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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.

The prog¢edures used to develop this document and those intended for its further maintenance 'ate
describefd in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editoriallrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may/be the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Thtroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation on the meaning of ISO specific terms and;‘expressions related to conformity
assessment, as well as information about ISO’s adherence to the WTO principles in the Technical Barriers
to Trade|(TBT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TC®0, Gears, Subcommittee SC 2, Gear capacity
calculatipn.

This corttected version of [ISO/TR 15144-2:2014 incorporates the following corrections: errors in symbols
and equdtions have been corrected.

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

— Part)1: Introduction and basic principles

— Part|2: Examples of calculgtion’for micropitting

iv © ISO 2014 - All rights reserved
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Introduction

This part of ISO/TR 15144 provides worked examples for the application of the calculation procedures
definedin ISO/TR 15144-1. The example calculations cover the application to spur and helical cyclindrical
involute gears for both high-speed and low-speed operating conditions, determining the micropitting
safety factor for each gear pair. The calculation procedures used are consistent with those presented in
ISO/TR 15144-1. No additional calculations are presented here that are outside of the technical report.

Four worked examples are presented with the necessary input data for each gear set provided at the
bEginning of the calculation. The worked examples are based on real gear pairs where either,Japoratory
of operational field performance data has been established, with the examples covering several
applications. When available, pictures and measurements are provided of the migropitting wear,
ekperienced on the gear sets when run under the conditions used in the worked exampleés. Calculation
dptails are presented in full for several of the initial calculations after which only summarizefd results
d
S
\

hta are included. For better applicability, the numbering of the formulae follows ISO/TR |15144-1.
bveral of the worked examples are presented with the calculation procedures performed in ac¢ordance
ith the application of both methods A and B.

© IS0 2014 - All rights reserved v
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TECHNICAL REPORT ISO/TR 15144-2:2014(E)

Calculation of micropitting load capacity of cylindrical
spur and helical gears —

Part 2:
anmpleq of calculation for micrnpitting

1l Scope

fqr a given application in accordance with the procedures defined in ISO/TFR 15144-1.

2| Normative references

—

he following documents, in whole or in part, are normatively referenced in this document
ndispensable for its application. For dated references, ‘enly the edition cited applies. For
r¢ferences, the latest edition of the referenced document\(including any amendments) applies.

—

p—

§0 1122-1:1998, Vocabulary of gear terms — Part-I=Definitions related to geometry

I§0 6336-1:2006, Calculation of load capacity~of spur and helical gears — Part 1: Basic p
ntroduction and general influence factors

~.

130 6336-2:2006, Calculation of load capacity of spur and helical gears — Part 2: Calculation d
Lrability (pitting)

A

§0 21771:2007, Gears — Cylindrical involute gears and gear pairs — Concepts and geometry

Y

§O/TR 15144-1:2014, Calctilation of micropitting load capacity of cylindrical spur and helical gea
Introduction and basic principles

~

3 Terms, definitions, symbols, and units

3l1 Termsand definitions

Fpr the-purpose of this document, the terms and definitions given in ISO 1122-1, ISO 633
1§0-6336-2 apply.

The example calculations presented here are provided for guidance on the application of the fechnical
r¢port ISO/TR 15144-1 only. Any of the values or the data presented should net be used as material or
Iybricant allowables or as recommendations for micro-geometry in real appli¢ations when applying this
procedure. The necessary parameters and allowable film thickness value§/Agrp, should be determined

and are
undated

rinciples,

f surface

s — Part

6-1, and

3.2 Symbols and units

The symbols used in this technical report are given in Table 1. The units of length metre, millim

etre, and

micrometre are chosen in accordance with common practice. The conversions of the units are already

included in the given formulae.

© IS0 2014 - All rights reserved
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Table 1 — Symbols and units

Symbol Description Unit
a centre distance mm
BMm1 thermal contact coefficient of pinion N/(m-s0,5:K)
BMm2 thermal contact coefficient of wheel N/(m-s0,5-K)
b face width mm
Ca1 tip relief of pinion pum
Ca2 tip relief of wheel pm e
M1 specific heat per unit mass of pinion ]/W@(}
M2 specific heat per unit mass of wheel ﬂthg-K)
c’ maximum tooth stiffness per unit face width (single stiffness) of a tooth pair X b‘m‘/(vmm-um)
Cya mean value of mesh stiffness per unit face width k@'\v N/(mm-um)
da1 tip diameter of pinion '0; N mm
da2 tip diameter of wheel r\\ - mm
dp1 base diameter of pinion \G_)U mm
dp2 base diameter of wheel (s\\\ mm
dw1 pitch diameter of pinion {-\Q - mm
dw2 pitch diameter of wheel N QV mm
dvy1 Y-circle diameter of pinion k\}\\ mm
dy>2 Y-circle diameter of wheel \(‘\Q’ . mm
Er reduced modulus of elasticity ‘Q\'\ N/mm?
Eq modulus of elasticity of pinion :\\Q)‘ N/mm?2
E2 modulus of elasticity of wheel xO - N/mm?2
Fpt nominal transverse load in plane g@k‘ri;)n (base tangent plane) N
Fy (nominal) transverse tangentia(lp\;d at reference cylinder per mesh N
Gm material parameter ‘\\ : -
gy parameter on the pat}),.c@}r‘ltact (distance of point Y from point A) mm
Ja length of path of cw\c{ mm
Hy load losses fac;p@v -
hy local lubri‘c‘@‘?’ﬂm thickness um
Ka applicati arctor -
KHa tra@\se load factor -
Kyp ,@@oad factor -
Ky c,)i;mamic factor -
ni rotation speed of pinion min-1
P transmitted power kw
Pet transverse base pitch on the path of contact Mm
pdyny |local Hertzian contact stress including the load factors K N/mm?2
PHY local nominal Hertzian contact stress N/mm?2
Ra effective arithmetic mean roughness value pum
Rai arithmetic mean roughness value of pinion pm
Rap arithmetic mean roughness value of wheel um

SGFY local sliding parameter -

2 © ISO 2014 - All rights reserved
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Table 1 (continued)
Symbol Description Unit

S safety factor against micropitting -

S)min |minimum required safety factor against micropitting -

Ty nominal torque at the pinion Nm
Uy local velocity parameter -

u gear ratio -
Vg Y local sliding velocity _Nem/s

)
Vr1y local tangential velocity on pinion Q\ m/s
Vr2Y local tangential velocity on wheel q Y m/s
Va4
Vs.C sum of tangential velocities at pitch point ‘\P‘ m/s
vsy sum of tangential velocities at point Y ‘Q;\ m/s
Ww material factor Je) N -
AY
Wy local load parameter \ -
Xbut,y local buttressing factor -
. . NT
Xca tip relief factor (.s\\ -
. 7

XL lubricant factor /\Q -
XR roughness factor . QV -
Xs lubrication factor &\\}\\ -
Xy local load sharing factor \\AQ) -
ZE elasticity factor \A\ (N/im?2)0,5

>

zZ1 number of teeth of pinion ‘\Q) -

~3

V) number of teeth of wheel \Q -

at transverse pressure angle (-\‘jr °
Ayt pressure angle at the pi@}\cylinder °

aeB,Y pressure-viscosity ¢eefficient at local contact temperature m2/N

apM pressure-viscc}s®\coefficient at bulk temperature m2/N

asg pressure-vjeg&{ty coefficient at 38 °C m2/N
7

Bb base hg}\%ngle °
Emax mam‘a’n addendum contact ratio -

A .

Ea Qr,%l‘sverse contact ratio -
Ean _ N\ )/‘1rtual transverse contact ratio -
/ggvb overlap ratio .

N
v total contact ratio -

€1 addendum contact ratio of the pinion -

£ addendum contact ratio of the wheel -
1N6BY dynamic viscosity at local contact temperature N-s/m?2
oM dynamic viscosity at bulk temperature N-s/m?2
10oil dynamic viscosity at oil inlet/sump temperature N-s/m?2
n38 dynamic viscosity at 38 °C N-s/m?2
OB,y local contact temperature °C
Ony local flash temperature °C
Om bulk temperature °C

© IS0 2014 - All rights reserved
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Table 1 (continued)

Symbol Description Unit
Boil oil inlet/sump temperature °C
AGEmin |minimum specific lubricant film thickness in the contact area -
AGEY local specific lubricant film thickness -
AGFP permissible specific lubricant film thickness -
AGFT limiting specific lubricant film thickness of the test gears -
AM1 specific heat conductivity of pinion W/(m-K)
Am2 specific heat conductivity of wheel W/ (1K)
Um mean coefficient of friction :
VOBY kinematic viscosity at local contact temperature mm?2/s
VoM kinematic viscosity at bulk temperature mm?2/s
121 Poisson’s ratio of pinion -
%) Poisson’s ratio of wheel -
V100 kinematic viscosity at 100 °C mm?2/s
V40 kinematic viscosity at 40 °C mm?2/s
PM1 density of pinion kg/m3
pM2 density of wheel kg/m3
Pn,C normal radius of relative curvature at pitch diameter, mm
Pny normal radius of relative curvature at point Y mm
pLY transverse radius of relative curvature at point\Y mm
pPtLY transverse radius of curvature of pinion at;péint Y mm
pt2Y transverse radius of curvature of wheelat point Y mm
PoOBY density of lubricant at local contacttemperature kg/m3
PeM density of lubricant at bulk temperature kg/m3
P15 density of lubricant at 15 °C kg/m3
Subscripts to symbols
Y Parameter for any gentdct point Y in the contact area for method A and on the path of contact for
method B (all parameters subscript Y has to be calculated with local values).
4 Example calculation
The follqwing presents examples for the calculation of the safety factor against micropitting, S). Ea¢h
example|is first calculated according to method B and examples 1, 3, and 4 subsequently calculatgqd
accordinlg to method A The calculatlon sequence for method B has been provided to follow a loglc hl
approach > input data. Beside the formulae itself the formula numbers related to

ISO/TR 15144- 1 are glven

The examples calculate the safety factor S of a specific gear set when compared to an allowable Agrp
value. For the examples 1, 2, and 4, the permissible specific oil film thickness, Agrp, was determined
from the test result of the lubricant in the FZG-FVA micropitting test.[1] For these calculations medium
values for the standard FZG back-to-back test rig and standard test conditions for Kyg and K, were
used (Kyp = 1,10 and Ky = 1,05). The calculation of the Agrp value from the test result of the FZG-FVA
micropitting test[l] (method B) is shown exemplary on the basis of the first example. For example 3, the
permissible specific oil film thickness, Agrp, was determined from a bench test.

NOTE The calculations were performed computer-based. If the calculations are performed manually, small
differences between the results can appear.

4 © ISO 2014 - All rights reserved
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4.1 Example 1 — Spur gear

The result of this example is confirmed by experimental investigations. The gears were obviously
micropitted and had profile deviations of approximately 8 to 10 um. Figure 1 shows a diagram of the
observed location and severity of micropitting for pinion and wheel of example 1.

1 1
VA A,
—
10 ym
———— D ———1— B
C — C
B — D
A — E
a) pinion b) wheel
Ky
1| tip
2 root

Figure 1 — Diagram of schematic profile deviations of pinion and wheel for example 1

© IS0 2014 - All rights reserved 5
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4.1.1 Inputdata
Table 2 — Input data for Example 1
Example 1
Symbol Description Unit pinion wheel
comb.
z number of teeth - 18 18
- driving gear - X N
mp normal module mm 10,93 A .
an normal pressure angle ° 20 n’(.l/v
B helix angle ° L0 v
b face width mm ¢ %,4
Geomefry - ,\-’3
a centre distance mm P 200
X addendum modification factor - \'&\6,‘158 0,158
dy tip diameter of pinion mm -\ 3 221,4 221,4
- tooth flank modifications i\\J no modifications
Q gear quality & Y 5 5
Ra arithmetic mean roughness value d pum 0,90 0,90
- material i \\\\\ - Eh Eh
E modulus of elasticity o, > N/mm?2 206 000 206 000
Poisson’s ratio \\\\ - 0,3 0,3
AM specific heat conductivity\@w W/(m-K) 45 45
Materjal ™M specific heat per unit pq‘a*ss‘ ]/ (kgK) 440 440
oM density N kg/m3 7 800 7 800
material fact vording to ISO/
Ww TR 15144-1:20%4, Table A.1 (for matching - 1,0
case car@ajs’ed/case carburised)
N
Ka appl}c@)n factor - 1,0
Ky dyqa\.r'r}lic factor - 1,15
Application 9
Kha f\@ansverse load factor - 1,0
KH&()\O face load factor - 1,10
L @S‘ nominal torque at the pinion Nm 1878
oad
91;1 rotation speed of the pinion min-1 3000
?‘\ oil inlet temperature (injection lubrica-
A Boil - °C 90
GJ tion)
V40 kinematic viscosity at 40 °C mm?2/s 210
V100 kinematic viscosity at 100 °C mm?2/s 18,5
P15 density of the lubricant at 15 °C kg/m3 895
Lubricant
- oil type - mineral oil
i failure load stage at test temperature ) SKS 8
(90 °C) according to FVA 54/7
permissible lubricant film thickness
AGFP - 0,211
(see 4.1.4 for calculation)
6 © ISO 2014 - All rights reserved
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4.1.2 Calculation according to method B

4.1.2.1 Calculation of gear geometry (according to ISO 21771)

Basic values:

ISO/TR 15144-2:2014(E)

m¢=10,93 mm

m, = o
cosf3
di=2z1-my d1 =196,74 mm
dy =2z mg dz = 196,74 mm
u=1
Z1
ano ag=20°

t n
o =arctan
cos B

dp1 = d1 cosat

dp2 = dy cosay

dWZ = Za_dwl

{(zl+zz)-mt-cosat}

2-a

Oy =Aarccos

By, = arcsin(sin B-cosd )

Det =My -7 -COSEL;

dp1 = 184,875 mm

dp2 = 184,875 mm

dw1 =200 mm
dw2 =200 mm
awt=22,426°
Pr=0°py=0°

Det = 32,267 mm

- > 7 £1=0,705
2\ day
e =57 —_— —1—tanawt
2 dbl
- 570,705
d
gzzz_z. Lz _1_tanawt
27 db2
£q= 1,411

© IS0 2014 - All rights reserved
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b-sin 8 =0
p=——
my-w

Ey =&+ € gy =1,411

=45,519 mm
2 2 2 2 . gC( )
9o = 0'5'(\/%1 —dypy +\/da2 —dp; j_a'snlawt
Coordindtes of the basic points (A, AB, b, C, D, DE, E) on the line of action:

ga|= 0 mm (34) ga=0mm

9 =% (35)  gaB=6,626 mm

9B Fda ~ Pet (36) gB = 13,253 mm

2
g b ML ang,, - [9ar” b1 (37) %0 =22,760 mm
2 4 4
Ip [ Pet (38) gp = 32,267 mm
Yo~ P
9pi :aTet"'pet (39) 9DE = 38,893 mm
JE 3 Ja (40) gE = 45,519 mm
2 2 2 2
daf=2 Dor” | [da1” _db1” gotagn (41)  da1=187,419 mm

4 4 4

dag1 =190,046 min

dp1 = 207998 1mm

d 2
=2. b2

bY

drd =
AZ 4

2
2 2
L | [da2” _db2 g
4 4 A

dg1 =193,546 mm

dpg1 = 214,394 mm

(42)

dc1=200,000 mm

dg1=221,400 mm

dpa2 = 221,400 mm

dap2 = 214,394 mm
dpz = 193,546 mm

Normal radius of relative curvature:

_ Pta

Pna = cos :Bb

Pn,AB = 15,663 mm
pn,D = 17,890

dpz =207,998 mm

dpg2 =190, 046 mm

(45)

pn,B = 17,890 mm

Pn,DE = 15,663 mm

dcz =200,000 mm

dgz = 187,419 mm

Pn,A=12,285 mm

Pn,c = 19,074 mm

Pn,E = 12,285 mm

© ISO 2014 - All rights reserved
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4.1.2.2 Calculation of material data

-1

1-v,%2 1-v,2

E =2 —21 2"V 6)
Eq E,

By1 =+ AM1 - PM1CM1 (82)

ISO/TR 15144-2:2014(E)

Ey =226 374 N/mm?2

Bwmy1 = 12 427,4 N/(ms0.5K)

Bymz =+Amz  Pmz - Cm2 (83)

4/1.2.3 Calculation of operating conditions

Bumz = 12 427,4 N/(m$0.5K)

Lpading:
nn Ty
P=2--—- 3
60 1000 (85) P=590 kW
T
F,=2000-— Ft=19 091N
dy
L5t
Fbt=2000~d— Fpt=20316 N
bl
Lpcal load sharing factor:
NOTE No tooth flank modifications, spur gears, gear quality <7 (see ISO/TR 15144-1:2014, Figure 2).
Q-2 1 gy
=t =
AT e T3 9 (46) Xp=0,333
Xap=0,500 Xg=1,000 Xc=1,000
Xp=1,000 Xpg = 0,500 Xg=0,333
E]asticity factor:
EI‘
Zg= ) (26) Zg = 189,812 (N/mm})0,5
-
LpcalHertzian contact stress:
=7 Fe Xa 25 963 N/mm?
PHAB =ZE b pop cosa, <05 By (25)  pHAB= /mm
pH,AB,B = 1 045 N/mm? pH,B,B = 1 383 N/mm? pH,c,B =1 339 N/mm?2
pu,p,B = 1383 N/mm?2 pH,DE,B = 1 045 N/mm?2 PHE,B = 963 N/mm?2
Pdyn,A,B= PHAB '\/KA Ky Ko Kyp (24)  pdynap=1084 N/mm?2
Pdyn,AB,B = 1 175 N/mm? Pdyn,B,B = 1 555 N/mm?2 Pdyn,c,8 = 1 506 N/mm?2

© IS0 2014 - All rights reserved
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Pdyn,D,B =1 555 N/mm?Z Pdyn,DE,B=1175N/mm2  pdyn g, = 1084 N/mm?
Velocity:
Vg, A=Vr1,A= Vr2,A (81) Vg A =-14,300 m/s
Vg,aB =-10,137 m/s Vg B =-5974m/s vgc=0m/s
VgD =5974m/s Vg DE = 10,137 m/s Vg E = 14,300 m/s
Ve, A=Vr1, At Vr2 A 13) Vy A = 45,909 m/s
vy AB = 23,969 m/s vy B = 23,969 m/s vy,c=23,969 m/s
vy,D = 23,969 m/s Vs DE = 23,969 m/s vy E =23,969 m/s
Effectivq arithmetic mean roughness value:
Ra0,5-(Ra; +Ray) (3) Ra=0,90tm
4.1.2.4 | Calculation of lubricant data
X1, 3 1,0 for mineral oil (see ISO/TR 15144-1:2014, Table 3)
asq = 2,657 1078 . 3g 1348 ©)  agg=215-108m?/N
Xs g 1,2 for injection lubrication
4.1.2.5 | Calculation of the material parameter
Mean co¢fficient of friction:
R 0,25
Xple2,2:| /= (87)  Xr=1,025
pn,C
Kgy|=1,0 forey <2
KK, oKug K For Kg, | ~0,05
Hm =0,0450[ A X 3 yo Hp bt BYJ '(103’779011) Xp-X, (86) pm = 0,048
V5, Pnc
Bulk tenjperature:
P N T T W
Hvz(sl +é, +1—ga)-L—+—J- foreq <2 (91) Hy = 0,204
Zy Zp ) cosfy
€max = €1 = €2
Xca = 1,0 for no profile modification (method B) (101
0,72
P-u,-H,\" X
0M=90ﬂ+74oo-[ Hm Vj S (84)  Oum=153,6°C

10

a-b 1,2-Xc,

© ISO 2014 - All rights reserved
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Material parameter:

Gm =106 - agy - Er (5)

4.1.2.6 Calculation of the velocity parameter

ISO/TR 15144-2:2014(E)

Gm=2678,6

Vs A
Up =Nom 2000.E. px (12) Ua = 2,005 - 10-11
“ErFnA
Upg=1,572-10-11 Ug=1,377 - 10-11 Uc=1,291-10-11
Up=1,377-10-11 Upg =1,572 - 10-11 Ug = 2,005 - 10t

4{1.2.7 Calculation of the load parameter

2
2- *Pdyn,A
Wy == Pdma_ (22)
E,
Wag =1,694 - 10-4 Wg=2,966-10-4
Wp=2,966-10-4 WpE = 1,694 - 10:4

4/1.2.8 Calculation of the sliding parameter

—

bcal flash temperature:

N 10° -ty - Pagna v ‘ gA‘ \/ Pdyn,A
Poa 7o

Wa=1,440-10-4

Wc=2,781-10-4

Wg = 1,440 - 10-4

Oqa = (80) 0,4 =175,3°C
"2 Bumi\Vria +Bum2yVi2a 1000-E,
Of1,aB = 154,1°C OB =145,4°C Of,c=0°C
On,p =145,4°C Or,pE = 154,1°C Ong=175,3°C
Lpcal contact temperatufe as sum of bulk and local flash temperature:
0B,A = Om + Of4 (79) OB,a=328,9°C
Ogas = 307,7°C 0,8 =299,0°C Og,c=153,6°C
0g,p = 299,0°C Og,pE = 307,7°C Op,g=3289°C
Lpcalsliding parameter:
Sara=—22—0A 27)  Scia = 0,057
oM “Tlom
ScrAaB =0,076 Ser =0,086 Serc=1,000
Scrp = 0,086 SerpE = 0,076 Scrg = 0,057
4.1.2.9 Calculation of the lubricant film thickness
hy=1600 - pp 5 - Gy U, Wy 013 S g 072 4) ha=0,122 pm

© IS0 2014 - All rights reserved
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hag =0,137 um hg=0,136 um hc=0,241 pm
hp =0,136 pm hpg = 0,137 pm hg =0,122 pm
4.1.2.10 Calculation of the specific lubricant film thickness
AGF,A fa (2) AGrA = 0,136
Ra
AGrAB =0,153 AgrB = 0,152 Acrc=0,267
Agrp = 0,152 AGrDE = 0,153 AGrE = 0,136
AGHmin = AGF,A = AGRE AGEmin = 0,136
4.1.2.11| Calculation of the micropitting safety factor
S, | AGrmin ) S, £0)644
AGFP
The caldulation of the permissible specific lubricant film thickness, Agpp, for example 1 is shown

exempla

The final results for the calculation of the safety factor against micropitting, Sj, for example 1 ate

shown ir

4.1.3 (

The calc
Calculate
The load
Table 4. ]

y in 4.1.4.

Table 3.
Table 3 — Results of calculation according to method B — Example 1
Point A AB B C D DE E
AGEY 0,136 0,153 0,152 0,267 0,152 0,153 0,136
AGF,min 0,136
AGFP 0,211
Sa 0,644
[alculation accordingito method A

1lation of example according to method A was carried out by a 3D-calculation programmi.
bd results duringmethod A will vary depending on the method of determining load distributiop.
distributienj.on which the following calculation according to method A is based, is shown In
'he maximum values are printed in bold.

Table 4 — Matrix of pressure distribution — pyy,A in N/mm2

12

Width in mm

0,0 7,6 13,8 21,4

A 1115 1110 1110 1114

AB 1048 1044 1044 1047
B 1375 1373 1373 1375

C 1342 1339 1339 1342

D 1048 1045 1045 1048

DE 1050 1046 1046 1050
E 1099 1094 1094 1099

© ISO 2014 - All rights reserved
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The resulting matrix of specific lubricant film thickness according to method A is shown in Table 5. The

minimum value is printed in bold.

Table 5 — Matrix of resulting specific lubricant film thickness Agry

Width in mm
0,0 7,6 13,8 21,4
A 0,122 0,123 0,123 0,122
AB 0459 0160 0160 8459

0,159 0,159 0,159 0,159

C 0,270 0,271 0,271 0,270
0,197 0,198 0,198 0,197
DE 0,159 0,159 0,159 0,159
E 0,124 0,125 0,125 0,124
Fpr the calculation of the micropitting safety factor according to methgd. A, the minimum value of the
njatrix of resulting specific lubricant film thickness, shown in Table 5{was used.
AGF,mi
S, =——mn () S3=0,577
AGFP
NOTE The difference in safety factor calculated between'methods A and B in the above example|1 results
flom the simplified calculation of load distribution accordingto method B.
4/1.4 Calculation of the permissible lubricantfilm thickness
Cplculation of the permissible specific lubricant film thickness from the test result of the [FZG-FVA
njicropitting testl1] (Method B) with the«teference test gears type C-GF.
The calculation of the reference value/AgrT, is done for point A because the minimum specific Jubricant
film thickness for gear type C is always at point A. All data of the reference test gears type C-GF|have the
stibscript “Ref”.
© ISO 2014 - All rights reserved 13
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Table 6 — Input data for calculation of the permissible lubricant film thickness

C-GF
Symbol Description Unit pinion | wheel
comb.
ZRef number of teeth - 16 | 24
MiRef |transverse module (mpRef = MtRef) mm 4,5
anRef |transverse pressure angle (apRef = QtRef) ° 20
Bbref  |base helix angle (Bbref = Bref) ° 0
bRef face width mm 14
dRef centre distance mm 91,5
XRef addendum modification factor - 0,1817 0,1716
daref |tip diameter of pinion mm 82,45 118,35
- tooth flank modifications - no modifications
Geomefry Raper |arithmetic mean roughness value um 0,50 0,50
Eref |modulus of elasticity N/mni?2 206 000 206 000
VRef Poisson’s ratio < 0,3 0,3
AMRef |specific heat conductivity W/(m-K) 45 45
cMRef |specific heat per unit mass ]1/(kgK) 440 440
PMRef |density kg/m3 7 800 7 800
material factor according to ISO/TR 1514 4-
1:2014, Table A.1
Ww - 1,0
(for matching case carburised,/case carbur-
ised)
KaRref |application factor - 1,0
Kyref |dynamic factor - 1,05
Applicatfion
Kuaref |transverse load factor - 1,0
Kypref |face load factor - 1,10
Tiref |nominal torque at the pinion for SKS 8 Nm 171,6
Load niRef |rotationspeed of the pinion min-1 2 250
puas_ (Il leralan conact stsss ot | e
- lubrication - injection lubrication
NOTE The_used values for Kyref and Kpugref are valid for the standard FZG back-to-back test rig and
standard|conditions.
Table 7 givesthenominalHertziancontactstressatpointAforthereferencetestgearstypeC-GEasa

TICTroTor I CT 2o oot T ot T oo ot pPpuUt T 10T criC T CIerTiace—TCs

function of the reached failure load stage (SKS) in the FZG-FVA micropitting test.[1]
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Table 7 — Relation between failure load stage according to FZG-FVA micropitting testl[1l]l and
nominal Hertzian contact stress at point A

Nominal torque at the Hertzian contact stress at inal .
SKS pinion in point C in Noml_na Hertz1a1_1 contact stress
Nm N/mm? at point A according to method A
5 70,0 795,1 764
6 98,9 945,1 906
7 132,5 10939 1048
8 171,6 12449 1191
9 215,6 13954 1333
10 265,1 15473 1476

1.4.1 Calculation of gear geometry

d1Ref =Z1Ref *MtRef

dRef =Z2Ref *MiRef

dp1Ref =d1Ref *COSA (Ref
dp2Ref =d2Ref *COSA (Ref

2'aRef

dyiRef =
URef +1

deRef =2-ARer _dwlRef

OlyytRef = arccos { (

PetRef T/MtRef *7 " COS A (Ref

Z1Ref T ZZRef)‘mtRef COS Ol yRef }

A1Ref = 72,00 mm

dzref = 108,00 mm

URef = 11 5

dpiRef = 67,658 mm

dp2ref = 101,487 mm

dwiRef = 73,20 mm

szRef = 109,80 mm

awtRef = 22,439 °

PetRef = 13,285 mm

i 2
Z1Ref (dalRef\\ 4. —a o
€1Ref — 2 j Ld — L7 LU wiRef E1Ref = U,722
T b1Ref
z
_ “42Ref
€2Ref = 2 : £2Ref = 0,714

© IS0 2014 - All rights reserved
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2
daZRef

2
_ dyoRef

2 2
f e = 1 \/dalRef _dpiref +\/
o Petref 4 4

bRef -sin ﬁRef

EBRef = )
MyRef 7

4

4

—URef 'SinathefJS(xRef =1,436

ERef =0

€ yREF =€ GRel T ¢PRef

tyRef - 1,4‘3 8]

2 2 2 2 :
gaFefZO'S'[\/dalRef —dp1Ref +\/da2Ref —dp2Ref )_aRef'Smathefg(xRef:19,079 mm

gAREf= 0 mm (34) garef=0mm
dp1Rer” datret”  FoiRer
dpqRef =2 4e + 2 4e - 4e —Goref TIarer | (41) dairer* 68,249 mm
2
d 2 d 2 g 2
d adrer =2 bzzef + azzef - bzzef — g ARef (42) dazrer= 118,350 mm
d —d
Pr1JARef —\/ narer” ~doipes” (44) pt1,ARef = 4,482 mm
Prlcr \/ wiRef _db“‘ef (44) pr1,cRef = 13970 mm
d A2Ref _deR £
ProfARef = € ? (44) pr2,aRef = 30,443 mm
Pe2fcref —\/ WZRef deRef (44) pt2,cRef = 20,955 mm
_ Pt1,ARef " Pt2,ARef . oo
Pt ARef o) Pt ARer = Ph,ARer = o, 707 it
Pt1,ARef 1 Pt2,ARef
Pt1,CRef “ Pt2,CRef
Pt,CRef = £ s (43) pt,cRef = Pn,CRef = 8,382 mm

Pt1,cRef T Pt2,CRef

16
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4.1.4.2 Calculation of material data type C-GF

1
2 2
1- 1-
ErRef :2'[ Eleef + EVZRef J (6) ErRref =226 374 N/mm2
1Ref 2Ref
B =124274 N
BMiRef =\ AM1Ref * PM1Ref *CM1Ref (82) (rrsl(ligf[() /

— BMzRer= T2 4274 N
BytzRef = AM2Ref - PM2Ref *CM2Ref (83) (mSOEK)

4/1.4.3 Calculation of operating conditions of FVA-FZG micropitting test

NiRef T1Ref
P 7.5 MiRef TiRef 85) Ppér= 40,43 kW
Ref 60 1000 (85) Pgréf
T1iRef
Fyrer =2000- ———— Fbtref=5072,6 N
b1Ref
Pdyn,AARef = PH,A ARef v K ARef “ K yRef (24) pdyn,a,ARef=1220 N/mm?2
NiRef dwiRef . d ptref == dpiRet
Vi1 ARef =27 60 2000 “SINA yyRef * 3 7 (14) vr1,ARef= 1,056 m/q
WiRref —db1Ref
NiRef dwiRef .
Vr1,CRef =27 : *SINA v {Ref (14) vr1,cref= 3,292 m/s

Vr2,ARef = 4,782 m/s

NiRef  dwoRef .. d pzret” ~ dbzRet
V2 ARef =277 : “SINA yipef - (15)

. 2 2
60 Uupep-32000 dyoref” ~dp2Ref

TyRef deRef .
v =27 . -sina -
r2,CRef 60-up; 2000 wtRef (15) vr2,cref= 3,292 m/g

Vg ARef.T Vr1,ARef ~Vr2 ARef (81) vgaRef=-3,726 m/$
V5 ARef = Vr1,ARef T Vr2 ARef (13) vy ARef=5,838m/s
Vs CcRef =Vr1,CRef T Vr2,CRef (13) vs,cref=6,583m/s
Rapes =0,5-(Rajger +Ragger ) (3) Ragef= 0,50 um

4.1.4.4 Calculation of lubricant data

Ooilref = Boil = 90 °C

NooilRef = N0oil = 0,021 N-s/m?2

© ISO 2014 - All rights reserved 17
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Xsref = 1,2 for injection lubrication

4.1.4.5 Calculation of the permissible specific lubricant film thickness

18

. 0,25
dRef
XRRefzz'z'[ € J

Pn,CRef

(87) XrRref= 1,087

KpyRer= 1,0 T0T &y <2

[TIKRef = KaRef * KyRef * KHaRef * KHpRef * KByRef

02
[ TK g Fotret

Hmpef =0,045- b
Ref "VE,CRef “ Pn,CRef

1

3
'(10 “NooilRef

1

)70,05

2 2
Hvuef=(81Ref +ERef +1_g(xRef)'[ +

eq <P

Xcaget = 1,0 for no profile modification (method B)

AdRef 'bRef

lo

[o°]

[log(vgmRef +0,7)] = A-log(Oypes +273)+B

(Oupef +273)—289:|
P15

PoMRef = P15 '{1—0'7'

-6
NoMRef =10 -VoMRef 7P9MRef

1 1
a =03g - +1%4516- -
OlfiRef 38{ {GMRef+273 311}}

6
GMpeEs 10 - agmper  E rRef

0,72
PRef - HmRef *H yRer
Omy efzeoilRef+7400'[ SR 6 :

J n
ZiRef Z2Ref ) COSPpRef

XSRef

152 X caref

- XRRef - X1, (86) pmRef = 0,063

for

(69)

[1KRef= 1,155

(91) HvRef = 0,195

(101)

(84) Oumpef = 1159 °C

(17) voMRef = 12,317 mm?2/s

(20) pemRef = 825,1 kg/m3

(16) nemRef = 0,010 N-s/m?2

(8) aemRef=1,436-10-8 m2/N

(5) Gmref=32499

Vs ARef
2000- ErRef " Pn,ARef

U ARef =T OMRef *

2
w _ 27 "Pdyn,ARef
ARef — 2
rRef

(12) Uagef = 3,354-10-11

(22) Wagef = 1,825-10-4
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6
\/; 10 *HmRef 'pdyn,ARef ‘|Vg,ARef Pdyn,ARef
0, ARef = | | “1|8° Pn ARef 1003(;# (80) 6f1,ARef = 82,5 °C
ByiRef \/ Vr1,ARef T BM2Ref \/ V12, ARef “E \Ref
OB ARef =OMRef + 0, ARef (79) 05 Aref = 198,3 °C
log[log(vep aref +0,7)]=A-10g(0p Arer +273)+ B (30) veB,ARef = 3,112 mm2/s
(0 ARet +273)—289
PoB,ARef = P15 ° 1-0,7- (33) poB,ARef = 7674 kg/m3
P15
-6
NoBARef =10 VB ARef * POB ARef (29) fieB,ARef = 0,002 Nfs/m?2
a a 1+516 1 1 (28) 9,364-1p-9 m2/N
= : : - a =9,364-1p-9m
0B,ARef = ¥38 Opaner 1273 311 OB, ARef

O 9B, ARef "T10B,ARef
SGFARef = (27) Sgr,aRef= 0,153
O gMRef “TTOMRef

22

0,6 0,7 20,13 0,
haper =1600- py aRef “Gmrer ~ Unrer - WaRer “S GF,ARef (4) hagef=0,075 um

haRef

AGFT :A'GF,ARef = R € (2) AgrT=0,151
ARef

Agrp =14-Wyy - Agpr Agpp = 0,211

.2 Example 2 — Spur.gear

icropitted and had-profile deviations of approximately 15 pm. Figure 2 shows a diagra

4
The result of this example is confirmed by experimental investigations. The gears were d
nj
opserved locatignyand severity of micropitting for the pinion of example 2.

bviously
m of the

© IS0 2014 - All rights reserved
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—A
20 ym
———— D
€
— B
— A
Key
1 tip
2 root
Figure 2 — Diagram of schematic profile deviations of the pinion for example 2
NOTE Example 2 is only calculated according to method\B.*Furthermore, no modifications for the calculatign
according to method B were considered.
4.2.1 Inputdata
Table 8(—'Input data for Example 2
Example 2
Symbol Description Unit pinion wheel
comb.
z number of teeth - 20 20
- driving gear - X
My normal module mm 10,0
o normal pressure angle ° 20
B helix angle ° 0
b face width mm 15
Geometry
a centre distance mm 200
X addendum modification factor - 0,0 0,0
da tip diameter of pinion mm 220,0 220,0
- tooth flank modifications - no adequate tip relief
Q gear quality - 6 6
Ra arithmetic mean roughness value um 0,80 0,80
20 © ISO 2014 - All rights reserved
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Table 8 (continued)
Example 2
Symbol Description Unit pinion wheel
comb.
- material - Eh Eh
E modulus of elasticity N/mm?2 206 000 | 206000
Poisson’s ratio - 0,3 0,3
AMm specific heat conductivity W/(m-K) 45 45
Material Cm specific heat per unit mass ]/(kg'K) 440 440
oM density kg/m3 77800 7 800
Wi material factor according to ISO/TR 15144-
1:2014, Table A.1 (for matching case carburised/ - 1,0
case carburised)
Ka application factor = 1,0
Application Ky dynamic factor - 1,039
Kia transverse load factor - 1,0
Kug face load factor - 1,05
Load T1 nominal torque at the pinion Nm 240
nq rotation speed of the pinion min-1 100
Boil oil inlet temperature (injection lubrication) °C 70
V40 kinematic viscosity at 40 ° C mm?2/s 150
V100 kinematic viscosity at 100:¢ C mm?2/s 14,7
Lubricant P15 density of the lubricantat 15 ° C kg/m3 890
- oil type - mineral oil
- failure.load stage at test temperature (70 ° C) i SKS 1D
accordingto)FVA 54/7
AGFP permissible lubricant film thickness - 0,171
4/2.2 Calculation according to method B
4/2.2.1 Calculation of gear geometry (according to ISO 21771)
Bpsic values:
ml"l
Mmy= cos mt=10,000 mm
dy=2z1-my d1 =200,000 mm
dy=2zy-my d2 =200,000 mm
u= i_i u=1,00

© IS0 2014 - All rights reserved
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Q= arctan(

na

tana,,
cosf

dy, =dq-coso

dy, =d, -coso

By

Pet

€1

Er F

&y

ar=20,000°

dp1 = 187,939 mm

dp2 = 187,939 mm

=m, -m-cosa,

2
d
L2 [ alj ~1-tana,,

dp1

2 2 2
| 1 \/dal _dy +\/da2 dy,
pe |V 4 4 4 4
| b-sinp
m,m
::8a+8B

2-a

— dw1 =200,000 mm
u+1

=2-a-d,, dw2 = 200,000 mm

Z1+2Z5)-m,-cosa
=arccos{( L 2) t t} awe=20,000°
2-a
=arcsin(sin 8 -cosa,, ) pp=0°

Pet = 29,521 mm

€1=0,778

£2=0,778

&q=1,557

£B=O

gy =1,557

9q =0,5-(\/d312 —db12 +\/d322 —db22 )—a-sinocwt

Ja =45960 mm

Coordinates of the basic points (A, AB, B, C, D, DE, E) on the line of action:

22

9A=

9B

0 mm

2

— Yo ~Pet

(34) ga=0mm

(35) gaB = 8,219 mm
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9B =Yo ~Pet (36) 9B = 16,439 mm
2 2
ge=M ang, — [da” _do1” o (37)  gc= 22,980 mm
2 4 4
9p =Pet (38) gp = 29,521 mm
gpg = 2> ;pet Dot (39)  gpg=37741 mm
9E=Ya (40) 9gE = 45,960mm
2
dy?2 | [dq% dy?
dpg =2 121-1 + 52 — 121-1 —go+9a (41) da1 =189,274 mm
dap1 =191,919 mm dg1 =195,912 mm dc1=200,00 mm
dp1 = 204,844 mm dpg1 = 211,920'mm dg1=220,000 mm
2
di,% | |d,? dyy?
dpy=2- *f o 22 - ZZ —ga (42)  daz=220,000 mm
dag2 =211,920 mm dg2 = 204,844 mm dcz =200,000 mm
dpz = 195,912 mm dpg2 = 191,919 mm dg2 = 189,274 mm
Normal radius of relative curvature:
PtA
=— 45 =9,38
P = B (45)  pna=9381mm
priAB= 13,916 mm pn,B = 16,475 mm pnc=17101 mm
Pn,p = 16,475 mm pn,DE = 13,916 mm PnE=9381 mm
4{2.2:2~ Calculation of material data
—1
1-v,% 1-v,?
E.=2 -1 27V2 6)  Er=226374 N/mm2
Eq E,
By1 =AMt PM1 M1 (82) Bwm1 = 12 427,4 N/(ms0,5K)
By =\ Am2 - PMm2 M2 (83)  Bwmz=124274 N/(ms0.5K)

© IS0 2014 - All rights reserved
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4.2.2.3 Calculation of operating conditions

Loading:
ng T4
P=27 — —— =
60 1000 (85) P=251 kW
Ty
Ft=2000-d Ft=24 000N
Ty
Fbt=2000-d— Fpt=25540N
b1
Local logd sharing factor:
NOTE No tooth flank modifications, spur gears, gear quality < 7 (see ISO/TR 15144-1:2014, Figure 2).
Q-2 1 gy
X =t -1
A 15 3 gg (46) X%=710,333
Xag=0,500 Xg=1,000 Xc=1,000
Xp=1,000 Xpe = 0,500 Xg=0,333
Elasticity factor:
E
ZgE 5 r (26) Zg =189,812 (N/mm2)0,5
T
Local Hefrtzian contact stress:
=7 Fe Xy 25 1 476 N/mm?
PuhB=ZE b-pra 050, -€00Py (25)  pHAB= /mm
pH,AB,B = 1 485-N/mm?2 pH,B,B =1930 N/mm? pH,c,B=1894 N/mm?2
pH,D,B = 1930'N/mm?2 pH,DE,B = 1 485 N/mm?2 pPHEB = 1476 N/mm?
Pdyn,AB = PHAB '\/KA Ky Ko - Kyp (24)  pdyn,aB=1541 N/mm?2
Pdyn,AB,B = 1 550 N/mm?2 Pdyn,B,B = 2 014 N/mm?2 Pdyn,c,B = 1977 N/mm?2
Pdyn,D,B = 2 014 N/mm?2 Pdyn,DE,B = 1 550 N/mm?2  pgyn g, = 1541 N/mm?
Velocity:

VgA=Vr1,A " Vr2A

vgAB = -3,091 m/s

vgp = 1,370 m/s

VZ,A=Vr1,A*tVr2A

24

(81)
vgB=-1,370 m/s
vg,DE = 3,091 m/s

(13)

vga=-4,813m/s
vg,c=0m/s
vgE=4813m/s

vs,A=7163 m/s

© ISO 2014 - All rights reserved



https://standardsiso.com/api/?name=f58f44e2e2ba19ad6a3dc05cdcd061dd

vy, AB = 7,163 m/s vy,B= 7163 m/s
vyp = 7163 m/s Vy,DE = 7,163 m/s

Effective arithmetic mean roughness value:

ISO/TR 15144-2:2014(E)

vs.c=7163 m/s

vy E= 7163 m/s

Ra=0,5-(Ra; +Raj) (3) Ra=0,80 um
4,2.2.4 Calculation of lubricant data
X1, = 1,0 for mineral oil (see ISO/TR 15144-1:2014, Table 3)
G3g =2,657 1078 173501348 9)  asg=205-10°8m2/N
Xs = 1,2 for injection lubrication
4/2.2.5 Calculation of the material parameter
Mean coefficient of friction:
R 0,25
X =2,2:| —2 (87)  Xr=1,023
Pnc
Kgy=1,0forey, <2 (88)
Kp Ky Ky KugFo Kgy | 005
Hm :0,045( A 7v "Ho THP bt BYJ '(103 'Tleoil) CXReX, (86) Um = 0,067
b-vsc-pnc
Bulk temperature:
2 2 1 1
HV=(€1 +&5 +1—8a)- —+— | foreq <2 (91) Hy=0,206
Z1 Zp ) cosfy
€max —€1~¢&2
Xca = 1,0%0r no adequate profile modification (method B) (101)
P-uy-Hyloz X
Oosg . +7400-| —Hm v 072 As _ 0
M =Yoil ( a-b ] 1,2-Xe (84) v =126,6 °C
Material parameter:
Gy =10°% -0y -E, (5) Gm = 2 936,2

4.2.2.6 Calculation of the velocity parameter

AT 20004, - ppa

© IS0 2014 - All rights reserved
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Uap = 7,325-10-12 Ug = 6,187-10-12 Uc=596110-12

Up = 6,187-10-12 Upg = 7,325-10-12 Ug =1,087-10-11

4.2.2.7 Calculation of the load parameter

2-w-p 2
Wy ="——h (22)  Wa=291310-4
Er
Whg = 2,946:10-4 W = 4,976-10-4 We = 4,794-10-4
Wp = 4,976-10-4 WpE = 2,946-10-4 W = 2,913-10-4

4.2.2.8 | Calculation of the sliding parameter

Local flagh temperature:

\/_ 10° "M PdynA ‘ gA‘ Pdyn,a

O 4 = \/ PnaA-
2 BmiyVria +Buz\Vi2a 1000-E .

0r,aB = 170,3 °C OnB=119,2°C Or,c=0°C

(80)  OffA=2257°C

61p = 119,2 °C 651 pE = 170,3 °C 05 £ = 225,7 °C

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

Op 4 =0Mm +0p (79)  6pa=352,3°C
0B,AB = 296,9 °C Og,B = 245,8 °C Og,c=126,6 °C
Og,p = 245,8°C 0B,pE = 296,9 °C 0B,g=352,3°C

Local slifling parameter:

o ‘n
SGF,A ——9BA TORA (27) Scra =0,024
Aom “Tom
ScrAB =0,049 Sgr =0,102 Serc=1,000
Sgrp= 0,102 SGeDE = 0,049 SerEe = 0,024

4.2.2.9 | €alculation of the lubricant film thickness

hy =1600-py, o -Gy "8 U, %7 - W, 013 .55 072 4) ha=0,048 um
hag = 0,064 um hg =0,074 pm hc=0,124 pm
hp =0,074 um hpg = 0,064 pm hg = 0,048 um
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4.2.2.10 Calculation of the specific lubricant film thickness

ISO/TR 15144-2:2014(E)

shown in Table 9.

g =

q

tqg

o

OTE

h
Agra=—2 (2) AGEA = 0,060
Ra
Agr.aB = 0,080 AcrB = 0,092 Agrc = 0,155
Agrp = 0,092 AcrpE = 0,080 Acrg = 0,060
A GF,min = AGF A AGFmin = 0,060
4/2.2.11 Calculation of the micropitting safety factor
Aee s
s, =thmin 1) Sy=0,353
AGFP

The final results for the calculation of the safety factor against micropitting, S, for examj

Table 9 — Results of calculation according to method B — Example 2

Point A AB B C D DE E
AGEY 0,060 | 0,080 | 0,092 | 0155 0,092 | 0,080 | 0,060
AGF,min 0,060
AGFp 0,171
Sx 0,353

With reference to ISO 15144-1, 5.4 for Oyi1ref the oil temperature, at which the test was perfo
be used. Micropitting load capacity issignificantly influenced by additives, often more than by the
Af the effectiveness of additives depends’significantly on temperature, it is recommended to test the
mperature used in the application.

Normally, the FZG-FVA microepitting testll] is executed at 90 °C oil temperature. The data
roviders should containtogether with the failure load stage SKS also the test temperature.

ble 2 are

rmed, has
viscosity.
oil at the

from oil
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4.3 Example 3 — Helical gear

The result of this example is confirmed by experimental investigations. The gears were obviously
micropitted and had profile deviations of approximately 10 um (pinion) and 5 pm (wheel). Figure 3
shows a diagram of the observed location and severity of micropitting for pinion and wheel of example 3.

1 1

—= —
—
15 um

————D ———— B

———]— C ———— C

- |-— B —— =B

- 7 — A - 7 - E

2 2
a) pinion b) wheel
Key
1 tip
2 root
Figure 3 — Diagram of schematic profile deviations of pinion and wheel for example 3

NOTE For the calculation according to method B, no modifications were considered.
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4.3.1 Inputdata

Table 10 — Input data for Example 3

Example 3
Symbol Description Unit pinion wheel
comb.
z number of teeth - 33 34
- driving gear - X
mp normal module ° 4.5
an normal pressure angle ° 20
B helix angle (right-hand on pinion) mm 19,578
b face width ° 44
a centre distance ° 160
X addendum modification factor m. 0,0 0,0
Geometry dy tip diameter of pinion mm 166,61 171,39
linear tip reflief
Ca1 =50 u,
- tooth flank modificationsa - dgnd1 = 162,72 mm
Ca2 =50 pum,
dgng2 = 162,52 mm
Q gear quality - 4 4
Ra arithmetic mean roughtess value pum 0,45 0,45
- material - Eh Eh
E modulus of elasticity N/mm?2 206 000 2p6 000
Poisson’s ratie - 0,3 0,3
AM specific heat conductivity W/(mK) 45 45
Material 5y specific heat per unit mass ]J/(kg'K) 440 440
oM density kg/m3 7 800 7 800
Wy material factor according to ISO/TR 15144- - 1,0
1:2014, Table A.1 (for matching case carbur-
ised/case carburised)
Ka application factor - 1,0
Ky dynamic factor - 1,05
Application
KHa transverse load factor - 1,0
Kup face load factor - 1,10
Load T1 nominal torque at the pinion Nm 4000
nq rotation speed of the pinion min-1 3000
a  Calculation according to method B: modifications assumed as not adequate; calculation according to method A:
modifications recognized during calculation of pressure distribution.
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Table 10 (continued)

Example 3
Symbol Description Unit pinion wheel
comb.
Boil oil inlet temperature (injection lubrication) °C 90
V40 kinematic viscosity at 40 °C mm?2/s 76,5
V100 kinematic viscosity at 100 °C mm2/s 8,0
Lubricant P15 density of the lubricant at 15 °C kg/m3 895
- oil type - mineral oil
AGFP permissible lubricant film thickness deter- - 0,112
mined from a representative bench test

a  Calcufation according to method B: modifications assumed as not adequate; calculation accordigg to method A:
modificatjons recognized during calculation of pressure distribution.

4.3.2 (alculation according to method B

4.3.2.1 | Calculation of gear geometry (according to ISO 21771)

Basic values:

m

m, —2 =
t cos me=4,776 mm
dl :Zl'mt d1:157,612 mm
dz =Zz'mt d2:162,388mm
VA
u= —2 u= 1,03
Z1
tana
o Farctan ay=21,122°
cospf
dpq|=dq -cosoy dp1 = 147,023 mm
dyy|=d,Coso, dp2 = 151,479 mm
dyy = 2" dw1 = 157,612 mm
wl u+1 wil
dyp=2-a—d,, dwz = 162,388 mm
Z{+Zy)-mg-cosa
Oyt :arccos{( ! 2) t t } awe=21,122°
2-a
By :arcsin(sinﬂ -cosan) P =18,354°
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Pet =My T -COSA Pet = 13,997 mm
_ - -
z d
€1 :_1. Zal -1 _tanawt &1 = 0,771
2 dbl
. (g 2
g,=—2| | 22= | —1-tana, £2=0,774
2.7 db2
1| |dat® dyy? \/dazz dyp” ,
£y =—" - + - —a-sina =
o Pet \/ 4 4 4 4 wt Eq = 1,545
L 1,043
P m, =L
£, =Eq+Ep gy = 2,588
9 :0:5‘(\/%12 —dyy? +\/da22 —dyy” ]_a'Sinawt g« =21,623 mm
Cpordinates of the basic points (A, AB, B, C, D,DE, E) on the line of action:
ga=0mm (34) ga=0mm
gan =02 (35)  gap=3813mm
9B =Y9a ~Pet (36) gB = 7,626 mm
2 2
go=M b [da” _do” (37)  gc=10,832 mm
2 4 4
Ip=Pet (38) gp =13,997 mm
o Yo" Pet (20 17040
gl)h 2 T Het LJ J} guh L7, U1V IIIIII
9E=Ya (40) gE=21,623 mm
2 2 2 2
d d d
dyg =2 ‘:}1 + 11 - 21 ~Go+3n (41)  dap=151,162 mm
dap1 =153,115 mm dg1 = 155,417 mm dc1=157,612 mm
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dp1 =160,002 mm dpg1 = 163,161 mm dg1 = 166,610 mm
2 2 2 2
d /d d
dpy=2- 121-2 + 12 - ZZ -9ga (42) daz =171,390 mm
dag2 = 167957 mm dg2 = 164,807 mm dc2 = 162,388 mm
dp; = 160,216 mm dpes = 157897 mm a5 = 155,916 mm

Normal fadius of relative curvature:

PA
=— 45 =12,869
P = Be (45)  pna miny
Pn,AB = 14,173 mm Pn,B = 14,945 mm Pn,c = 1583 mm
Pn,0 = 15,050 mm Pon,DE = 14,403 mm PuE=13,225 mm

4.3.2.2 | Calculation of material data

-1
2 2
g b2l 17V (6)  Er=226374 N/mm?
E4 E,

Bumj =+AMm1 - PM1CM1 (82) Bwm1 = 12 427,4 N/(ms0,5K)
Bmp =AMz - PM2 CM2 (83)  Bwmz =12 4274 N/(ms0.5K)

4.3.2.3 | Calculation of operating conditions

Loading

n T

60 1000
Ty
Fy 2000 Fr=50758N
1
e T
F =2000~ Fre=54 413N
b1

Local load sharing factor:

NOTE Helical gears, £g = 1, unmodified profile (see ISO/TR 15144-1:2014, Figure 12).

1 Xa=0,841
Xp=—Xpura (69)
€q (Xbut,a = 1,3)
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[

Xap = 0,647 Xg=0, 647 Xc=0,647
(Xput,aB = 1,0) (Xbut,B = 1,0) (Xput,c = 1,0)
Xp =0,647 Xpg = 0,647 Xg=0,841
(Xput,p = 1,0) (Xbut,DE = 1,0) (Xput,E = 1,0)
Elasticity factor:
[E
Zg =\/—r (26)  Zg=189,812 (N/mm#)0.5
2.7
Lpcal Hertzian contact stress:
=7 Fe X 25 1752 N
PHAB =ZE b pon -cOsct, 03 Py (25)  puaB> /mmg
pH,AB,B = 1 464 N/mm?2 pH,B,B =1 426N/mm?2 pH,c,B = 1415 N/mmj
pH, DB =1421 N/mm?2 PH,DE,B = 1 452 N/mm?2 pHEB=1728 N/mm%
Pdyn,AB =PHAB -\/K A Ky -Kyg -Kyg (24)  pdynaB = 1883 N/mm?2
Pdyn,AB,B = 1 574 N/mm?2 Pdyn,B,B =#532 N/mm? Pdyn,c,B = 1520 N/m
Pdyn,D,B = 1527 N/mm? Pdyn'PE,B = 1561 N/mm2  pgynkB=1857 N/m
VElocity:
VgA =Vr1,A ~Vr2,A (81) VgA=-6,706 m/s
Vg AB = —4,345m/s vgB=-1984m/s vgc=0m/s
VgD = 1,959 ms Vg DE = 4,320 m/s Vg E= 6,681 m/s
Vs,A=VrLA + Vi2, A (13) vy A=17743 m/s
vy AE=7,778 m/s vy =17,813 m/s vy,c=17,843 m/s
p=17872m/s vy, DE = 17907 m/s VsE = 17942 m/s
Effective'darithmetic mean roughness value:
Ra=0,5-(Ra; +Ra,) (3) Ra=0,45um

4.3.2.4 Calculation of lubricant data

X1, = 1,0 for mineral oil (see Table 3 in ISO/TR 15144 part 1)
tl3g =2,657-1078 15501348 9)

Xs = 1,2 for injection lubrication

© IS0 2014 - All rights reserved
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4.3.2.5 Calculation of the material parameter

Mean coefficient of friction:

1028
Xg =22 —= (87)  Xr=0913
Pn,C
Kgy=1,238 for 2 <£,<3,5 (89)
Kp-Ky K Kup-Foo Kgy | o (- 005
fim [£0,045- (10%ngon)  Xr-XL(86)  pm=0,054
b-vs ¢ pnc
Bulk tenjperature:
1 1
HV:(512+322+1—gQ)-(—+—}- for £q < 2 (91)  Hy=0478
Zy Zp ) cosfy
€mdx = €2

XcafF 1,0 for no adequate profile modification (method B)  (10%)

0,72
Py -H N x
Oy 0, +7 400 —Hm v | 7S (84)  Ov=149,3°C
a-b 1.2- X,

Material|parameter:

Gul=108 -agy -E, (5) Gm =238 8,5

4.3.2.6 | Calculation of the velocity\parameter

u. L Vs A
AFTeM 5000-E. b P (12) Up =7431-10-12
r Fn,
Uag = 6,761:10-12 U = 6,424-10-12 Uc = 6,334-10-12
Up.¥6,400-10-12 Upg = 6,701-10-12 Ug = 7,312:10-12

4.3.2.7 | Calculation of the load parameter

2:w-p 2
Wy =———nh (22)  Wa=4,347-10-4
Er
Wag = 3,036-10-4 Wp = 2,879-10-4 We = 2,834-10-4
Wp = 2,859-10-4 WpE = 2,988-10-4 W = 4,230-10-4
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4.3.2.8 Calculation of the sliding parameter

Local flash temperature:

\/_ 10° gy, - PdynA - ‘ gA‘ \/ Pdyna
PnA Tae——

(80) Of1,4 = 241,7 °C

O =
2 BumiyVria T Bmz\Vi2a 1000-E,

O1,AB = 124,0 °C 0f,B =55,5°C Or,c=0°C
01,p = 54,6 °C O1,pE = 122,4 °C Os,E = 237,7 °C
Lpcal contact temperature as sum of bulk and local flash temperature:

Oga =0 +0p4 (79)  6pa=3910°C
0B AB = 273,4°C Opg = 204,8 °C Ogc=149,3°C
Op=2039°C OB,pE = 271,7 °C Op,g=387,0°C

Lpcal sliding parameter:
a ‘n
SGF,A ——9BA T0BA (27) Scr,a=0,030
QoM "TloM
ScrAB = 0,135 SerB = 0,361 Scrc = 1,000
SGep = 0,366 SGeDpE = 0,138 Sere=0,031

4/3.2.9 Calculation of the lubricant film thickness

hy =1600-py, o -Gy 8 U, O7 Wl 013 5 , O 4) ha = 0,045 um
hag = 0,067 pm hg = 0,086 pm hc=0,108 pm
hp = 0,087 [umi hpg = 0,069 um hg =0,046 pm

4/3.2.10 Calculation’of the specific lubricant film thickness

h
Agr p = 2) AGrA = 0,099
Ra
AGrAB = 0,150 AgrB = 0,191 AGEc = 0,241
Agrp = 0,192 AGrpE = 0,152 AcrE = 0,103
lGF,min :)“GF,A AGF,min = 0,099

4.3.2.11 Calculation of the micropitting safety factor

A .
S, =-GEmin ) Sy = 0,884

AGFp

The final results for the calculation of the safety factor against micropitting, Sy, for example 3 are
shown in Table 11.
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Table 11 — Results of calculation according to method B — Example 3

Point A AB B C D DE E

AGEY 0,099 0,150 0,191 0,241 0,192 0,152 0,103
AGEmin 0,099
AGFP 0,112
Sx 0,884

4.3.3

The calc
Calculate
The load
Table 12

The resullting matrix of specific lubricant film.thickness according to method A is shown in Table 13. T}
h value is printed in bold.

minimui

Lalculation according to method A

1lation of example 3 according to method A was carried out by a 3D-calculation progfammi.
bd results during method A will vary depending on the method of determining load distributio
distribution, on which the following calculation according to method A is based;.is"'shown

The maximum values are printed in bold.

Table 12 — Matrix of pressure distribution — py,y,a in N/mm?2

Width in mm

0,0 15,5 28,5 44,0

A 1205 768 742 384
AB 1572 1456 1 457 1273
1568 1560 1550 1589
C 1518 1510 1530 1582
1516 1529 1574 1621
DE 1192 1423 1454 1623
E 250 655 765 1513

Table 13 — Matrix of resulting specific lubricant film thickness, Agry

n.
n

36

Width in mm

0,0 15,5 28,5 44,0
A 0,198 0,274 0,280 0,391
AB 0,191 0,203 0,203 0,225
B 0,244 0,245 0,246 0,242
C 0,323 0,324 0,323 0,320
D 0,251 0,250 0,245 0,241
E 0,467 0,306 0,279 0,163
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For the calculation of the micropitting safety factor according to method A, the minimum val
matrix of resulting specific lubricant film thickness, shown in Table 13, was used.

ue of the

AGF,mi
S, =—"" Sa=1,124
AGFp
NOTE The difference in safety factor calculated between methods A and B in the above example 3 results from

the simplified analysis of method B, in relation to the account for profile modification. In example 3, the amount
of tip relief is not calculated as being optimum for the specified load; therefore, the calculations for method B are

bfised on contact conditions with no consideration ror tp relierl.

4 Example 4 — Speed increaser

The result of this example is confirmed by experimental investigations. The géafs were dbviously
icropitted and had profile deviations of approximately 12 um (pinion) and 3. um (wheel).|Figure 3
shows a diagram of the observed location and severity of micropitting for piniprfand wheel of eyample 4.
NOTE It has to be considered that in example 4, the wheel is the driving gearThe beginning of tooth contact
if] this example is at the root of the wheel, point E.
A
B
C
D
E
a) pinion b) wheel
Key
1| tip
2| “root
Figure 4 — Diagram of schematic profile deviations of pinion and wheel for example 4
NOTE For the calculation according to method B, no modifications were considered.
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