 mm
dyy =d, -Ccosa; dp2 = 184,875 mm
2-a
dy1=—— dy =200 mm
w1 U+1 w1
dy =2-a—-d,,4 dyz =200 mm
(z1 +22)'mt - COS &
a,,; = arccos o = 22,426 °
2-a
By = arcsin(sin 8- cos a,, ) H=0°

Pet = 32,267 mm

=0,705
2. db1 &
2
z d
&y = 2 (—daz j —1 —tan Oyt & = 01705
T b2
1 [ [dat® bt \/daf do’
Eq=—" - + - —a-sina =1.411
a pet [\/ 4 4 4 4 wt = ’
b-sinpg
gg=——— &g=0
my -7
Copyright International Org’:ni;;t\i(;; f;g;al%ardizl\altilo; ghtS reserved 35
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£y = Eq +&p &=1,411

9q = 0’5'(\/da12 —dp, +\/da22 _db22)_a'3inawt 9o = 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

9as = % Jgas = 6,626 mm
98 = J9q — Pet gs = 13,253 mm
gcz%ianawt— 611—12—d':1—12+ga gc = 22,760 mm
9p = Pet go = 32,267 mm
9pE = %Jr Pet goe = 38,893 mm
9e =9a ge = 45,519 mm

2
2 2 2
dy =2 dt: +[/dz1 _dtz _gu+gAJ dat = 187,419 mm
2 2 2
/da: _dtx _gq+gABJ dag1 = 190,046 mm
2 2 2 2
gy =2 %1 +[1/d11 - % —gq+g5] o1 = 193,546 mm
2 2 2 2
doy = 2- dr: J{/dj _drx —ga+gc] der = 200,000 mm
2 2 2 2
doy =2 dT +[/d11 _drx _ga+gD] dps = 207,998 mm
2
dar>  Oor
11 — 21 —94 +9pE dbet = 214,394 mm

"
dpgy =2 |2+
AB1 4

VR

o
dpgq =2- 21+

7~ N\

20 :
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d 2
deq=2. |2
E1 4

d 2
dpr =2 22

d
dpp2 =2 212

d 2
dep =2 |2
c2 4

Aro = db22
D2 4
d

dDE2 =2 T

d 2
dEzz-‘/ o2

d
Pt1,AB = 281
2
d1
PuB = 4
Purc = 4

AN~ AnAA AL
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/dazz dpy”
+ p— p—
( 4 4 e

transverse radius of relative curvature:

[ 2 2
_ <INy
PriA = —4

ISO/TR 15144-1:2010(E)

deq1 = 221,400 mm

daz = 221,400 mm

dABZ =214,394 mm

dsz = 207,998 mm

dc2 = 200,000 mm

dD2 = 193,546 mm

dDE2 = 190,046 mm

dez = 187,419 mm

PHUA = 15,389 mm

PuAB = 22,015 mm

PuB = 28,641 mm

prc = 38,148 mm

37
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dp —dy
Pup =2 2 b pup = 47,655 mm
2
PH1DE = Toei 4_ %o Pu.pe = 54,282 mm
dg(® —dp?
PuE =1 2 = pue = 60,908 mm
dpy” —dp,>
Pr.A = A2 7 = Pra = 60,908 mm
2
Pr.AB = Ine2 4_ i Pras = 54,282 mm
dg,? — dp,>
Prp = 22 2 2= Prp = 47,655 mm
d2_g.2
Prc = L2 4 £ Prc = 38,148 mm
d2_g4.2
Pepb = = 2 b2 Prp = 28,641 mm
2
Pr2DE = doez 4_ %2 Prpe = 22,015 mm
de,? —dp,>
PrE = = 2 2= Pre = 15,389 mm
Pua-P
pra=— AR oA = 12,285 mm
Puat Poa
Pt1,AB * Pt2,AB
PtAB =~ =15,663 mm
Pi1,AB T Pi2,AB P8
Pug P
prg =2 o5 = 17,890 mm
Prpe T Prp
Puc P
pro =2 pc = 19,074 mm
Puc t Prc
Pup P
pip ===t pip = 17,890 mm
Pup t Prp

© 1SO 2010 — All rights reserved
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_ PrDE " PrpE

PtDE =
PuipE + PrDE
_ PHE " PrE
L i ——
PHE T PrE

normal radius of relative curvature:

Drn = PrA
"A " cos B,
P _ _Pir8
nAB T cos B,
Dog = PtB
"8 cosp,
P Prc
"C " cos B,
onp = PtD
"D cos B,
P _ _PLpE
"PE " cos A,
pog = PLE
"E " cosp,

B.2.2 Calculation of material data
£ :2.[1_[:_‘1/12 +%}4
Byiz = \Amz2 - Pm2 - Cm2

B.2.3 Calculation of operating conditions

loading:

T
60 1000

P=2.-z

AN~ AnAA AL
Copyright International Organization for Standardization ghtS reserved
Provided by IHS under license with ISO

No reproduction or networking permitted without license from IHS

Not for Resale

ISO/TR 15144-1:2010(E)

PLDE = 15,663 mm

oe = 12,285 mm

Pnn = 12,285 mm

PnAB = 15,663 mm

ong = 17,890 mm

Pnc = 19,074 mm

Pnp = 17,890 mm

PnDE = 15,663 mm

onE = 12,285 mm

E, = 226374 N/mm?

B = 12427 4 N/(ms®>°K)

Bz = 12427 4 N/(ms®>°K)

P =590 kW
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L

1

F, = 2000 -

R

b1

F,; =2000-

local load sharing factor:

(no tooth flank modification, spur gears, gear quality < 7 — see Figure 2)

Xg =10

Xe =1,0

Xp =10

XDE:1+1 9a —9pE
3 3 94— 9D

EZl 1_gu_gE
3 3 9« —9p

local Hertzian contact stress:

F-X
Pruag = ZE .\/b LA
*Pna COSQy - COS By

F-X
_7 . t " XAB
Pu,ABB E \/b'pn,AB - COS -COSﬂb
F - X
Prugs = Ze '\/b .
“Pnp - COSay - COS f3,

F-X
Puce = Ze .\/b LT
“Pnc ' COSay - COS Sy

Copyright International Organization for Standardization
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS

Not for Resale

Fi=19091 N
Fpt = 20316 N
Xx=0,333
Xas=0,5
Xs=1,0
Xc=1,0
Xp=1,0
Xpe=0,5

Xe =0,333

Ze = 189,812 (N/mm?*)®°

Prag = 963 N/mm?

Prass = 1045 N/mm?

Prpe = 1383 N/mm?

Prce = 1339 N/mm?

© 1SO 2010 — All rights reserved



Fi - X
PHpp :ZE'\/b L0
* Pnp - COSay - COS By,

Ft'XDE

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

F - X
PHEB :ZE'\/b —
“ PnE - COS @y - COS By,

Pdyn.AB = PH.AB '\/KA Ky - Kha - Kig

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

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

Pdyncs = PHcp '\/KA Ky - Kha - Kig

PdynbBs = PHpB '\/KA ‘K, - Kha - Kig

PaynDEB = PHDEB '\/KA Ky Ky - Kig

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

velocity:

Vr1A:2'”'_'—'Sinawt' J
' 60 2000 Aoy —dy 2

n, d —d
% =2.7. L. Wl _gj AB1 bt
r1,AB 750 2000 wt o7 —d, 2
2
vr1B_2.ﬁ.ﬂ.M.SmaM Bt~ b1
60 2000 w12_db12
2 2
Vr1C_2'ﬁ'ﬂ'M'S|nawt C1 _db1
60 2000 i2 =i
2 2
vr1D_2.ﬁ.ﬂ.M.smawt p1_— b
60 2000 wi2 — o
2
Viop =27 . Gwt_, b1 — %
" 60 2000 2 —dy,

AeA AR T A
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Pros = 1383 N/mm?

Prpes = 1045 N/mm?

Pres = 963 N/mm?

Paynag = 1084 N/mm?
Poynasp = 1175 N/mm?
Payngs = 1555 N/mm?
Payn.ce= 1506 N/mm?
Poynpe= 1555 N/mm?
Paynpes = 1175 N/mm?

Paynes = 1084 N/mm?

Viia = 4,834 m/s

Vi AB = 6,916 m/s

Viig = 8,998 m/s

Viic = 11,985 m/s

Viip = 14,971 m/s

Vi DE = 17,053 m/s
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2 2
Ve =272 Gwt g |Ger = oy Vire = 19,135 m/s
~ 60 2000 dyiZ — dy 2 ’
n, d dp,” —dp,?
v =2.r.—1 . W2 _.&in .| ZA2 b2 =19.135m/
2A =S 60w 2000 " Va2 —d, VAT TSI
n, d d gy — Aoy’
v =2.p.—1 . TW2 gin . |ZAB2 b2 Vioag = 17,053 m/s
r2,AB 4 60.u 2000 At W22 db22 2,AB ,
n, d 2 _dp,>
v 2.7 —1 . %2 .gjn B2 “b2 = 14,971 m/s
2B T 60.u 2000 Ot W22 dy V2,8 ,
2 2
ny dye dep” —dyp
v =2-7r-—— - —*_.sin Vioc = 11,985 m/s
r2,C 7 60.u 2000 wt W22 db22 r2,C
2 2
Viop = -7z~L~h~sin(zWt Dzz_dbzz Vizp = 8,998 m/s
60-u 2000 a2 — ey
n, d Z_d
Vipg =27 ———*2_.sing DE2 b2 Viope = 6,916 m/s
r2,DE w 60.u 2000 wt W22 db22 r2,DE
2 2
_ ny Ao £2” — b2 _
Vrz,E—2'”'m'%'s'nawt' 7 g2 Vo = 4,834 m/s
w2 b2

VgaA =Viia —Vioa

Vg.AB = Vr1,AB — V2 AB

VgB =Vrp ~ V2B

Vgc =Vrc ~Vr2e

VgD =Vrp ~Vi2p

VyDE = Vr1pE —Vi2pE

VgE =VrE ~Vi2E

Vsa =Vra tVioa

Vsas =VriaB T V2B

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

Vgp = 5,974 m/s
Vgpe = 10,137 m/s
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 tViec

ViD =Vrp tVi2p

Vspe =VripE +Vr2pE

VsE =VrEe T Ve

effective arithmetic mean roughness value:

Ra=05-(Ra;+Ra,)

B.2.4 Calculation of lubricant data

_log[log(v,g +0,7)/log(v490 +0,7)]
log(313/373)

A

B =log[log(v4 +0,7)] - A-10g(313)

Pocil = P1s -{1—07. (%% +273)—289}
oi ,

P15

-6
Mool =107° - Vgii + Poi

X =10 for mineral oil (see Table 3)

log[log(vsg +0,7)] = A-log(38 +273) + B

s = P .{1_07. (38+273)—289}

P15
=108 .v., -

138 38 " P38

3y = 2,657 1078 . 17,0134

Xs=1,2 for injection lubrication

B.2.5 Calculation of the material parameter

mean coefficient of friction:

0,25
Ra J

Xg =22 (
pn,C

AN~ AnAA AL
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Vs.c = 23,969 m/s
Vsp = 23,969 m/s
Vs DE = 23,969 m/s

Vse = 23,969 m/s

Ra=0,90 um
A=-3,385
B=8,815

Vooil = 24,825 mm?/s

Dool = 843,2 kg/m®

7oon = 0,021 N-s/m?

Vg = 236,242 mm?/s

s = 879,6 kg/m®

173 = 0,208 N-s/m?

o33 = 2,15-10° m?/N

Xr=1,025
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Ks,=1,0 for g < 2
0,2
Ka Ky Kho - Kig - For - Kgy | -0,
4, = 0,045 CRRALLCRRALL AL SaA T N (TSP
b-vsc Pnc

bulk temperature:

HV:(g12+822+1—gu)~[i+ij- 4
Z, Z, ) cospfy

for g, <2

Emax = €1 = &2

Xca=1,0 for no profile modification
0,72
. . : X
Oy = 0y +7400 | Etm Hu |70 Xs
a-b 1,2- Xca

material parameter:

log[log(vgy +0,7)] = A-log(6y +273)+B

o = P .{1_07. (6w +273)—289}

P15

-6
em =107 - vem - Pom

1 1
M

Gy =10° - agy - E,

B.2.6 Calculation of the velocity parameter

Up =77eM‘VZ—’A
2000-E, - pya
Une =ﬂem'm&ﬁ
Ug =f7am'2ooo‘./z+pmB
Ue :’76M'2000‘~/Z+,0n,o
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U = 0,048
H, = 0,204
Gy = 153,6 °C

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™"

Ug=1,377-10™"

Uc = 1,291-10™"
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Up =7 . Ysp
© ™ 2000-E, - pop
Vs DE
U, — [ ] e B
DE = 7em 2000 E, - pope
VsE
U: = —_—
E =70V 2000 -E, - poe

B.2.7 Calculation of the load parameter

2
Payna” 27
WA == —yn 2
E,
Paynag” 27
WAB - 2 2
E,
2.
WB _ pdyn,B S
E,
2.
WC _ pdyn,C -
E,
2
2.
WD _ pdyn,D S
E,
2.
W = Pdyn,pE ,
E,
2
2.7
WE _ pdyn,E S
E

B.2.8 Calculation of the sliding parameter

local flash temperature:

6
R 10° - tim * Payn A '|Vg,A| JS Payn.a
A =5 T AT

2 BM1\/Vr1 AT BMZx/VrZ,A " 1000-E,

Jr 10° - 41, * Pdyn,AB '|Vg,AB| \/ Pdyn,AB

Onpns = :
2 Blvm/Vm,AB +BM2\/Vr2,AB

AN~ AnAA AL
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nAB 1000 E,

ISO/TR 15144-1:2010(E)

Up=1,377-10"

Upe = 1,572-10™

Ug = 2,005-10™"

W, = 1,439-10*

Was = 1,694-10*

Wi = 2,966-10™
W = 2,781-10™
Wp = 2,966-10™

Woe = 1,694-10™

We = 1,439-10"
6f|’/.\ = 175,3 °C
&I,AB = 154,1 °C
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«/_ 10 “Hm - pdynB |VgB| \/ den,a
flB = 8- nB ' TAnn &

2 BM1\/Vr1B +BM2\/VrZB 1000-E,

\/_ 10° “Hm " Paync - |Vg C| Payn,c

Ohc = : \/ PaC Trnn =
2 BwiyVit,c +Buzy/Viac 1000 E,

Jr 10° - sy, “Pdynp '|Vg,D| Pdynp
o =75 ° P To00-E,
BM1\/Vr1,D +BM2\/Vr2,D s
J_ 10° * Hm * PdynDE |VgDE| PdynpE
foe =75 5 PoE 1000- ,
BM1\/Vr1 DE +BM2\/Vr2DE e

\/_ 10° * Hm * PdynEg * |VgE| \/ Payn e
nE Y

efI,E - —

local contact temperature as sum of bulk and local flash temperature:

Gga = O+ A
Gg.aB = O +Onap
G =6 +0p
Goc =0u+bhc
&p =6 +bip
OspE = Oum + O pe
Ope =Ou+bhg

local sliding parameter:

log[log(veg a +0,7)]1 = A-log(Gg o +273)+B
log[log(veg ag +0.7)] = A-log(Gs ag +273) + B
log[log(vegg +0,7)] = A-log(Gs g +273) + B
log[log(vegc +0,7)]= A-log(6s c +273)+ B
log[log(vegp +0,7)] = A-log(Gsp +273) + B
log[log(veg pe +0,7)] = A -log(s pe +273) + B

log[log(vege +0,7)1=A-log(Gs e +273)+ B

Copyright International Organization for Standardization
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Gs = 1454 °C
@Lc =0°C

6hp =145,4 °C
6!f|,DE = 154,1 °C
e = 1753 °C
Gon = 328,9 °C
HB,AB = 307,7 °C
o s = 299,0 °C
foc = 153,6 °C
oo = 299,0 °C
6 pe = 307,7 °C
Goe = 328,9 °C

vosa = 1,095 mm?/s
vos.ae = 1,235 mm?/s
vogs = 1,304 mm?/s
ves.c = 5,824 mm?/s
vep = 1,304 mm %Is
vos.oe = 1,235 mm?/s

vos.e = 1,095 mm?/s
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Op p +273)-289

PeB,A = P15 ‘{1 -07- (
P15

|

Os s +273)-289

PeB,AB = P15 '{1—017' (
P15

(65 +273)-289

Peap = P15 | 1-0.7-
P15

(6, +273)-289]

|

Pec = p15-|1-0,7-
P15

(65 +273)-289]

Pep = P15 | 1-0.7-

P15

(650e +273)-289

PeBDE = P15 '{1 -07-
P15

(65 +273)-289

PeBE = P15 {1 -07-

P15
Mosa =107 Vg a - Poga
leB,AB = 107° *VeB,AB * PoB,AB
nosg =107 - Vegg - Peap
nesc =107 -vegc - pesc
Tlesp = 10°° “VeBD * PBBD
nespe =107 Vs pe - Pospe
nose =107 -Vege - P

1

aeB‘A =0!38 |:1+516{

aeB‘AB =a38[1+516[ 1

aeB’B:ass'[1+516'( L

AN~ AnAA AL
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ﬂ
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Pos.a = 676,0 kg/m®

Pos.as = 690,8 kg/m®

Poes = 696,9 kg/m®

pos.c = 798,7 kg/m®

Posp = 696,9 kg/m®

osoe = 690,8 kg/m®

pos.e = 676,0 kg/m®

og.A = 7,400-10™ N-s/m?
nos.as = 8,532:107 N-s/m?
os.s = 9,084:10™ N-s/m?
mos.c = 0,005 N-s/m?

os.p = 9,084:10™* N-s/m?
Mos.oe = 8,532:10™* N-s/m?

os.e = 7,400-10™ N-s/m?

s = 4,260-10° m?/N

sz = 4,931-10° m4N

s = 5,223-10° m?/N
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Qgpc = Uag |1

Ogp = 38 ° 1

+516- 1
Ogc +273 311

+516- ;_L
Oop +273 311

1 1
gy 14516 — 1
%06, a‘”’sl {QB,DE+273 311}]

1 1
= 41+516| —M8M8MM —
“eBE “38[ (95,E+273 311}]

S _ CpBA "TleB,A
GFA~="_
oM “em
S _ OB ,AB ""l6B,AB
GFAB =
Com “Tem
S _ Cop "loBB
GFB =
oM * TTem
S _ Qe "TeB,C
GFC =
Com " Tlom
S _ OpBp "7l8BD
GFD =
Gom “ Tlem
S _ OoBDE "76BDE
GFDE =—
Aom oM
S _ QeBE "TloBE
GFE~=— .
Aom *em

B.2.9 Calculation of the lubricant film thickness

hp = 1600 p p - Gy"® U - W, ™ - Sgp 407
0.6 0,7 -0,13 022

hag =1600- pypg -Gy -Ung " -Wap -SeF.AB

hg = 1600 5 -Gy -Ug®” - W% - Sgr g%

he =1600- poc -Gy - U™ - W™ - Sgr %

Copyright International Organization for Standardization
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asc = 1,183-10° m?/N

o = 5,223-10° m?/N

s pE = 4,931-10° m?/N

ose = 4,260-10° m?/N

SGF,A = 0,057

Serag = 0,076

SGF,B = 0,086

SGF,C = 1,000

SGF,D = 0,086

Serpe = 0,076

SGF,E = 0,057

ha=0,122 ym
hAB = 0,137 um
hg = 0,136 pm

he = 0,241 pm

© 1SO 2010 — All rights reserved



ho =1600- p,p .GMO,G 'UDO'7 'WD_O'13 'SGF,DO’ZZ
0,6 0,7 -0,13 0,22
hpe =1600- Pn,DE Gy Upe " -Whe 'SGF,DE

he =1600- p, g - Gy*® -Ug® -We™®"® - Sgre®®

B.2.10 Calculation of the specific lubricant film thickness

AgEA = ll;_z
AGFAB = %
Acrp = %
Acrc = ’g—;
Agrp = g—z
AGFpE = %
Acrg = ’Z—Z

ﬂ’GF,min = AGF,A = AGF,E

ISO/TR 15144-1:2010(E)

hp =0,136 um
hDE =0,137 Mm

he = 0,122 ym

/1GF,A = 0,1 36

Acras = 0,153

/’{GF,B = 0,1 52

/1GF,C = 0,267

/’LGF,D = 0, 152

Acrpe = 0,153

/1GF,E = 0,1 36

AcFmin = 0,136

B.3 Calculation of the permissible specific lubricant film thickness

Calculation of the permissible specific lubricant film thickness from the test result of the FZG-FVA micropitting

test (Method B) with the reference test gears type C-GF:

The calculation of the reference value Agrr is done for point A, because the minimum specific lubricant film
thickness for gear type C is always at point Al All data of the reference test gears type C-GF have the

subscript "Ref".

NOTE The permissible specific lubricant film thickness Agrp can also be determined from Figure A.1.

B.3.1 Input data of the test gears type C-GF
number of teeth of pinion:
number of teeth of wheel:

transverse module:

AN~ AnAA AL
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Ziret = 16
ZoRret = 24

MhRef = Miret = 4,5 MM
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tip diameter of pinion:

tip diameter of wheel:

addendum modification factor of pinion:
addendum modification factor of wheel:
face width:

base helix angle:

transverse pressure angle:

centre distance:

arithmetic mean roughness value of pinion:

arithmetic mean roughness value of wheel:

tooth flank modifications:

modulus of elasticity of pinion:
modulus of elasticity of wheel:
Poisson’s ratio of pinion:

Poisson’s ratio of wheel:

specific heat conductivity of pinon:
specific heat conductivity of wheel:
specific heat per unit mass of pinion:
specific heat per unit mass of wheel:
density of pinion:

density of wheel:

nominal torque at the pinion for SKS 8:

nominal Hertzian contact stress at point A according to Method A

for SKS 8:

application factor:

dynamic factor:

transverse load factor:

face load factor:

rotation speed of the pinion:

lubrication:

Copyright International Organization for Standardization
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Jatref = 82,45 mm
daorer = 118,35 mm
X1Ret = 0,1817

Xoret = 0,1716

bret = 14 mm

Boret = Pret =0 °
O4Ref = Qnref = 20 °
aret = 91,5 mm
Rares = 0,50 um
Rasges = 0,50 um
no modifications
Eiref = 206000 N/mm?
Eorer = 206000 N/mm?
Viret = 0,3

Voret = 0,3

Amiret = 45 W/(mK)
Amoret = 45 W/(mK)
Cmiref = 440 J/(kgK)
Cmzref = 440 J/(kgK)
Puirer = 7800 kg/m?®
Pmzret = 7800 kg/m3
Tiret = 171,6 Nm

Praa = 1191 N/mm?

Karer = 1,0

Kiret = 1,0

Khoret = 1,0
Khgrer = 1,0

Nirer = 2250 min™

injection lubrication

© 1SO 2010 — All rights reserved



B.3.2 Calculation of gear geometry type C-GF
diRef = ZiRef * MiRef

OoRef = ZoRef " MiRef

ApiRer = d1Ref - COS iRef

Oporer = doRef ' COS AiRef

2 ARef

dyiRef =
Ures +1

Ouworer = 2" 8ref — dyiRef

V4 +Z -m - COS
QyRef = arccos{( 1Ref 2Ref) tRef tRef :|

2 ARef

PetRef = MiRef * 77 - COS ARef

2
Z1Ref datref
E1Ref = : —1-tanaref
° 2.z Ap1Ref e
2
ZoRef
EoRef = > 1 —1—tana e
2 2 2 2
EqRef = 1 . \/da1Ref _ db1Ref +\/da2Ref _db2Ref
e petRef 4 4 4 4
_ bRef 'SmﬂRef
o e —

MyRet - 7

EyRef = €aRef T EpRef

2 2 2 2 .
Garef =09 (\/da1Ref —dp1Ref + \/daZRef — OpoRef j — ARef * SINAytRef

garef = 0 mm

— ARef - SINAyytRef

2 2 2
db1Ref + Jda1Ref _db1Ref

d =2
A1Ref 4 4 4

1A AnaNn A

—JoRef T 9 ARef

A~ "o
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diRet = 72,00 mm

dzRef = 108,00 mm

URef = 1,5

Ao1Ref = 67,658 mm

dbzRef =101 ,487 mm

dw1Ref = 73,20 mm

Auoref = 109,80 mm

OwtRef = 22,439 °

Petref = 13,285 mm

E1ref = 0,722
&Rref = 0,714
Eqret = 1,436
&ref = 0

£er = 1,436

GuRef = 19,079 mm

Garet = 0 mm

dA1Ref =68,249 mm
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2 2 2
d =2. dooRet 4 \/ JaoRef”  Jooref” g
A2Ref 4 4 4 ARef

2
dA1 Ref — db1 Ref

Pt1,ARef =

2
w1 Ref db1 Ref

Pt1,CRef =

2
dA2 Ref — db2 Ref

P2, ARef =

2
w2Ref deRef

|
-
J

Pt1,ARef * Pt2,ARef

PtARef =
Pt1.ARef T P2, ARef

PH1,CRef * Pt2,CRef

PtCRef =
Pt1,CRef T P12,CRef

B.3.3 Calculation of material data type C-GF

1_V1Rf2 1-vor f2 B
— € €
ErRef =2 +

E1 Ref E 2Ref

Biref = x/ﬂ“M1Ref " PM1Ref * CM1Ref

Bhizrer = x/ AM2Ref * PM2Ref * CM2Ref

dAzRef = 118,350 mm

PuAref = 4,482 mm

Prcret = 13,970 mm

Pr2,ARef = 30,443 mm

Pr2,CRef = 20,955 mm

PLARef = Pnaref = 3,907 mm

PLCRef = Pn.cRef = 8,382 mm

E,ret = 226374 N/mm?

Buirer = 124274 N/(ms®°K)

Buzrer = 124274 N/(ms®°K)

B.3.4 Calculation of operating conditions of FVA-FZG micropitting test

n T
P —o. o MRet TiRer
Ref =<' 760 1000

Forer = 2000 et
b1Ref

PaynAARef = PHAARef v KARer * KyRef

Copyright International Organization for Standardization
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Pres = 40,43 KW

FbtRef = 5072,6 N

Pdyn,aAret = 1191 N/mm?
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”1Ref Qw1 Ref H
"4 =2-r-—=- 2 =L.sina
r1,ARef 60 2000 witRef

2 2
. \/dA1 Ref — db1Ref
2

2
dw1 Ref — db1 Ref

n d
_ 1Ref w1Ref f
Vi CRef = 27— — - SIN\Rref

2 2
NRet  OwoRef dporer” — dpoRef
Vo ARef = 2° 7 : “SINA\yRef

60-urer 2000 dw2Ref2 - db2Ref2

 Nret Augref
60 -Uge; 2000

VioCRef =27 - SIN A yyiRef

Vg.ARef = Vi1 ARef — V2, ARef
Vs ARef = Vr1,ARef T V2 ARef

Vs cRef = Vr1,CRef 1 Vr2,CRef

Rages =05+ (Ra1Ref + RaZRef)

B.3.5 Calculation of lubricant data
Ohiiret = 61 = 90 °C
TooiRef = Tooil = 0,021 N-s/m?

Xsret = 1,2 for injection lubrication

ISO/TR 15144-1:2010(E)

Vi1 ARef = 1,056 m/s

Vi1,CRef = 3,292 m/s

Vi2,ARef = 4,782 m/s

Vi2,CRef = 3,292 m/s

Vg.ARef = 3,726 m/s
Vs ARef = 5,838 m/s
Vs CRef = 6,583 m/s

Rages = 0,50 um

B.3.6 Calculation of the permissible specific lubricant film thickness

0,25
Rage J

XRref =2.2-
Pn,CRef

Kgyret = 1,0 for g <2

ZKret = Karef * Kiret * KHarer * Khpret * KayRef

0,2

Kref * Fotref 0,05

Hrmret = 0,045 Z : - '(1 0 'eriIRefT “ Xrref - XL
Ref *V5,CRef * Pn,CRef

T

. forg, <2
COS Byref

2 2 1 1
Hrer = (51Ref +&oref T 1— EqRet ) ( + J
Z1Ref  Z2Ref

Xcaret = 1,0 for no profile modification

A Anan

A~ An
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Xrrer = 1,087
>Kret = 1,0

MmRef = 01061
Hyret = 0,195
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0,72
HMRef = t90i|Ref + 7400 . Ref 'leRef VRef . SRef
ARef bRef 1,2 XCaRef

logllog(veer +07)] = A-10g(Gyrer +273)+ B

(Brer +273)- 289}

PoMRef = P15 ‘{1 -07-
P15

-6
Momret =107 * VomRef * PoMRer

1 1
o |1+516 |+ 1
FoMRef = 38 { [eMRef+273 311}}

6
Guret =10° - guref * Erret

Vs ARef
2000- ErRef * Pn,ARef

Unret = TomRef *

2
pdyn,ARef 2-r

Wret = 2

E rRef

6
N 10° - tmRef * Pdyn ARef ‘|Vg,ARef| Pdyn,ARef
4|8 Pn,ARef

OnARef = 5"
2 BM1Ref\/Vr1,ARef +BM2Ref\/Vr2,ARef

O Aref = Ovref + On ARef

log[log(veg arer + 0.7)]= A -10g(65 arer +273) + B

: ( 2 ) 9

406
Mee.ARer =107 Vo ARef * PoB ARef

1 1
=035 | 1+916 | — - ———
QgB ARef = @38 [ (QB’ARef +273 311J]

QoB,ARef *770B,ARef

SGF,ARef =
; QoMRef * "ToMRef

: 0,6 07 —013 0,22
harer:=1600 oy aRer *Gurer  *Unref - Waret - SGF ARef

h ARef
Ra Ref

/IGFT = /IGF,ARef =

Aerp =1.4- Wy - At
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Burer = 115,3 °C

Vomret = 12,473 mm?/s

PoMRef = 825,5 kg/m3

Nomres = 0,010 N-s/m?

Comret = 1,440-10° m?/N

GMRef = 3258,7

Ungrer = 3,398-10™"

WARef =1 ,738 1 0-4

bharet = 77,3 °C

Gsarer = 192,6 °C

Vos.ARef = 3,335 mm?/s

Pos Arer = 771,4 kg/m®

1o8.ARef = 0,003 N-s/m”

OpB ARef — 9,65510-9 m2/N

Scr.aref = 0,168

harer = 0,078 pm

/1(3':1' = 0,157

/1GFP = 0,21 9
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B.4 Calculation of the micropitting safety factor

S, = lGF,min S, =0,62
N = —
AGFp

T ANRA AAAA A
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