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Introduction
When calculating the total contact temperature the tooth flank
temperature is as significant as the flash temperature.

1

etotal contact max — eﬂash maxt Gtooth flank temp

Scuffing is likely to occur when o
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where:
0s = the mean scuffing temperature

Currently, in AGMA 925-A03, Equation 91 includes the
oil supply or sump temperature 6. If spray lubrication is
employed, the oil supply temperature is multiplied by 1.2. This
refers to the oil supply temperature as the oil inlet temperature
to the gear unit.

Clause 6.3 of AGMA 925-A03 states, “The tooth temperature
may be significantly higher than the temperature of the oil sup-
plied to the gear mesh” This statement cites a publication by
Errichello (Ref. 1), which refers to the gear tooth flank tempera-
ture measured by Akazawa (Ref. 2).

The question is whether a multiplier of 1.2 is sufficient for
all speeds of gears utilizing a spray lubrication system vary-
ing from relatively slow speed gears with pitch line velocities
(PLV) <35m/s to high-speed gears with PLV up to 200m/s.

The field referenced examples used in 19FTM24 (Ref. 3)
are high-speed units in operation in the field. See Table 1 for
a summary of application data. These units provide data for
assessing scuffing risk according to three methods: MAAG
“63, ANSI/AGMA 6011-J14, Annex B and AGMA 925-A03.
Two additional referenced documents, by Akazawa (Ref. 2) and
Martinaglia (Ref. 4) report on testing results of single helical
high-speed gears that both confirm the gear tooth flank temper-
atures increase with PLV. These results are compared in Table 4
The steeper slope with increasing PLVs from Martinaglia’s paper
(Ref. 4) could be caused by gears with lower helix angles and
wider face width’s having higher axial pumping velocities.

To fully understand the contents of this paper the reader is
encouraged to refer to the earlier paper 19FTM24, a version
of which also appeared in the March/April 2020 issue of Gear
Technology (see www.geartechnology.com/19FTM24 to download
the article). The reference data in this paper is based on exten-
sive experimental data listed in the bibliography.

The objective of this paper is to improve the methodology for
determining the tooth flank temperature. Two methods are pro-
posed for assessing scuffing risk when applying AGMA 925 for
high-speed gears. Both methods provide similar results.

A Brief Review of Scuffing

o When gears are subject to highly loaded conditions and high
sliding velocities, the lubricant film may not adequately sepa-
rate the surfaces. This can cause localized damage to the sur-
face of the gear tooth flanks called “scufting”” Scuffing exhibits
itself as a dull matte or rough finish usually at the extreme end
regions of the contact path or near the points of a single pair
of teeth contact resulting in severe adhesive wear.

Scuffing is not a fatigue phenomenon and it can occur instan-
taneously. The risk of scuffing damage varies with the mate-
rial of the gear, the lubricant being used, the viscosity of the
lubricant, the surface roughness of the tooth flanks, the sliding
velocity of the mating gear teeth under load and the geometry
of the gear teeth.

o Any changes in any of these factors can alter scuffing risk.

Calculation Methods for Determining Tooth Flank
Temperature Oy
The calculation methods for Oy given herein were each derived
from the DIN 3990-4 Standard.

The original calculation for determining 0y, given in DIN
3990-4, is based on test stand gearboxes in the FZG laboratory.
PLV was reportedly limited to 15m/s.

DIN 3990-4 (flash temp. method)
O =Xs (Bt + 0.47 Oimax) (3)

where:
X =Keumpis 1.2 for spray bar lubrication

The equation can be rewritten:

eM = ksump (eoil +0.47 eﬂmax) (4)
Note: Opmax=On+ Onmax

IS0 6336-20

ISO adopted a modified version of the DIN formula as follows:
By=0on + 0.47 (X5) (Xonp) (Bim) ®)

where:

Oum is Tooth flank temperature
0ou is Oil inlet temperature
X is 1.2 for spray lubrication
Xmp is 1 for single mesh gears
Oam is the average flash temperature (SAP-EAP)

Note: SAP =start of active profile; EAP =end of active profile.
This resulted in:
On= 001+ 0.564 (Ofm) (6)

AGMA 925-A03 (Ref. 5)
AGMA 925-A03 had applied the DIN 3990-4 formula with a
single value for kmpand multiplied through the equation, which
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Table 1 Data table, Field Referenced Inputs
input output

Ref. | Esthrs | helical type a(mm) | b(mm) | v'(m/s) kW (rpm) (rpm) | module | Z,/Z, b/d B
1 >200k single increaser 400 236 142.0 10,515 4,831 11,406 6.5 36/85 1.07 10°
2 120 double decreaser 360 228 112.0 7915 8,476 4,573 5.5 41/76 0.90 26°30°
3 175k single increaser 250 120 118.3 4,096 6,840 13,310 45 37/12 0.71 10°
4 160k single decreaser 580 502 109.3 37,286 4,670 2,927 6.25 47/75 1.12 10°
5 180k single increaser 520 352 142.1 22,670 3,428 10,933 6.5 37/118 1.42 11°
6 200k single increaser 780 255 123.0 13,500 1,775 9,951 7.0 33/185 1.08 10°30°
7 150k double increaser 610 370 92.7 16,406 1,800 7,636 6.0 33/140 1.59 31°20°
8 150k single increaser 509 323 72.6 12,304 1,800 5,606 6.9 35/109 1.31 10°
9 120k single increaser 600 210 88.1 9,694 1,800 1,582 5.9 37/163 1.22 10°
10 200k double increaser 270 140 437 570 1,782 11,616 | 3.4166 | 19/124 1.95 24°
11 120K single increaser 500 347 175.3 31,905 4,786 11,100 6.3 46/107 1.15 13°30°

Note: Bgmax = Ou + Bim Where Bgmax is maximum contact temperature.

Table2 AGMA-925-A03 Preset Input Parameters

fixed the multiplier variable for 6a. to 0.56 0il Type: Mineral VG-32
3 7) FZG Load stage: fail 6
0= Keump (Boit) +0.56 Oimax Scuffing temperature 85 177°C
where: 0il Temperature: 49°C
Ofimax is maximum flash temperature along surface roughness Re: 0.50 pm
(SAP-EAP) LSF (load sharing factor): smooth meshing/with profile modification
Kqump is 1.2 for spray lubrication Thermal Coefficient of Contact for Steel By, : 13.796 N/[mm s0.5 K]

This resulted in:
Bui= 1.2 (Bu1) + 0.56 Oimas ®

The equation should have been rewritten:

B= Kaump (Boit+ 0.47 Bimar) ©)

However, if kump is to be treated as a variable then the original
DIN formula needs to be applied as shown in Equation 9. The
authors consider Equation 91 in AGMA 925-A03 is only valid
when kgmp=1.2.

Establishing the Oil Inlet Temperature 0,; Using a
Variable Multiplying Factor Ksump
The kamp=1.2 was reportedly developed using small test stand
gears limited to 15m/s PLV in a laboratory environment. For
an inlet temperature of 6,;=49°C the multiplying factor of 1.2
results in a supply temperature of 8,1=59°C delivered to the
tooth flank. This is considerably less when using MAAG and
AGMA 6011 Annex B which fixed the tooth flank temperature
at 100°C. To equate the use of the DIN 3990/AGMA 925 equa-
tion, a Keump>1.2 is required in order to raise the supply tem-
perature to 70°C. This would generally result in a tooth flank
temperature of 100°C which is consistent with MAAG & ANSI/
AGMA 6011 Annex B. Assessing scuffing risk for high speed
gears using AGMA 925 with the current 1.2 multiplier would
result in a false assessment of safety.

AGMA 925-A03 applies the kaump factor as a multiplier of the
oil inlet temperature 6,1, whereas ISO 6336-20 does not.

For pitch line velocities less than 35m/s the ISO approach
seems logical as it is expected the gear elements would be sup-
ported with antifriction bearings. However, above 35m/s most

gear units are installed with hydrodynamic bearings which are
lower in efficiency and contribute heat to the housing struc-
ture and in turn add heat to the oil supply temperature 6.
Therefore, for high-speed gears this document uses the original
DIN 3990-4 equation.

This document includes data from the field inspections (Ref.
3) shown in Table 1, and instrumented test gears (Refs. 2, 4)
shown in Tables 4a and 4c.

Referenced Gears

Test Gear (Ref. 2)

25,000 HP speed increaser  7656/18689 rpm  Single Helical
a:506.25mm b:250 mm v:200m/s
Temperature measurements using embedded thermocouples in
the pinion/gear teeth.

Test Gears (Ref. 4)

Various 21-62 MW speed reducers/increasers  Single Helical
21 MW 3000/7625 varying speeds Single Helical
a:360mm  b:300mm v:137m/s-148m/s
Temperature measurements using embedded thermocouples in
the pinion

62 MW 2988/1000  Single Helical

a:1750mm  b:802mm v:137m/s

Temperature measurements using imbedded thermocouples in
the pinion

All gearsets described in this document are of a single or dou-
ble helical configuration. Spur gears have not been considered.
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Field References (Ref. 3)
Table 1 is a summary of the inspected gear units in field opera-
tion with applied data in assessing scuffing risk.

Table 2 lists preset input parameters for the calculations listed
in Table 3.

The values of Oy in Table 3 differ from those given in
19FTM24 (Ref. 3) for the same field references. The values in
19FTM24 (Ref. 3) applied a fixed value for kymp=1.2 using a

Kyump Multiplier

very high oil supply temperature of 70°C, whereas Equation 10
in this document employs a variable value for Kump with normal
oil inlet temperature of 49°C.

The actual measured tooth flank temperatures listed in Tables
4a and 4b are taken from test data (Refs. 2, 4). They indicate
koump increases with increasing PLV. The Table 4a and 4b val-
ues were compared to the field references of similar pitch line
velocities and a value for kgm, was applied to the examples in
Table 3 to match the measured values in
test data (Refs. 2, 4). The calculated tooth
flank temperatures Oy listed in Table 3 are
summarized in Table 4c for comparison
with full-size test gears (Refs. 2, 4). The

2.5
comparison shows comparable Oy values.
y = 5E-05x2 - 0,0057x + 1.504 They are grouped in stepped values of
2 Koump as follows:
Koump=1.0 for splash lube
&)
= 1.2 for spray lube with gears utilizing
1.5 antifriction bearings
2 =1.35for PLV 35-50 m/s
o =1.38for PLV 50-90 m/s
1
0.5 Tahl 4a
(mjs) | (°€)
100 80
0 110 85
0 50 100 150 200 120 90
PLV (m/s) 130 95
140 100
150 105
. 160 110
Figure 1 170 115
180 120
190 125
‘range Scuffing Te-ll;?m(EC) Flash Contact 200 130
v uffi -
s} | Case | vims) | “msk© | Rsk | 6 | Temple) | Temp(0 e T
Keump = 1.35 (DIN)*
able 4b
3:50 | 10 | 437 | 50% | low | 753 145 915 v B
Ksump = 1.38 (DIN)* (m/s) (°C)
pEAEGiDY 100 70
50>90 8 72.6 5.0% low 89.1 33.1 122.3 115 85
9 88.1 5.0% low 80.3 196 99.9 134 101
145 1m
ksump=1-40(D|N)* 151 117
90>110 4 109.3 5.0% low 90.4 33.1 123.5 160 125
7 %27 | 50% low 929 370 1299 40 Note: Measured tet
Ksump = 1.45 (DIN)* e
10120 | 2 1120 | 51% | moderate 9.8 3738 1346 — DIN O]
Ex. Ref. v'(m/s) 1 8m(°C)
3 118.3 5.0% low 75.6 6.7 823 sump
" 10 43.7 1.35 75.3
Ksump = 1.55 (DIN) 8 726 1.38 89.1
12021301 | 6 | 1280 | 50% | low 920 220 108.1 9 m1_| 1% | w3
" 4 109. 140 4
ksump = 1.75 (DIN) 7 92.7 1.40 92.9
1302145 1 142.0 5.0% low 99.2 16.3 115.5 2 112.0 1.45 96.8
3 118.3 1.45 75.6
5 142.1 5.0% low 108.2 214 132.6 6 1230 156 920
Ksump = 1.95 (DIN)* 1 142.0 1.75 99.2
5 142.1 1.75 108.2
1 ! 79 120. 26. 158.
>170 | | 153 | 27% | moderate 0.0 6.3 58.3 2 e
* ksump calculated per DIN 3990-4 (flash temp. method) per Equation 4 4c Note: field (calculated values) (Ref. 3)
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=1.40for PLV90-110m/s

=1.45for PLV110-120m/s
=1.55for PLV 120-130m/s
=1.75for PLV 130-145m/s

Verification of the Calculated Values to

Measured Test Values

For further verification, measured values for pinion tooth flank
temperatures from Tables 4a and 4b and the calculated values
Values above 145m/s should be based on field experience or  from Table 3 are plotted against PLV in Figure 2. By plotting all

applying the curve in Figure 1. values the following averaging relationship can be defined as
A plot for keump versus PLV can be applied as an option to a  follows:
table as shown in Figure 1. B:=0.0021(v")2-0.1188(v") +77.088 (1
This curve is based on the references listed in Table 4c result-
ing in the following equation: Similar adjustment can be applied to C, in the formulation used
Keump = 0.00005(1")2~0.0057(v") + 1.504 (10)  in Annex B of ANSI/AGMA 6011-J14 (Ref. 7).

Table 5 compares the results from Equation 11 for
Oum with those calculated with kyump listed in Table 4c.

Tooth Flank Temperature vs PLV

140
y=0.0021x2 - 0.1188x + 77.088
130
120
©110 ® Akazawa - Measured
o Avg
E ® Martinaglia (Maag) -
: Measured Avg
= e ® Artec-Calculated
o
ey
k] Combined - Updated
© 90
Poly. (Combined -
Updated)
80
70 L
60
40 B0 80 100 120 140 160 180 200
PLV - m/s
Figure 2
Table 5 Table 5a
Field Ex. | . DIN(X,) for | Equation 10 | Equation 11 Field Ex. | . IS0 6336-20 | Equation 10 | Equation 11
ef. | V(m/s) s 8,(C) | 8, (°C) Ret. | V(Ms) | Ty 8.(C) | 6. (°C)
10 43.7 1.35 75.3 75.9 10 43.7 3.88 75.3 75.9
8 72.6 1.38 89.1 79.5 8 72.6 2.58 89.1 79.5
9 88.1 1.38 80.3 82.9 9 88.1 3.4 80.3 82.9
4 109.3 1.40 90.4 89.2 7 92.7 2.54 92.7 84.1
7 92.7 1.40 92.9 84.1 4 109.3 2.66 90.4 89.2
2 112.0 1.45 97.1 90.1 2 112 2.68 97.1 90.1
3 118.3 1.45 75.6 924 3 118.3 8.48 75.6 924
6 123.0 1.55 92.0 94.2 6 123 4.15 92 94.2
1 142.0 1.75 99.2 102.6 1 142 6.53 99.2 102.6
5 142.1 1.75 108.2 102.6 5 142.1 4.61 108.2 102.6
11 175.3 1.95 120.0 120.8 11 175.3 10.42 120 120.8
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These values for Oy are reasonably consistent. References 2, 6
and 11 are all references where tooth surface distress had been
evident. Corrective action was required to arrest the problem.

Note ISO 6336-20 Equation 5 differs significantly from DIN
3990-4 Equation 3 because the oil supply temperature 6, is not
adjusted by Xsvalues as proposed in Table 3. Therefore, a differ-
ent set of Xsvalues described by PLV levels will be required for
application with Equation 4. However, in using ISO 6336-20,
Equation 11 is applicable.

Using ISO 6336-20 Equation 5 the values for Xsare adjusted
for use of the equation.

Equation 5 from ISO 6336-20 produces a scattering of values
for Xsversus PLV levels which cannot result in a curve similar
to Equation 10. Equation 5 from ISO 6336-20 produces a scat-
tering of values for Xsversus PLV levels which cannot result in a
curve similar to Equation 10.

Determining Value for Oy
Equations 10 and 11 are both suitable equations to calculate a
value for 6 in AGMA 925.

Method A
The value for kemp obtained from Equation 10 can be applied in
Equation 9 to obtain a value for Oy.

Method B

Equation 11 directly calculates Oy. It should be noted when
using this method the applied data is based on oil supply tem-
peratures over a limited range from 40°C-70°C. Most of the
Table 3 applications had a supply oil temperature of 43°C-55°C.
Therefore, the reliability of Method B where a lube oil sup-
ply temperature is beyond this range may be somewhat com-
promised. Furthermore, Method B should only be applied
with gears utilizing hydrodynamic bearings. The Table 3 gears
employed sump pans to prevent windage affecting the outflow
of oil through the discharge port(s). Additional shrouding of
the gear rotors that can mitigate tooth flank temperatures is not
considered here. Tooth flank temperatures with shrouded gears
should be based on field individual field experience.

Factors that Influence Tooth Flank Temperature

In all the high-speed examples discussed, the gears employed
hydrodynamic bearings. These bearings are less efficient than
roller bearings used in FZG testing. The heat generated in
hydrodynamic bearings is significant. Martinaglia (Ref. 4)
reported measured values of approximately 30% of the gear
power losses was in the bearings. Temperature range as mea-
sured in journal bearing RTDs are typically in the range of 70°-
90°C. Consequently, the bearing journals absorb heat. The ques-
tion is, does the energy absorbed by the journals, particularly
higher in the pinion, contribute to the tooth flank temperature.
During the early Nineties, MAAG developed special turbo gears
whereby the gears operated in a near-vacuum. Tests were con-
ducted on a full-sized 65 MW turbo gear (Ref. 8). Temperature
measurements in the gearing were recorded for both conven-
tional and near-vacuum modes. The temperature difference was
reportedly approximately 40°C lower in the vacuum mode.
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It can be stated the requirements to increase the Kyump fac-
tor in high-speed gears is primarily the result of the operating
windage. Martinaglia had suggested, “in especially fast running
gears, the frictional heat developed in the bearings also passes
via the shaft stub into the pinion body proper” Furthermore,
the MAAG HET test results have shown this to be a significant
influence. More recently there have been some high-capacity
gears designed with a shroud that closely surrounds the gear
set. The shroud is externally cooled, thereby minimizing the oil
flow required in the gear mesh for lubricating purposes only.
This in turn reduces the pumping losses in the mesh resulting
in an increase in operating efficiency. This also mitigates the
adjustment in the lead modification to compensate for thermal
deformation.

There are some variable factors that result in minor dif-
ferences in the tooth flank temperatures plotted in Figure 2.
Length of the tooth face width, size of the module, helix angle
of the gear and internal housing dimensions can influence the
windage behavior. Test Gear 4 temperature plots are steeper
than Test Gear 2 temperature plots most likely due to lower
helix angles. These differences have a minor influence on the
variations in tooth flank temperatures. There are infinite com-
binations of these parameters making it difficult to assess their
influence on the values of 6y. This is shown by the varied plots
of the field references where these parameters are all from dif-
ferent gearboxes. Nevertheless, PLV has the single largest influ-
ence on operating tooth flank temperatures.

However, where windage is low, the number for ko is lower.
The gear References 2 and 4 and “Field Reference 3" indicate
there are small changes for the kqmp, number. For PLV <35m/s,
koump may not be less than 1.35. It is not in the scope of this
document to evaluate values for kym, where PLV <35m/s. The
AGMA threshold for high-speed gears applies for pitch line
velocity above 35m/s. The determination of kyump requires addi-
tional research where operating PLVs are between 15-35m/s.
Nevertheless, it seems improbable there could be a significant
change between Kymp=1.2 up to 15m/s and Keump=1.35 up to
35m/s.

References 2 and 4 and the Table 3 applications were
equipped with hydrodynamic bearings whereas the FZG test
gears employed antifriction bearings. Power losses in gears with
hydrodynamic bearings may influence the gear tooth flank tem-
peratures from heat absorbed by the bearing journals and trans-
mitted into the main body of the gear elements. Therefore, sug-
gested values for kymp are:

Koump=1.35 for gears where PLVs are <35m/s when equipped

with hydrodynamic bearings.

Koump=1.20 for gears where PLVs are <35m/s when equipped

with antifriction bearings.
Note: ANSI/AGMA 6011-J14 references high-speed gears
with hydrodynamic bearings. Roller bearings are occasion-
ally used in special cases.

Conclusions

1. AGMA 925-A03 Equation 91 should be limited to PLV <35 m/s for gears
equipped with antifriction bearings.

2. Method A for calculating ksump in Equation 10 should be used to calculate 6y
in Equation 9 and added to AGMA 925.
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. Method B for calculating 6\ using Equation 11 should be added to AGMA

925.

. The fixed keump value in AGMA 925-A03 is not suitable for assessing scuffing

risk for high-speed gears and will lead to an erroneous value for safe scuffing
assessment. (5
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