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Abstract

Loss of lubrication in aeronautic drivetrains can lead to catastrophic gearbox failure, and
drivetrains must be tested to prove their resistance to loss of lubrication. Research led to a
better understanding of the modes of action, interdependencies, and effective measures
to optimize drivetrains for a loss of lubrication event. However, there are currently no
calculation methods available, so gear design against loss of lubrication is mainly based on
experience. This study proposes a novel calculation method that builds upon the scuffing
load calculation from ISO/TS 6336-21 to allow for scuffing safety calculation for cylindrical
gears facing loss of lubrication. The proposed method synthesizes existing knowledge in
the context of loss of lubrication and incorporates further research results concerning the
friction, temperature, and scuffing of gears. The calculation method considers relevant
gear design aspects and enables estimation of the time-to-failure. A calculation study is
used to compare different measures for cylindrical gears facing loss of lubrication. The
results demonstrate the remarkable potential for enhancing loss of lubrication performance
through increased oil share in the fluid flow, the application of coatings, the adoption of
low-loss gear designs, the use of low-friction lubricants, and the incorporation of additives
that increase the scuffing temperature.

Keywords: loss of lubrication; transmission; gearbox; gears; scuffing; friction; power loss;
time-to-failure calculation

1. Introduction

Loss of Lubrication (LOL) in aeronautic drivetrains can be caused by failures in the
lubricant supply system [1] or damage to the gearbox [2]. LOL occurs when the designed
lubricant supply is no longer present. Insufficient heat removal can cause the temperature to
rise [3,4], which can result in lubricant and tribofilm collapse, causing scuffing and surface
degradation. Ultimately, the mechanical strength decreases to the point where components
are unable to transmit the required load [5], resulting in catastrophic gearbox failure.

Even though remarkable progress has been made in improving the LOL performance,
gear design for LOL is still largely based on experience, as there is currently no calculation
method available for gears facing LOL.

This work is based on previous findings from Morhard et al. on LOL [6-8] and synthe-
sizes them to enable scuffing safety calculations for LOL based on ISO/TS 6336-21 [9]. The
proposed calculation method considers the progression of bulk temperature, gear friction,
and heat transfer during LOL in order to calculate a scuffing safety factor. This scuffing
safety factor can then be used to estimate the time-to-failure during LOL. A calculation
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study is performed using the developed method to compare and analyze optimization
measures for gears facing LOL. The proposed calculation method and results enable gear
designers to evaluate various LOL optimization measures at an early design stage, without
the need for costly testing.

2. Loss of Lubrication and Scuffing Safety Calculation

When designing a gearbox that potentially faces LOL, various influences must be
considered. These can be separated into the operating conditions, such as the load, the
speed, and the lubricant temperature, as well as gear design parameters, such as the gear
geometry, the surface, the gear material, and the lubricant. Several studies [6-8,10-12]
have found that an increased load results in decreased LOL performance and reduced
time-to-failure. Morhard et al. [8] analyzed the influence of speed. They concluded that
increasing the circumferential speed up to approx. vic = 30 m/s increases the torque loss
and risk of scuffing. This is explained by oil centrifugation and the consequently reduced
amount of lubricant available for lubrication of the gear flanks. Further increasing the
circumferential speed to above approx. vic > 40 m/s mitigates or prevents torque loss
increase and scuffing. This is explained by reduced contact time and the associated scuffing
temperature increase and the oil share in the gearbox fluid flow that improves lubricant
film formation and increases heat transfer of the gears to the fluid at high speeds. The LOL
performance and time-to-failure can be significantly increased by coatings [5,7,13-15], the
lubricant, and the additives [13,16], whereas the influence of superfinishing on gears did
not show benefits [7,14]. Increased temperature stability of the gear material can improve
the LOL performance [7,13,14], but the impact is subordinate. For more detailed insights
into the influence of lubricants, coatings, and technical surfaces on the LOL performance,
the reader is referred to the literature review on tribology technologies for gears in LOL
conditions by Braumann et al. [17]. This comprehensive review reveals that a suitable
lubricant, when combined with coatings or superfinishing, can significantly enhance the
LOL performance of gears. Yet gear testing is necessary to demonstrate the synergistic
effects of the interaction between lubricants, additives, and surfaces.

Isaacson et al. [12] stated that the ability to generate oil mist and the heat transfer prop-
erties are crucial for the time-to-failure of a gearbox facing LOL. Hudgins and Schuetz [2]
proposed that even small amounts of residual oil in the gearbox can influence LOL behavior.
They indicated that the evaporation rate affects the gearbox’s life during LOL. Handschuh
and Morales [18] stated that the operation under LOL can be extended when enough
oil impinges on the gear surfaces. This 0il can originate from windage of residual oil in
the gearbox or from lubrication via a misting jet. The source of the oil can be windage
of the residual oil in the gearbox or lubrication via a misting jet. Handschuh et al. [19]
implemented an air-oil mist system as an emergency lubrication system during LOL. With
a flow rate of misted lubricant of 0.167 mL/min, the gears failed after only 6 min. With
an increased flow rate of 0.67 mL/min, however, no failure occurred, and the tempera-
ture leveled out. Kozachyn et al. [14] stated that minor misting may have increased the
time-to-failure of the test gears during LOL.

Scuffing is the primary failure mode during LOL that must be avoided to enable a
high time-to-failure. Scuffing occurs at high sliding speeds and loads due to lubricant and
tribofilm breakdown, which is caused by high contact temperature [9,20,21]. The tribofilms
form through chemical reactions between the lubricant additive system and metal sur-
faces [22], providing protection of the surfaces. However, exceeding a certain temperature
limit can lead to tribofilm breakdown, generation of metal compounds, and welding of
the surfaces [23,24]. According to ISO/TS 6336-20/21 [9,25], scuffing may occur when the
temperature of the acting tooth flank exceeds a specific limit. A scuffing safety factor, which
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compares the limit of the tooth flank temperature to the actual temperature, can be derived.
A high scuffing safety factor indicates that the acting tooth flank temperature is significantly
lower than the limit, and vice versa. The temperature limit can be determined using a
scuffing test, such as the FZG scuffing tests [3,26]. The acting tooth flank temperature is
understood as a bulk temperature increased by an overtemperature resulting from local
load-dependent gear power loss.

In ISO/TS 6336-20 [25], the overtemperature is proposed as a maximum gear con-
tact temperature. This flash temperature is the increase in temperature of the gear tooth
surface at a given point along the path of gear contact. In ISO/TS 6336-21 [9], the overtem-
perature is proposed as the mean value of the gear contact temperature, namely the
integral temperature.

Both calculation methods take into account the relevant parameters that influence the
scuffing load. These include the operating conditions (e.g., load, speed, and temperature),
the gear parameters (e.g., gear geometry, surface, and material), and the lubricant [9,25].
The speed and gear geometry determine the sliding speeds across the tooth flank contact
area. High sliding speed results in high frictional power and high temperatures. Increased
surface roughness increases gear friction and, consequently, temperature. DLC coatings
have shown the potential to drastically increase scuffing safety [27]. Different gear materials
and heat treatments also influence scuffing; for example, nitrided steel has a higher scuffing
temperature than carbon carburized steel with a high austenite content [25]. Using different
oils can significantly increase the scuffing safety [28]. High scuffing loads can be achieved
by additives that form sacrificial tribofilms [29]. Several approaches are available to calcu-
late the gear bulk temperature [9,24,25,30,31]. They all determine the bulk temperature by
adding a temperature increase dependent on power loss to the oil temperature. Experimen-
tal results from Morhard et al. [6,7], Bartilotta et al. [11], Handschuh and Gargano [32], and
Handschuh [33] have shown that bulk temperatures increase significantly during LOL.

The underlying load-dependent gear power loss results from the gear coefficient
of friction, the load, and the sliding speed. The gear coefficient of friction can be as-
sumed as a constant mean gear coefficient of friction i,z that can be derived from power
loss measurement at gear test rigs [34,35] and is integrated into calculation approaches,
e.g., [34]. Experimental results from Alberti and Lemanski [10], Isaacson and Wagner [12],
and Morhard et al. [6-8] have shown that friction during LOL rises depending on the
transmitted power.

The acting gear contact temperatures, and therefore the scuffing safety factor, de-
pend on gear power loss and heat removal. For heat removal from gears, particularly at
high speeds, convective heat transfer between the flowing fluid and the gear surface is
crucial. The heat transfer coefficient can be derived for gear applications via the Nusselt
correlation [36—40], via computational fluid dynamics (CFD) simulations [41-44], or ex-
perimentally [45]. The literature emphasizes the significant dependence of heat transfer
from gears on the surrounding atmosphere, whether it is oil, air, or an oil-air mixture.
Morhard et al. [8] stated that during LOL, the oil share is influenced by the previous lubri-
cation under design conditions, the gear and housing geometry, and the LOL time.

Literature results have shown that LOL significantly influences gear friction, gear bulk
temperature, and heat transfer. Scuffing safety can be assessed under lubricated conditions.
However, there are currently no calculation methods available for determining gear bulk
temperature and scuffing safety during LOL. Based on the available research results, this
study proposes an adapted calculation method based on ISO/TS 6336-21 [9], which enables
the calculation of scuffing safety during LOL.
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3. Scuffing Safety Calculation

Scuffing under LOL is a complex phenomenon influenced by various variables. This
section proposes a calculation method that employs LOL-related factors that can be in-
tegrated into the scuffing calculation method according to ISO/TS 6336/21 [9] to derive
scuffing safety factors related to time-to-failure during LOL.

The main cause for gear temperature rise and thus scuffing risk is the load-dependent
gear power loss Py gp. Acc. to Ohlendorf [46], it can be described by the input power, the
mean gear coefficient of friction p,7, and the geometric tooth power loss factor Hy, which
represents the influences of the gear geometry. During LOL, py,7 rises dependently of v c
and the transmitted torque, as shown by Morhard et al. [8]. This friction increase during
LOL is considered in Section 3.1.

Beneath the load-dependent gear power loss Py cp, the heat transfer coefficient h influ-
ences the gear contact temperature and thus scuffing. For designed lubrication conditions,
e.g., dip or injection lubrication, the lubricant reaches the gear teeth and cools the gears.
During LOL, only the residual oil-air mixture cools the gears. Here, the heat transfer
coefficient h of the gears to the surrounding oil-air mixture is crucial for the temperature
development. The heat transfer coefficient h and the impact on the bulk temperature during
LOL 9\ 1oL are considered in Section 3.2.

Gear materials and surfaces influence the scuffing load capacity during LOL [7,8,13-15].
Coatings can lead to very high scuffing loads [47], and superfinishing can slightly reduce
the scuffing load [7]. The influence of superfinishing, coatings, and nitriding is considered
in Section 3.3.

In Section 3.4, the integral temperature method according to ISO/TS 6336-21 [9] is
introduced, and the developed LOL-related factors from Sections 3.1-3.3 are integrated to
derive a scuffing safety calculation method for LOL.

Section 3.5 validates the scuffing safety calculation method for LOL by a comparison
to existing LOL test results.

3.1. Load-Dependent Gear Power Loss

The load-dependent gear power loss P1gp can be calculated from the input power Py,
the mean gear coefficient of friction uy,z, and the tooth power loss factor Hy according to
Ohlendorf [46], respectively the local geometric tooth power loss factor Hyy, according to
Wimmer [48]:

Prgp = Pin-umz-Hy (1) 1)

The mean gear coefficient of friction i,z can be calculated based on various empirical
equations, e.g., [24,49-51]. For the proposed calculation method, the equation acc. to
Schlenk [49] was selected. Schlenk [49] adapted an existing calculation approach based on
own test results and validated the approach for mineral and synthetic oils. The calculation
approach acc. to Schlenk [49] combines good accuracy, a comparably wide validated
speed range of 4 < vic < 50 m/s, and easy implementation, as the needed input data is
known in early development stages. The mean gear coefficient of friction p,z according to
Schlenk [49] writes as:

Fy

0.2
_ b —0.05_p 025
Hmz = 0.048 (W) Moy Ra™-Xp. )

It considers the tangential force at the base circle Fy, the face width b, the sum speed
at the pitch point vy, the relative curvature at the pitch point preqc, the dynamic oil
viscosity at the operating temperature ng;, the arithmetic mean flank roughness Ra, and
the lubricant factor Xj..
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LOL tests from Morhard et al. [6-8] have shown a dependency of friction increase dur-
ing LOL on the acting speed, load, surface, material, and LOL time. Based on Equation (2),
these dependencies are considered by the factor X or.. The resulting mean gear coefficient
of friction during LOL pyz 1o results as follows (if:

u _ JHmz Xror, Mmz,roL <02 )
o 02, puzror =202 °
with .
2.0 ap-angge(LLOLY
Xior(tror) = el0 >y anat (LR @)

XroL considers the influence of speed via the speed factor ay, the influence of load
via the load factor ap, the influence of the surface material via the material factor apa (cf.
Section 3.3), and the LOL time t; or.. The speed factor ay pictures the found dependency of
torque loss and acting speed during LOL [6-8]. If the calculated mean gear coefficient of
friction falls within the range of 0.1 < pyz1or < 0.2, it indicates a damage-critical event
and suggests that the mean gear coefficient of friction does not represent a lubricated
contact under design conditions

In [8], it was found that increasing the circumferential speed up to approx. vic =30 m/s
increases the torque loss during LOL and the risk of scuffing. This is explained by oil
centrifugation and reduction in the available amount of lubricant on the gear flanks for
lubrication. Further increasing the circumferential speed to above approx. vic >40m/s
mitigates or prevents torque loss increase and scuffing. This is explained by reduced contact
time and the consequently increased scuffing temperature. Additionally, the oil share in
the oil-air fluid flow improves oil film formation and the heat transfer from the gears to the
fluid flow. These findings are described by the speed factor a, with the following;:

g, = 5.e~001 8/m? (0,24 m/s)” (5)

The load factor a, depicts the found influence of increased load on pnzioL via

05pc  \°
= (05+->Pc ) 6
o ( +1292N/mm2) ©)

the following:

It is based on experimental results from Morhard et al. [6-8] and considers the acceler-
ated torque loss increase with increasing load.
Figure 1 shows the progression of the speed factor ay and the load factor ap.

6 6
5 5
4 e =
E 3 ..-1L 3 q
z 2 3 %
1 0 . . 1
1 20 40 60 80 100 0 500 1000 1500 2000
Circumferential speed in m/s Hertzian pressure p . in N/mm?

@ (b)

Figure 1. Progression of (a) speed factor ay; (b) load factor ap for calculation of the mean gear
coefficient of friction during LOL.

Figure 2a shows the resulting factor X or, and Figure 2b shows the corresponding
mean gear coefficient of friction during LOL w71 oL for an exemplary operating condition
with the reference Ref (cf. Table 2). The considered load stage (LS) 7 refers to the FZG
scuffing test A/8.3/90 [52] (cf. Table A3) and was experimentally investigated in [6-8].
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Figure 2. Exemplary progression of (a) LOL factor Xy or ; (b) resulting mean gear coefficient of friction
during LOL ppyz 1oL for the reference Ref (cf. Table 2) at LS7.

The factor X or,, according to Equation (4), shows a strong dependency of LOL time
and circumferential speed vic. For a speed range of 1 < vic < 52 m/s, X;oL strongly
increases from 1 to values > 10. The resulting mean gear coefficient of friction during LOL
umz,LoL follows the trend of X0, leading to a significant friction increase for the speed
range of 1 < vic <52 m/s to the defined maximum value of 0.2.

Figure 3 presents the calculated torque loss increase during LOL based on Equation
(1) with the corresponding mean gear coefficient of friction during LOL pyz1 o1, for an
exemplary operating condition with the reference Ref (cf. Table 2). The geometric tooth

power loss factor Hy was set according to the FZG test gear geometry of type Cp,oq oL (cf.
Table A1). The loads considered are LS7 and LS9.

LS7 LS9 V.= 8.3 m/s

12 12 = 20 m/s

g 10 g 10 (= 30m/s

Z Z =40 m/s

8 8 t

= £ = 52 m/s

2 6 g 6} = 66m/s
= 4 = 4l
=2 = 2]
0 ol

0 100 200 300 0 100 200 300
t oL ins t ins

LOL

(a) (b)

Figure 3. Calculated torque loss increase during LOL for (a) LS7; (b) LS9 with the reference Ref (cf.
Table 2).

The calculated torque loss Tr gp1oL shows the expected dependency on the LOL factor
Xror, and the acting load. As the LOL time increases, the torque loss increases significantly
for speeds vy c < 40 m/s. For higher speeds, however, the increase in torque loss is greatly
reduced and only shows a slight increase for vic = 52 m/s. This behavior is consistent
with torque loss measurements during LOL by Morhard et al. [8]. The torque loss T gproL
reaches constant maximum values when the mean gear coefficient of friction during LOL
Umz, 1oL reaches the limit of 0.2.

Note that, for continuously lubricated gears, interaction with the surrounding oil-air
mixture, the injected oil, or the oil sump also leads to load-independent power loss due
to windage, churning, squeezing, and impulse. At high speeds in particular, the load-
independent power loss can dominate the overall power loss of a gearbox. During LOL
and the sudden absence of external lubrication, the load-independent power loss decreases.
However, this depends on the lubricant distribution prior to LOL and the operating speeds.
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3.2. Heat Transfer Coefficient and Bulk Temperature

The heat transfer between the gears and the oil-air fluid flow determines the result-
ing bulk temperature. Based on the results presented in Morhard et al. [8] and Hilde-
brand et al. [41], the heat transfer coefficient h can be estimated by the following equation:

h = 0.113-Re?/3-Prl/3. A /rc. 7)

This equation is based on a Nusselt correlation that was proposed by Becker [36].
To consider the physical properties of an oil-air mixture, Hildebrand et al. [41] proposed
averaging the physical properties @y for the density p, the dynamic viscosity 11, and the
thermal conductivity A by the following;:

¢ = Qoo = 20iPoil + (1 — a0i1) P airs 8)

leading to the heat transfer between the gear flank surface and the oil-air fluid flow:

Navr = 0.113-Re§§§-Pr;§E-%;”. )

Seitzinger [31] used the heat transfer coefficient h. to estimate the mean surface
temperature dyg via the oil temperature do; and an over temperature doyer. Besides he,
Yover results from the load-dependent gear power loss P cp, the factor for heat transfer
of the gears to the oil q, and the tooth flank surface related to heat input Fyy. The mean
surface temperature dyg results as follows:

Prgp (10)

Os = Do + Bover = Boi + —=C0—.
MS Oil Quer Oil Q‘FW'hc

For the calculation method developed within this study, this approach was adapted to
allow bulk temperature calculations ) under consideration of the heat transfer coefficient
of the gear flank surface to the oil-air mixture h,y, from Equation (9). The resulting bulk
temperature dy reads as follows:

P
LGP (11)

I oy R <] —
M Oll+4.1868~q-Fw~hm

Note, that the constant 4.1868 results from unit transformation from cal/s [31] to
W. The fling-off theory of DeWinter and Blok [53,54] was not used for bulk temperature
calculation, since during LOL no external oil supply lubricates the gears via an oil jet
or oil sump.

The heat transfer coefficient between the gear flank surface and the oil-air fluid
flow hayr depends on the relative oil share xp; of the surrounding oil-air mixture. Bulk
temperature measurements from Collenberg [20] were used to parametrize the oil share to
the following:

w0 = —0.03- log (vt,c& %) +0.62. (12)

The resulting calculated bulk temperatures 9y are presented in Figure 4 and compared
to the measurements of Collenberg [20] for injection-lubricated FZG test gears of type A (cf.
Table A1), 0il ISO VG 46 (cf. Table A2), and 9g; =90 °C.

Based on the parametrization, the calculated bulk temperature 9y follows the trend
of the measured bulk temperature from Collenberg [20] and shows good agreement. For
LS11, By is higher and for LS5, 9y is lower than the measurements. A possible explanation
could be an influence of the load on the heat transfer coefficient, as it was found by
Seitzinger [31]. This is not considered in Equation (9) due to simplicity. The corresponding
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oil share oo; decreases with circumferential speed v, c from 0.62 to 0.48. This decrease
considers increased windage and thus a decreased amount of injected oil reaching the gear
flank surfaces with increasing speeds. A relative oil share in the magnitude of ~0.5 seems
plausible when compared to simulation results from Hildebrand et al. [41], who found oil
shares for dip lubricated gears in the range of approx. ooy = 0.9 to 0.15 for a speed range of
vic=21to20m/s.

225 : - : : 0.7
200
175

—— Measurement
Calculation

—0— “oil

150

o -

< 125 e : 05 S

LS5

0.4
1 20 40 60 80 100
Circumferential speed v e in m/s

Figure 4. Comparison of calculated bulk temperature 9 to regression curves of measured bulk tem-
peratures from Collenberg [20] and progression of the relative oil share oy for injection lubrication
with the FZG test gear of type A, 0il ISO VG 46, and 9¢; =90 °C.

Introducing an oil share-dependent heat transfer coefficient h,y, into bulk temperature
calculation allows to consider the progression of the oil share during LOL, which decreases
with ongoing LOL time. Based on Equation (11), the resulting bulk temperature during
LOL 9\ 1oL depends on the load-dependent gear power loss during LOL Prgpr o1, and on
the heat transfer coefficient during LOL h,yy 101

Prgpror (13)

1% = Yo .
MEOL o+ 4'1868'q'FW'havr,LOL

The heat transfer coefficient during LOL h,y;101 is a function of the oil share during
LOL &,y (t or) and results, based on Equation (9), as follows:

A
- 2/3 1/3 avr,LOL
havr,LOL = 0'113'Reavr,LOL'Pravr,LOL' re : (14)

Based on Equation (8), the physical properties of the oil-air mixture @,y;101 are

dependent on the oil share during LOL &;(tLor):

Pavr,LoL = ®oil(tror) - @oir + (1 — aoi(tror)) - air- (15)

Based on Morhard et al. [6], the o0il share progression during LOL «(t or) was
parametrized using measured bulk temperatures for speeds of vic <20 m/s as follows:

by LLOL .
oi(tror) = apjr-e’®" <, with (16)

boi = —0.01. (17)

o |1 refers to the oil share during injection lubrication (IL) and the factor boy
describes the decrease in oil share xpy(tyor) with increasing LOL time t;op, and is set
to boy = —0.01. Figure 5 shows the oil share progression during LOL oy (tr o) and the
resulting heat transfer coefficient h,y,1 o1, for an exemplary operating condition with the
reference Ref (cf. Table 2).
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Figure 5. (a) Oil share progression «(tLor); (b) resulting heat transfer coefficient during LOL
havr oL for the reference REF (cf. Table 2).

The oil share o (t1o1) decreases significantly with LOL time t; or, and reaches values
of approx. 0.02 for the LOL time considered of t; o, = 300 s. Whereas o (t or) shows a
weak dependency on the circumferential speed v ¢, the heat transfer coefficient h,y, 1oL
significantly increases with v, c, and decreases with t;or and reaches values of approx.
24 W/(m? K) at vic =1 m/s and 470 W/ (m? K) at vic = 100 m/s after the LOL time
considered of t; or, = 300 s. Note that the factor q, which considers the heat transfer at the
tooth flank surface and the face side (cf. Equation (A2)), was determined for simplicity
according to lubricated conditions before LOL. Figure 6 shows the resulting bulk tempera-
tures under consideration of the load-dependent gear power loss PLgp1o1. compared to
bulk temperature measurements during LOL from [6].

200 -
Calculation
180 | .87, 20 m/s x  Measurement
Q
o
£ 160}
e /159,83 m/s
= 140 + /
a»
120 LS7,8.3m/s

0 20 40 60 80 100

t

1OL ms

Figure 6. Calculated bulk temperature during LOL 9\ 1 oL, compared to the measured bulk tempera-
tures from [6] for the reference Ref (cf. Table 2).

The calculated bulk temperatures during LOL 91 o1, follow the measurement trend,
whereas the calculated bulk temperature increases less for LS7 and v = 8.3 m/s and steeper
for LS7 and v¢ = 20 m/s. For LS9 and v = 8.3 m/s, the calculated bulk temperature
aligns well with the measurements of Morhard et al. [6]. Note that no bulk temperature
measurements during LOL are available for speeds of vic > 20 m/s.

3.3. Surface and Material Properties

Morhard et al. [7,8] investigated superfinished, coated and nitrided gears compared
to ground gears during LOL. The characteristics of the considered surfaces and materials
are documented in Morhard et al. [7]. This section summarizes the knowledge gained
and proposes a material factor, ap,, that can be integrated into the LOL factor Xpop
(Equation (4)).
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For case-hardened ground gears, the following material factor apg,¢|rer is defined
as reference:

Apar|REF = 1.0. (18)

Superfinished gears showed a slightly increased torque loss during LOL at LS7 and
vic =83 and 20 m/s. At LS9 and vic = 8.3 m/s, the torque loss increase was more
pronounced than with ground gears [7]. This leads to the following material factor ayat | sur:

ApMatisur = 1.8. (19)

DLC coatings significantly improved the LOL behavior. The coatings reduced the
torque loss increase during LOL. The best-performing coated variant in [7] (CO3) avoided
scuffing for all investigated operating conditions. Therefore, the following material factor

aMat | CO3 18 proposed.
ApMaticos = 0.1. (20)

Nitrided gears exhibited comparable behavior to ground gears at low speeds and loads
of LS7 and LS9. With increasing speeds at LS7, the torque loss progression during LOL was
significantly decreased, potentially due to the increased hot hardness of the nitrided steel.
This behavior can be estimated using discrete values for ayg,¢ nrT, Which depend on the
circumferential speed v c. The resulting material factors ayf,t are presented in Table 1.

Table 1. Material factor apg,t for the case-hardened ground reference gears (REF), superfinished
gears (SUF), DLC coated gears (CO3), and nitrided gears (NIT) in dependency of the circumferential
speed vic.

Vi.C in m/s 1 8.3 20 30 40 52 66 80 90 100
aMat | REE %n - 1.0
aMat|SUF 1N - 1.8
aMat|Co3 in - 0.1

ayvaNTin- 1.0 1.0 07 045 02 02 02 02 02 02

Figure 7 illustrates the material factors apat for LOL as a function of circumferential

speed vic.
2~
REF
. 15¢
P SUF
.1 co3
& NIT
< 05}
0

10 20 30 40 50 60 70 80 90 100
v, cin m/s

Figure 7. Material factors ayj,: derived from LOL tests [7,8] for the case-hardened ground reference
gears (REF), superfinished gears (SUF), DLC-coated gears (CO3), and nitrided gears (NIT).

3.4. Suggested Calculation Method

To depict the risk of scuffing for an operating condition during LOL, the flash tem-
perature method according to ISO/TS 6336-20 [25] and the integral temperature method
according to ISO/TS 6336-21 [9] can be adapted. Due to better agreement to performed
scuffing tests (cf. Appendix E), and LOL tests, the integral temperature method based on
ISO/TS 6336-21 [9] is suggested for integrating LOL. The adapted flash temperature method
based on ISO/TS 6336-20 [25] and a comparison of both adapted calculation methods are
described in Appendix E.
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The integral temperature method according to ISO/TS 6336-21 [9] is based on the
scuffing safety factor Sins (cf. Equation (21)). A scuffing safety of Sinis < 1 correlates to a
high scuffing risk, and a scuffing safety in the range of 1 < S;i5 < 2 correlates to a critical
range with moderate scuffing risk that is influenced by the operating conditions [9].

The following calculation equations summarize the calculation of the adapted scuffing
safety factor for LOL Sjs1 0L

Sints,LoL = Oins_ (21)
Bint,LOL
Bints = Us (22)

according to Collenberg [20] (cf. Equation (26))
Bint,LoL = Om,LoL + C2-Ofiaint,LoL (23)

O f1aint, Lo = Bf1ag,LoL Xe (24)

(KBW'wBt)()jS-UO'S . Xg
|a|0.25 XQ'XCLI

Bt1ae,Lo0L = Mmz,LoL XM XBE-Xap® (25)

The scuffing safety factor Siyys 101 is derived by the scuffing integral temperature Vins,
being the allowable integral temperature, compared to the acting integral temperature
Vint LoL for an operating condition during LOL.

The scuffing integral temperature djys is calculated based on the contact-time-
dependent scuffing temperature from Collenberg [20], respectively. ISO/TS 6336-21 [9].
The contact time influences the scuffing safety, as higher scuffing temperatures result when
contact times are low. This is explained by the higher temperatures needed for tribofilm
breakdown at low contact times [20]. Investigations from Winter et al. [29] have shown that
this effect is present for non-EP turbine oils and that the effect can be enhanced by additives.
Based on Collenberg [20] and ISO/TS 6336-20/21 [9,25], the scuffing temperature increase
for high speeds and short contact times tc can be calculated with the following expression:

_ { dsc fortc >tk 26)
Osc + Cs-Xwrer-(tk — tc)  fortc < tx

The scuffing temperature dg equals the scuffing temperature at long contact times dgc
if the contact time tc is longer than the contact time at the minimum of the scuffing speed
curve tg. For contact times tc shorter than the contact time at the minimum of the scuffing
speed curve tg, Ysc is increased by the product of the gradient of the scuffing temperature
Cs, the relative welding factor Xyyeir, and the delta between tx and tc. When no test results
are available for the scuffing load at high speeds, the contact time at the minimum of the
scuffing speed curve tx can be set to 18 ps and the gradient of scuffing temperature Cg can
be set to 18 K/ s for oils with extreme pressure (EP) additives. The scuffing temperature at
long contact times dgc can be calculated based on the scuffing load stage of a scuffing test
like the FZG scuffing test A/8.3/90 [52].

The acting integral temperature during LOL it 1 01, results from the bulk tempera-
ture during LOL 9\ 101, (cf. Equation (13)) and the mean flash temperature during LOL
Vflaint oL under consideration of the weighting factor Cy. 9gaint oL consists of the flash
temperature during LOL at the pinion tooth tip when load sharing is neglected g, 1,01
and the contact ratio factor X.. 9g,g 1 0L consists of the mean gear coefficient of friction
during LOL ppz 1oL (cf. Equation (3)), the thermal flash factor Xy, the geometry factor at
pinion tooth tip Xgg, the pressure angle factor X, the helical load factor Kg,,, the specific
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tooth load wp, the reference line velocity v, the center distance a, the run-in factor Xg, the
approach factor Xq, and the tip relief factor Xc,.

3.5. Validation

This section compares the results of the calculation method with LOL test results
from Morhard et al. [6-8]. The parameters according to Table 2 are selected as reference
(Ref). The reference refers to the gear geometry of type Cyoq10L (cf. Table Al) with a
ground surface (cf. Section 3.3). The considered oil temperature d¢; is 90 °C and the oil is
AeroShell 500 (cf. Table A2), with a lubricant factor Xi, of 0.8 (cf. Section 3.1) and a scuffing
load stage of SLS = 7 [6]. The oil share progression during LOL by | gef is set to —0.01 (cf.
Section 3.2) and the gradient of scuffing temperature is set to 18 K/us in accordance with
ISO 6336/20 [25] (cf. Section 3.4).

Table 2. Gear and oil related calculation parameters defined as reference Ref.

Surface and Lubricant Scuffing oil Sha.r ¢ Gradle.nt of
Gear . . Progression Scuffing
Geomet Material ol 0il Factor Load During LOL Temperature
y Variant XL Stage SLS 8 P
boil | Ref CsiRef
Type REF o AeroShell B
Conod LOL (ground) 90 °C 500 0.8 7 ([6]) 0.01 18 K/ us

Figure 8 shows the calculated scuffing safety Sints 101, based on Section 3.4 for LS7
and LS9, considering a speed range of 1 < vic < 100 m/s, and a LOL time of 300 s for the
reference (Ref).

LS7 LS9
300 2.5
. .
= 2 g
» 3 @ 200 8
£ - 15 2
A z 3 z
9] 9]
= > - e
= 100 &
- Y —] 055
n / AD 9]
0 A5 T 0
183 20 30 40 52 66 80 90 100 183 20 30 40 52 66 80 90 100
Vie in m/s Vic in m/s

(a) (b)
Figure 8. Scuffing safety Sins 101, for (a) LS7; (b) LS9 with the reference Ref (cf. Table 2).

The scuffing safety factor Sins 101, shows a strong dependency of ty o, and for 1 < vic
<52 m/s, a strong dependency of the circumferential speed v c. Circumferential speeds
vic > 52 m/s lead to increased scuffing safety factors Siyg10L-

For LS7, the scuffing safety factor Siyg 101 decreases for 1 < v, c < 35 m/s significantly
and reaches Sinis 101 < 1.0 within the margin of seconds. For speeds 52 < vic <100 m/s,
the scuffing safety factor Sinis oL is generally higher and does not reach Sinsror < 1.0.
For LS9, the scuffing safety factors are generally lower compared to LS7 and show for
vic =30 m/s a scuffing safety Sinis1or < 1.0 immediately at the beginning of LOL. The
scuffing safety during LOL decreases rapidly for 1 < vic <52 m/s. For higher speeds in a
range of 52 < v, c < 100 m/s, a scuffing safety Siys o1 < 1.0 is reached after t; o1, approx.
210 s at the latest.

Figure 9 compares the LOL time t or, until a scuffing safety Sins 1. o1 = 1.0 is reached for
the reference Ref (cf. Table 2) to the scuffing initiation during LOL for operating conditions
tested in Morhard et al. [6,8].
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[ Calculated for S, o), =1.0 [ Measurement A No scuffing

LS7 LS9
300 . .
®n o 20
g 200 =
g 3 10
= 100 S
0 0
83 20 30 40 52 66 8.3 20
Vic inm/s Vt,C in m/s

Figure 9. Comparison of calculated LOL times t; or, until a scuffing safety Siyg 101 = 1.0 is reached to
scuffing initiation during LOL tests from Morhard et al. [6,8] for LS7 and LS9 with the reference Ref
(cf. Table 2).

For LS7 and vic = 8.3 m/s, the calculation method proposes a scuffing safety of
Sints,LoL = 1.0 after approx. 60 s LOL. In the LOL tests from Morhard et al. [6], the test was
stopped after 20 s LOL without scuffing. For vic = 20 m/s, a calculated scuffing safety of
Sints,LoL = 1.0 is predicted after approx. 8 s LOL. The LOL test in Morhard et al. [6] showed
scuffing after approx. 8 s and in Morhard et al. [8] after approx. 10 s. For vic =30 m/s,
a scuffing safety of Sinis o = 1.0 is predicted after approx. 14 s LOL. The LOL test in
Morhard et al. [8] showed scuffing after approx. 12 s. For vy c = 40 m/s, a scuffing safety of
Sints,LoL = 1.0 is predicted after approx. 67 s LOL. The LOL test in Morhard et al. [8] showed
scuffing after approx. 50 s. For v c = 52 and 66 m/s, a scuffing safety of Sinis101, = 1.0 is
not reached for t; o, < 300 s. The corresponding LOL tests in Morhard et al. [8] showed no
scuffing until the test was stopped after 280 s LOL.

For LS9 and v = 8.3 m/s, the calculation method proposes a scuffing safety Sints o1, = 1.0
after approx. 16 s LOL. In the LOL test from Morhard et al. [6], scuffing occurred after 15 s
LOL. For v c = 40 m/s, a scuffing safety Siyis o1, = 1.0 is reached after approx. 20 s LOL.
The LOL test in Morhard et al. [6] showed scuffing after approx. 16 s LOL.

For the operating conditions considered, the calculation method depicts the influ-
ence of speed and load on scuffing during LOL and predicts the scuffing initiation with
sufficient accuracy.

4. Results of Calculation Study

The developed calculation method from Section 3 was used to depict the influence
of gear-related design parameters. Section 4.1 shows the influence of different oil share
progressions during LOL on the scuffing safety. Section 4.2 shows the impact of the
different surfaces and materials. Section 4.3 shows the influence of different gear geometries.
Section 4.4 shows the influence of different oil types and Section 4.5 shows the influence of
oil viscosity. Section 4.6 shows the impact of oil additives. The scuffing safeties during LOL
Sints,LoL were calculated for maximum LOL times of 300 s and speeds of 1 < vic <100 m/s.

4.1. Influence of Oil Share Progression During LOL

To depict the influence of the oil share progression during LOL (cf. Section 3.2), this
section shows a variation of the assumed reference oil share progression & ref based
on Equation (16). To estimate the influence of improved lubrication during LOL by pas-
sive lubrication from, e.g., oil baffles or guide plates, the factor bg; is decreased from
boil1ref = —0.01 to bpj | var1 = —0.005. To estimate the influence of a stronger decrease in
oil share during LOL, as it could be the case in a wide-spaced housing, boj|var2 = —0.02
is applied.
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Figure 10 shows the corresponding oil share progressions during LOL. The factor Xior,
(cf. Equation (4)) is kept constant for the varied oil share progressions to exclude further
influences in the analysis.

Figure 10. Different oil share progressions during LOL (reference oil share progression with boy | et/
improved lubrication during LOL with by |yar1, wide-spaced housing with decreased oil share

progression with bejj | var2)-

Figure 11 shows the influence of the different oil share progressions on the calculated
scuffing safety Sy 101 = 1 according to Section 3.4.

300

Safety S;ns o< 1.0 boiires =—0.01 I — Safety Syyspon = 1.0

boitivar ==0.02

boijvarr =—0.005

Safety S;s 100> 1.0

0L .
183 20 30 40 52 66 80 90 100
v

Lcin m/s

Figure 11. Scuffing safeties Sinis 1,01, = 1.0 based on the reference Ref (cf. Table 2) at LS7 for different
oil share progressions.

The increased oil share with ongoing LOL time t; o1, for o vay1 decreases bulk tem-
peratures and increases scuffing safety during LOL. A scuffing safety Sinsyor < 1.0 is
proposed in a smaller speed range of approx. 4 < vic < 46 m/s. In that speed range, scuff-
ing during LOL is predicted to behave comparable to the reference oil share progression
il Ref- The decreased oil share with ongoing LOL time t; o, for &) varo increases gear bulk
temperatures and reduces scuffing safety. This leads to shorter LOL times until a scuffing
safety of Sintg 101 = 1.0 is reached. For speeds v c > 52 m/s, a scuffing safety Sints 101, = 1.0
is reached after approx. 230 s as latest.

4.2. Influence of Gear Surface and Material

LOL tests from Morhard et al. [7,8] have shown a strong dependency of LOL perfor-
mance from the gear material and surface. This section shows the calculated scuffing safety
progression during LOL for the developed material factors ap,: from Section 3.3 that are
introduced into the LOL factor X or, (cf. Equation (4)).

Figure 12 shows the calculated scuffing safeties during LOL for the gear surface and
material variants REF, SUF, CO3, and NIT. The detailed characteristics of the surfaces and
materials are presented in Morhard et al. [7].
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Figure 12. Scuffing safeties Sins 1,01, = 1.0 based on the reference Ref (cf. Table 2) at LS7 with surface
and material variants REF, SUF, CO3, and NIT.

The variants REF and SUF show a very similar behavior. The variant SUF reaches
a scuffing safety Sins 101 = 1.0 only marginally earlier than the variant REF. The variant
NIT shows a comparable trend, whereas a scuffing safety of Sinis o1 = 1.0 at vic ~ 40 m/s
is reached at later LOL times than for the variants REF and SUF. This corresponds to the
torque loss measurements of Morhard et al. [8], where a steep torque loss increase was
found for LS7 and vic =40 m/s after approx. 175 s LOL. For speeds vic > 52 m/s, the
factor Xy o, has a reduced influence (cf. Figure 2a). The variant NIT leads to a slightly
higher scuffing safety in that speed range, as the LOL factor Xy o, is smaller compared to
the variant REF. For speeds v, c > 52 m/s, the variant SUF shows reduced load-dependent
gear torque loss due to decreased friction, leading to increased scuffing safeties. The coated
variant CO3 shows a significantly increased scuffing safety over the whole speed range.
A scuffing safety Sins 101, < 1.0 is only reached within a speed range of 10 < vic <36 m/s
for the LOL time considered of t;or = 300 s. This corresponds to the LOL tests from
Morhard et al. [7,8], but it should be noted that, even though scuffing did not occur, coating
wear was observed, which could potentially limit the service life of these coated gears.

4.3. Influence of Gear Geometry

The gear geometry influences the load-dependent gear power loss (cf. Section 3.1) and
the scuffing safety. This section presents the influence of the gear geometry exemplarily
for the FZG test gears of type Cpoq,.01, A, and eLL. The FZG test gear of type Cpoq,L0L
features a well-balanced gear geometry, leading to an equally distributed sliding speed
along the path of contact. The FZG test gear of type A features a pronounced profile shift,
leading to a low sliding speed at the mesh point A and a high sliding speed at the mesh
point E. The FZG test gear of type eLL features a low-loss geometry with small teeth and
low sliding speeds. In lubricated conditions, the FZG test gear geometry of type eLL has
shown strongly reduced load-dependent gear power loss Prgp [55]. Table A1 lists the main
gear geometry parameters, and Figure A1 shows the geometry plots of the FZG test gear
geometries of type Cpoq 101, A, and eLL.

Figure 13 shows the calculated scuffing safeties during LOL for the test gear geometries
of type Cpoq 0L, A, and eLL.

The higher sliding speeds of the FZG test gear of type A lead to lower scuffing safety
during LOL compared to the FZG test gear of type Cp,o4 LoL- The FZG test gear of type eLL
significantly increases the scuffing safety. For a speed range of 1 < vic <52 m/s, a scuffing
safety of Sins 1oL = 1.0 is reached at significantly later LOL times. The found scuffing
safeties during LOL show a strong correlation to the geometric tooth power loss factor Hy
(cf. Section 3.1) of the gear geometries, which are Hy = 0.195 for type Cy,04 o1, Hy = 0.302
for type A, and Hy = 0.066 for type eLL.
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Figure 13. Scuffing safeties Sinis 101, = 1.0 based on the reference Ref (cf. Table 2) at LS7 with the FZG
test gear of type Cpog,101, A, and eLL.

4.4. Influence of Oil Type

The oil type significantly influences gear friction and is considered for calculating the
mean gear coefficient of friction i,z via the lubricant factor X, (cf. Section 3.1, Equation
(2)). In this section, the oil type is varied with Xi, = {0.2; 0.8; 1,0}. X, = 0.2 could refer to a
polyalkylene glycol with functional water content [55], which could be used for a secondary
oil supply system as it combines strongly reduced friction and improved cooling capacity.
Xr, = 0.8 refers to the generally in turbines and aviation gears used synthetic ester. Xy, = 1.0
refers to mineral oil, as it can also be used within turbines [56].

Figure 14 shows the resulting scuffing safeties during LOL for the different lubricant
factors. To allow for a comparison of the lubricant factor Xi, only, the oil properties and the
scuffing load stage (LS7) were set accordingly to AeroShell 500 [6].

300

Safety S oL < 1.0 | — Safety Siys1o1 =1.0 |

Sy ’,,e;f\ ?afety SilntS,LOLI> 1.0

183 20 30 40 52 66 80 90 100

Vv cin m/s

Figure 14. Scuffing safeties Sinis 1 0, = 1.0 based on the reference Ref (cf. Table 2) at LS7 with different
lubricant factors Xj .

The influence of the oil type on the scuffing safety during LOL can be significant.
For a lubricant factor, X, = 0.2, friction during LOL is drastically decreased. This leads
to a scuffing safety of Sinis10L = 1.0, that is reached at later LOL times. For a lubricant
factor Xp, = 1.0, the scuffing safety Sints 1,01, decreases, leading to slightly shorter LOL times
needed until Sines 101, =1.0 is reached, especially at circumferential speeds > 52 m/s.

4.5. Influence of Oil Viscosity

Beneath the oil type, the 0il viscosity, respectively, the dynamic oil viscosity 1 influ-
ences the mean gear coefficient of friction py,z (cf. Section 3.1, Equation (2)). Therefore, the
dynamic viscosity is varied in this section with (90 °C) = {6.0; 10.4; 11.1} mPas based on
the tested oil AeroShell 500 with (90 °C) = 6 mPas [6-8], the aviation turbine Oil HALO157
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from EASTMAN with 11(90 °C) = 10.4 mPas, and the synthetic aviation gear lubricant Mobil
AGL from Exxon with n(90 °C) = 11.1 mPas.

Figure 15 shows the resulting scuffing safeties during LOL for the different oil viscosi-
ties. The scuffing load stage (LS7) was set accordingly to AeroShell 500 [6].

300

Safety Siys oL < 1.0 ; | — Safety Siysror = 1~0|

w0

g (90 °C) = 6.0 mPas
2 n(90 °C) =10.4 mPas

5 Jy n(90 °C) =11.1 mPas

Safety Sins 00> 1.0
183 20 30 40 52 66 80 90 100

Vi cin m/s

Figure 15. Scuffing safeties Sins 101, = 1.0 based on the reference Ref (cf. Table 2) at LS7 with different
oil viscosities.

The influence of the oil viscosity is marginal on the scuffing safety during LOL.
Generally, a lower viscosity leads to lower friction and increased scuffing safety. On the
contrary, the heat transfer of the gear flank surface to the oil-air mixture is slightly increased
for a higher viscosity (cf. Equation (9)). This leads to a subordinate influence of oil viscosity
on scuffing safety during LOL.

4.6. Influence of Oil Additives

Based on Winter et al. [29], additives greatly influence the scuffing safety. To depict
the impact of additives, this section presents the scuffing safeties during LOL for different
gradients of the scuffing temperature Cg and different scuffing load stages SLS as they
could result from adjusted oil additives and their concentration.

Based on Section 3.4, the reference gradient of scuffing temperature is
Csref = 18 K/ ps. The influence of a weakened scuffing temperature increase is investi-
gated with Cg|va1 =9 K/ ps. The influence of an accelerated scuffing temperature increase
is investigated with Cg|var = 25 K/ us.

As additives can influence the scuffing load of an oil significantly, an increased scuffing
load resulting from an increased scuffing temperature is investigated. Based on scuffing
tests of synthetic ester turbine oils from Faruck et al. [3] that had a comparable viscosity to
AeroShell500, scuffing load stages SLS7, SLS10, and SLS12 are investigated.

Figure 16a shows the increase in scuffing temperature 9g for varied gradients of
scuffing temperature Cg. Figure 16b shows the increase in scuffing temperature ds for varied
scuffing load stages. Thereby, the gradient of scuffing temperature is set to Cg|gef = 18 K/ ps.
The physical properties of the oil refer to AeroShell 500.

As discussed in Morhard et al. [8], the reduced contact time increases scuffing tem-
peratures for circumferential speeds v c > 30 m/s, when the contact time at the minimum
of the scuffing speed curve is set to 18 ps. For Cg = 18 K/ us, the calculated scuffing tem-
perature ¥g increases to approx. 400 °C for vic = 100 m/s. With the decreased gradient of
scuffing temperature Cg to 9 K/ us, the scuffing temperature ds increases less and reaches
approx. 300 °C for vic = 100 m/s. With the increased gradient of the scuffing temperature
Cs =25 K/ ps, the scuffing temperature 9g reaches approx. 500 °C for vic = 100 m/s.

The increase in scuffing load stage from SLS7 to SLS10 leads to a scuffing temperature
increase from 169 °C to 263 °C for low circumferential speeds and to a scuffing temperature
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increase from 420 °C to 513 °C at vy c = 100 m/s. A scuffing load stage of SLS12 leads to a
scuffing temperature of 343 °C for low circumferential speeds and 593 °C at v;c = 100 m/s.

600 ——MFM8¥@ . — 600 —
SLS12
Csivaz= 25 K/ps ~ $L.510
¥ 450 Coire= 18 K/ps o o ] ¥ 450
g _ SLS7 (Ref)
A Csivar = 9 K/us £ i
=" 300 / =" 300
/ Cs=18K
150 =/—/——= . . - | Sks7 150 =y | Co=18Kips
183 20 30 40 52 66 80 90 100 183 20 30 40 52 66 80 90 100
Vic in m/s Vi cin m/s
(a) (b)

Figure 16. Scuffing temperature dg increases for (a) different gradients of scuffing temperature Cg;
(b) increased scuffing load stages SLS for oil properties based on AeroShell 500.

Figure 17a shows the resulting scuffing safeties during LOL for the different gradients
of the scuffing temperature Cg, and Figure 17b shows the resulting scuffing safeties during
LOL for the different scuffing load stages SLS.

300 — — . — 300 —
‘\‘\ Safety Siys o < 1.0 | Safety Sqs101< 1.0
1
1 |
200 || 200} SL.37
pe | |H—GCs=18K/ps 2 SLS10
2 \ IF gs T 2 KIQ F/‘S "“8 SLS12
\ /[ L—Cs=25 s
100} | /’ y ik il <+ 100/
\\R\\\ /
0 . \"\\\(‘_G'E ﬂ/ | | S?fety 5m|IS,L0L>|1~0 0 . . | Slafety Sinlls,LDL? 1.0
183 20 30 40 52 66 80 90 100 183 20 30 40 52 66 80 90 100
v, cin m/s v, cin m/s
(a) (b)

Figure 17. Scuffing safety Sis 1,01, = 1.0 based on the reference Ref (cf. Table 2) at LS7 or (a) different
gradients of scuffing temperature Cg; (b) different scuffing load stages SLS.

The gradient of scuffing temperature Cg significantly influences the scuffing safety
during LOL for speeds vic > 35 m/s. With Cg = 18 K/ us, a scuffing safety Sinis 101 < 1.0
is not reached for speeds vic > 52 m/s for the LOL time considered. For the decreased
gradient of scuffing temperature to Cg = 9 K/ s, the scuffing safeties decrease. For speeds
vic > 52 m/s, a scuffing safety Siys 101, < 1.0 is reached after approx. 240 s as the latest.
For the increased gradient of scuffing temperature to Cg = 25 K/ us, the scuffing safeties
Sints,LoL = 1.0 are comparable to Cg = 18 K/ us.

The scuffing temperature increase due to increased scuffing load stages leads to
significantly increased scuffing safeties, especially for a speed range of 1 < vic <52 m/s.
This effect is more pronounced for a scuffing load stage increase from SLS7 to SLS10.

5. Discussion

Section 5.1 discusses the results of the calculation study from Sections 4.1-4.6 and elab-

orates on the main parameters influencing LOL performance. In Section 5.2 the calculation
method and the results are reflected.
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5.1. Classification of Influencing Factors on LOL Performance

This section classifies and compares the results presented in the calculation study
of Sections 4.1-4.6 for the considered LOL time of t;or = 300 s and speed range of
1 <vic <100 m/s. Thereby, the scuffing safeties are compared to the reference Ref (cf.
Section 3.5, Table 2, and Figure 8a). The mean reference scuffing safety JSges is derived as
a single characteristic value by averaging the calculated scuffing safeties of the reference
Sints,LOL | Ref for tror, = 1-300 s and v c = 1-100 m/s:

1300 100 m/s
DSRef = 1 L tyop=1s th,C:l s OintS,LOL|Ref- (27)

The mean scuffing safeties of the variations in the calculation study JSvs,,, are derived
the same way:

1 300s 100 m/s
S = — S . 28
Var = 20 o =1s va=1 mys JintS,LOL|Var (28)

The mean scuffing safeties are then compared to derive the relative mean scuffing
safety Siel:

S
Sl = g (29)
Ref
Figure 18 shows the resulting relative mean scuffing safeties S, for the calculation
study variants from Sections 4.1-4.6. S is enhanced by the influenced speed range S, | vi ¢
for discrete speeds v c according to the following;:

SVur|v
S — t,C
reil V¢ = 3 o (30)
forvc = {1;8.3;20;30;40; 52; 66;80;90; 100} m/s.
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Figure 18. Summary of the relative mean scuffing safeties S,) during LOL and the influenced
speed range S| | v c for the variations in the calculation study presented in Sections 4.1-4.6 at LS7
and 9oy = 90 °C. (The ‘Reference’ includes the oil share progression bg; |gef = —0.01, surface and
material REF, gear geometry Cp,oq 0L, lubricant factor Xy, = 0.8, oil viscosity n (90 °C) = 6.0 mPas,
Cs = 18 K/ us, and SLS7 according to Table 2).

The reference (cf. Section 3.5) shows a strong dependency of the LOL time t; or,, and
a strong dependency of the circumferential speed vic. For low speeds in the range of
8.3 < vic <40 m/s, the scuffing safety decreases significantly and reaches safeties < 1.0
within the margin of seconds. For speeds 52 < vic < 100 m/s, the scuffing safety is
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generally higher and does not fall below scuffing safeties < 1.0 within the considered LOL
time of 300 s. According to Equation (29), the relative mean scuffing safeties S, and
Stel | vic are 1.0 over the entire speed range.

Varied oil share progressions (cf. Section 4.1) influence gear bulk temperatures and
scuffing safety during LOL. This demonstrates that, as reported in the literature [2,15,18,19],
an increased availability of residual lubricant can extend the LOL time before scuffing
occurs. An increased oil share increases scuffing safeties almost for the entire speed range
and leads to Sy = 1.3. A decreased oil share decreases scuffing safeties at low to medium
and high speeds, leading to S = 0.9.

The choice of surface and material (cf. Section 4.2) can have a significant impact on
scuffing safety during LOL. Superfinishing reduces scuffing safeties in the medium speed
range, but increases it at higher speeds as friction is reduced. The relative mean scuffing
safety S increases slightly to 1.1. Nitriding increases scuffing safety at medium speeds.
The relative mean scuffing safety S, increases slightly to 1.1. Coatings can most effectively
increase scuffing safety as they can prevent scuffing. This has the greatest effect on medium
and very high speeds. The relative mean scuffing safety S, increases significantly to 3.3.
Note that coating durability and wear are not considered in this evaluation.

The gear geometry (cf. Section 4.3) can significantly influence the scuffing safety
progression during LOL as sliding speeds can be decreased or increased. The FZG test
gear of type A increases sliding speeds and reduces scuffing safeties at medium and high
speeds. This results in a reduced relative mean scuffing safety of S = 0.8. The low-loss
gear geometry eLL remarkably increases scuffing safety due to reduced sliding speeds,
leading to an increased relative mean scuffing safety of Sy = 2.2.

The oil type (cf. Section 4.4) has a significant influence on the friction coefficients.
Reduced gear friction, represented by a lubricant factor of Xy, = 0.2, significantly increases
scuffing safety and leads to an increase in relative mean scuffing safety to S,; = 1.7. In-
creased gear friction, represented by a lubricant factor of Xy, = 1.0, decreases scuffing safety
at low and higher speeds and leads to a decreased relative mean scuffing safety of S;; = 0.9.

Increased oil viscosities (cf. Section 4.5) increase gear friction, but also increase heat
transfer. Therefore, synthetic esters with increased viscosities can slightly increase scuffing
safety. This effect is more pronounced at higher speeds, leading to a relative mean scuffing
safety of Sy = 1.1.

Oil additives (cf. Section 4.6) can significantly increase the scuffing temperature. The
gradient of the scuffing temperature Cg has a significant influence on the scuffing safety at
higher speeds when contact times are short. A decreased gradient of scuffing temperature
decreases the relative mean scuffing safety to Sye; = 0.8. An increased gradient of scuffing
temperature increases the relative mean scuffing safety to S, = 1.2. Increased scuffing
load stages significantly increase scuffing safeties over the whole speed range. Increased
scuffing load stages to SLS10 and SLS12 lead to increased relative mean scuffing safeties of
Srel = 1.3 and 1.4.

To conclude, an increased oil share during LOL, coatings, a low-loss gear geometry,
low-friction oils, and oils with a high scuffing load stage are effective measures to improve
the LOL performance, whereas coatings and a low-loss gear geometry can increase scuffing
safeties for most. To avoid early scuffing failure during LOL, the oil share should remain
on the highest possible level, high sliding speeds resulting from unfavorable gear geometry
should be avoided, and oils with no or no remarkable scuffing temperature increase
at high speeds should not be used. Even though the discussed measures can increase
scuffing safeties during LOL, decreasing scuffing safeties in a speed range of approx.
8 < vic <40 m/s are hardly avoidable for higher LOL times.
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5.2. Reflection

The aim of this study is to support the design of gears against LOL. To account for
early design phases with a restricted amount of input data, simplifications are needed. This
section reflects the calculation method and results, and discusses the limitations of the study.

Circumferential speed is a main influence on scuffing safety progression during LOL.
The speed factor ay (Section 3.1, Equation (5)) considers the influence of speed on the gear
friction increase found in LOL tests by Morhard et al. [6-8], which were performed with
the turbine oil AeroShell 500. Oil centrifugation at circumferential speeds up to approx.
vic =30 m/s has been proposed to increase torque loss and the risk of scuffing, since
the amount of oil available for lubrication on the gear flanks is reduced [6,8]. However,
the effect of rising gear friction in that speed range might differ for oils with different
viscosities. For speeds vic >40 m/s, no increase in torque loss was observed for LS7 [8].
Hildebrand et al. [57] demonstrated via CFD that, for non-immersed gears, airflow breaks
up the oil sump at a specific threshold speed. This leads to the homogenization of the
oil distribution inside the housing. This oil homogenization could explain the constant
torque loss during LOL at higher speeds. Different oils with different viscosities might
influence the oil shares in the oil-air mixture and the adhesion to the gear surfaces. This
would affect the heat transfer and fluid film formation during LOL. Different oils and
different viscosities might show a different speed-dependent gear friction increase during
LOL. Therefore, future research on LOL with different oil types could lead to a better
understanding of the speed-dependent increase in gear friction during LOL. To improve
the accuracy of the model, the speed factor a, could be adjusted based on new findings.

Bulk temperature is crucial for scuffing safety during LOL. The approach selected for
calculating gear bulk temperatures during LOL is based on the assumption of a decreasing
oil share during LOL and the associated heat transfer of the gear surface to the surrounding
oil-air mixture (cf. Section 3.2). The assumed oil share progression (cf. Equation (16))
resulted in calculated bulk temperatures during LOL that aligned well with gear bulk
temperature measurements from Morhard et al. [6] (cf. Figure 6). As the oil share progres-
sion during LOL was assumed based on temperature measurements from Collenberg [20],
future work could focus on assessing the oil share progression during LOL. This could be
achieved using CFD. However, the simulation effort may be high, as the oil share progres-
sion during LOL is affected by speed and LOL time. With a better understanding of the oil
share progression during LOL, Equation (16) could be adjusted accordingly. Additionally,
a thermal network model could be used to improve calculation accuracy by assessing not
only the heat flow from the gear surface to the surrounding oil-air mixture, but also the
heat flow from the gear bulk to the shafts, bearings, and housing.

The impact of the gear surface and the material on the scuffing safety during LOL is
considered by the material factor apyt (cf. Section 3.3). The coated variant CO3 avoided
scuffing during LOL tests but showed coating wear [7,8]. Even though scuffing was avoided
for the LOL time considered, continuous wear over lifetime and, in consequence, a resulting
scuffing event during LOL, are not considered in the calculation method. The remarkable
scuffing safety increase for the variant CO3 should therefore be understood as a measure
with high potential, but it has to be ensured that the coating does not wear out under
design conditions.

6. Conclusions

This study proposes a calculation method for determining the scuffing safety of
cylindrical gears facing loss of lubrication. The related factors were developed and inte-
grated into the scuffing safety calculation of the integral temperature method according to
ISO/TS 6336-21. The results were validated using the loss of lubrication test results from
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Morhard et al. [6-8]. A calculation study was conducted to assess the factors influencing
loss of lubrication performance. The following conclusions can be drawn:

e  The oil share during loss of lubrication should be kept at the highest possible level
by taking constructive measures, as this increases the heat transfer and reduces
bulk temperatures.

e  DLC coatings offer the greatest potential for avoiding scuffing during loss of lubrica-
tion. However, the coating’s durability under design conditions must be ensured.

o  Alow-loss gear geometry is a promising solution for significantly improving the loss
of lubrication performance, as sliding speeds are considerably reduced and scuffing
safety is increased.

e  The oil type can significantly influence the loss of lubrication performance when low
friction is enabled. The viscosity itself has a subordinate influence.

e  (Oil additives can significantly increase loss of lubrication performance due to increased
scuffing temperatures.

e A speed range of approx. 8 < vic < 40 m/s should be avoided, as the measures
presented were unable to prevent a rapid decrease in scuffing safety within this
speed range.

The proposed calculation method for cylindrical gears facing loss of lubrication can
be used at an early design stage to evaluate the scuffing safety and to assess measures
to improve the loss of lubrication performance. To improve the accuracy of the method,
the oil share of the surrounding fluid flow and its impact on lubricant film formation
during LOL should be better understood. CFD could be a suitable tool for this purpose.
Additionally, the model could be validated for additional loads, gear geometries, lubricant
types, and viscosities.
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Nomenclature
a Center distance mm
AMat Material factor for loss of lubrication -

Material factor for loss of lubrication for case-hardened

aMat,REF -
ground gears
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Material factor for loss of lubrication for superfinished

aMat,SUF gears -

aMat,CO3 Material factor for loss of lubrication for coated gears -

aMat,NIT Material factor for loss of lubrication for nitrided gears -

ap Load factor for loss of lubrication -

ay Speed factor for loss of lubrication -

A Starting point of meshing -

b Face width mm

boi Factor for oil share decrease during LOL -

B Starting point of single tooth contact on driving gear -

C Pitch point -

Ca Tip relief pm

Cg Gradient of the scuffing temperature K/ps

G Weighting factor -

da1/2 Tip diameter pinion/wheel mm

dp1/2 Base diameter pinion/wheel mm

dyw1/2 Pitch diameter pinion/wheel mm

D End point of single tooth contact point on driving gear -

E End point of meshing -

Fpt Tangential force at the base circle N

Fp; Active surface of pinion mm?

Fy The tooth flank surface determining the heat transfer mm?

Fwe Active surface of wheel mm?

h¢ Heat transfer coefficient keal/(mm? s grd)

hmix Heat transfer coefficient of oil air mixture W/ (m? K)

hpmix LOL Heat transfer coefficient of oil air mixture during LOL W/(m? K)

Hyq, (Local) geometric tooth power loss factor -

i Transmission ratio -

Kgy Helical load factor -

mp Normal module mm

pPc Hertzian pressure at the pitch point C N/mm?

PHm Mean Hertzian pressure kp/mm?

Pin Input power 4

Prgp Load-dependent gear power loss Z\f/étic’jzlifgfe(r)r[;llg ]}; roach

Pr Prantl number -

Q Amount of lubricant (Volume flow rate) L/min
Factor for heat transfer to the lubricant at the tooth flank
surface and the face side i

rc Radius of pitch point C (wheel) m

Ra Arithmetic mean flank roughness pm

Re Reynolds number -

Sp Scuffing safety factor (ISO/TS 6336-20) -

Sp 1oL Scuffing safety factor for loss of lubrication based on i

’ ISO/TS 6336-20

Sints Scuffing safety factor (ISO/TS 6336-21) -
Scuffing safety factor for loss of lubrication based on

SSLOL 150,/TS 6336-21 ’

SRef Mean scuffing safety of the reference -

Svar Mean scuffing safety of variant -

Srel Relative scuffing safety -

Sret 1 ViC Relative scuffing safety for discrete speeds vic -

tc Contact time us

tk Contact time at the minimum of the scuffing speed curve  ps
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Tin Input torque
Trgp Load-dependent gear torque loss
Load-dependent gear torque loss during loss of
Tieero | 4 i
ubrication
/T, Contact points of tangent (lines of engagement) at
base circle
v Reference line velocity
Vgm Mean sliding speed over the path of contact
Vi C Circumferential speed at the pitch point C
vy C Sum speed at the pitch point C
Wt Transverse unit load (ISO 6336-20)/
Specific tooth load (ISO 6336-21)
X1/2 Profile shift coefficient
Xi Factor for the transmission ratio i
Xp Factor for face width
XBE Geometry factor at pinion tooth tip
Xca Tip relief factor
Xg Run-in factor
Xg Geometry factor
Xj Approach factor
XL Lubricant factor
XroL Loss of lubrication factor
XM Thermo-elastic factor (ISO 6336-20)/
Themal flash factor (ISO 6336-21)
Xo Factor for the amount of oil/
Approach factor (ISO 6336-21)
Xt Factor considering the oil temperature (=1 for 90 °C)
XWrelT Relative welding factor
Xup Pressure angle ratio factor
Xr Load sharing factor
Xe Contact ratio factor
Z1/2 number of teeth pinion/wheel
Greek Symbols
On Pressure angle
X0il Volumetric share of oil
Xl Ref Reference volumetric share of oil
ooilvar/2  Volumetric share of oil of variant 1/2
Cep Working pressure angle
B Helix angle
Bg Helix angle at base circle
€1/2 Addendum contact ratio of the pinion/wheel
Ex Transverse contact ratio
R Overlap ratio
m Dynamic viscosity
Dbmax Maximum contact temperature
BbmaxLoL Maximum contact temperature for loss of lubrication
A Flash temperature
1,101 Flash temperature for loss of lubrication
Dtlaint Mean flash temperature
Vfaint Lol  Mean flash temperature for loss of lubrication

m/s
m/s
m/s
m/s
N/mm
N/mm
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Flash temperature at pinion tooth tip when load sharing

Vriar is neglected K
s Flash temperature for loss of lubrication at pinion tooth

flaE,LOL tip when load sharing is neglected
Dfimax Maximum flash temperature K
Yimax oL Maximum flash temperature for loss of lubrication K
Bint Integral temperature °C
Vint LOL Integral temperature for loss of lubrication °C
ints Scuffing integral temperature °C
g Scuffing temperature °C
dsc Constant scuffing temperature at long contact times °C
M Bulk temperature °C
M LOL Bulk temperature during LOL °C
doil Oil injection temperature °C
Dover Overtemperatuer °C
A Thermal conductivity W/(mK)
Umz Mean gear coefficient of friction -
UmZ,LOL Mean gear coefficient of friction during loss of lubrication -
v Kinematic viscosity mm? /s
PredC Relative curvature at the pitch point mm
P Density kg/m3
Qavr Physical properties of an averaged oil/air fluid flow -

Physical properties of an averaged oil/air fluid flow

PaviLOL during loss of lubrication i
@oil/air Physical properties of oil/air -
Abbreviations
A FZG test gear geometry “A”
CFD Computational fluid dynamics
Chodror.  FZG test gear geometry “Cpoq, 101"
eLL FZG test gear geometry “extreme Low Loss”
EP Extreme pressure
IL Injection lubrication
ISOVG46 Oil “ISO VG 46”
LOL Loss of lubrication
LS Load stage
SLS Scuffing load stage
Appendix A

Table A1 lists the FZG test gear geometry parameters that were investigated within

this study.

Table Al. FZG test gear geometry parameters.

Test Gear Geometry Cmod,LoL [6] A [52] eLL [55]
Pinion Wheel Pinion Wheel Pinion Wheel
Number of teeth 16 24 16 24 39 52
Normal module m, in mm 4.5 4.5 1.81
Pressure angle o, in © 20 20 36
Helix angle 3 in ° - - 25

Transverse contact ratio € 1.436 1.361 0.65
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Table A1. Cont.
Test Gear Geometry Crmod,LoL [6] A [52] eLL [55]
Overlap ratio eg - - 2.08
Face width b in mm 14 20 28
Center distance a in mm 91.5 91.5 91.5
Tip diameter d,q /2 82.45 11835  88.77 112.5 80.6 106.5
Profile shift coefficient x; /» 0.182 0.171 0.853 -0.5 0.183 0.168
Tip relief C, in pm 35 35 - - - -
Geometric tooth power loss
factor Hy for LS7 0.195 0.302 0.066
Arithmetic mean flank 0.29 0.29 0.29

roughness Ra in um

Figure A1l shows geometry plots of the considered FZG test gear geometries of type

CmodLoL, A, and eLL.

Figure Al. Geometry plots of the considered FZG test gear of type (a) Cpyoq LoL; (b) A; (c) eLL.

The FZG test gear of type Cp,oq 101 features a well-balanced gear geometry, leading to

an equally distributed sliding speed along the path of contact. The FZG test gear of type A
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features a pronounced profile shift, leading to a low sliding speed at the beginning of contact
A and a high sliding speed at the end of contact E. The FZG test gear of type eLL features
a low-loss geometry with small teeth and low sliding speeds. In lubricated conditions,
the FZG test gear geometry of type eLL has shown strongly reduced load-dependent gear
power loss Py cp [55].

Appendix B
Table A2 lists the lubricants that were investigated within this study.

Table A2. Lubricants considered in this study.

AeroShell500 HALO0157 Mobil AGL

oil IS0 VG 46 [6,58] [59] [60]

v(40 °C) in mm? /s 46.0 23.0 52.8 68.0

v(100 °C) in mm?/s 7.0 5.2 8.9 10.9

0(15 °C) in kg/m3 860 1005 986 857

n(90 °C) in mPas 7.2 6.0 10.4 11.1

Lubricant factor X, 1.0 0.8 0.8 0.8
Appendix C

Table A3 lists the FZG load stages and their corresponding torques.

Table A3. FZG load stages and their corresponding torques according to [52].

Load Stage Torque (Pinion) in Nm
5 94.1
7 183.4
9 302.0
11 450.1

Appendix D

Seitzinger [31] used the heat transfer coefficient h. to estimate the mean surface
temperature d)s via the oil temperature 9; and an over temperature doyer. Besides he,
Yover results from the load-dependent gear power loss Py cp, the factor for heat transfer
of the gears to the oil q, and the tooth flank surface related to heat input Fyy. The mean
surface temperature dys results as:

Bms = Boir + Bover = Boir + qZ;L;ZC (A1)
with
q= (1 + a~vt,3(;0-205(@.xg> Xp-Xs. (A2)
Xq considers the amount of lubricant Q in comparison to the face width b:

Q

Q [ Q
=1. =>01—— =10-= = .
X0 1.0 for b Olmm~min and Xo =10 p for 2 <01 (A3)

mm-min’
Xp depicts the influence of the face width b:
Xy =14 2.8-1072-(20 mm — b)2 for b <20 mm and X = 1for b > 20 mm. (A4)

Xg considers the lubrication method and equals one for injection lubrication.
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The tooth flank surface determining the heat transfer Fyy can be derived from the
active surface areas of pinion Fp; and wheel Fy,. With increasing transmission ratio i, the
teeth of the slower turning wheel cool down more until they mesh again than the teeth of
the faster turning pinion. This is considered by the factor for the transmission ratio x;:

Fw = Fp; + %, including (A5)
1
TT-dy b€ . 7T-c0s(Rgp)

Fp; = —wl ™7 [ ZOAEsb) gy — ], A6
Pi cos (ﬁg) Sln(“sb) + Z (81 82) (A6)

T0dyp-b-eq [ . 7T-c0s(Rgp) ]
Fpye = w27 %e, TP ey —g1) ], A7
We cos (ﬁg) Sln(‘xsb) + Z (82 81) ( )
x; =1+0.11-(i— 1.0)% and (A8)

dp _ dpp

COS gy = = —. A9
sb dwl dzuZ ( )

The heat transfer coefficient h. in Equation (10) was determined based on temperature
measurements from Lechner [23] under consideration of the mean sliding speed over the
path of contact vgm, the mean Hertzian pressure pym, and the factor Xt considering the oil
temperature to:

he = 1.85 x 10~7-Xp- (%”)035- (%)M. (A10)

Appendix E

Appendix E compares the derived scuffing safeties during LOL based on the adapted
flash temperature method according to ISO/TS 6336-20 and the adapted integral tempera-
ture method according to ISO/TS 6336-21. The adapted integral temperature method is
presented in Section 3.4. The following calculation equations show the calculation of the
adapted scuffing safety factor for LOL Sg1or..

9s — Op;

SproL = 20— (A11)

Opmax,LoL — Doil
8 = Bs (A12)

according to Collenberg [20] (cf. Equation (26))
Opmax,cor = OmLor + Ofimax,LoL (A13)
O fimax,LoL = max (ﬁfz,LOL> (A14)
075 012

pror = pmz,ror Xm- Xy X (Xr-wp) ™ ~ga5 (A15)

The scuffing safety factor during LOL Sg1 0 is derived by the scuffing temperature
Vs, being the contact temperature, at which scuffing is likely to occur, compared it to the
maximum contact temperature during LOL pax 101, both under consideration of the oil
temperature 9p;;.

The scuffing temperature s is calculated based on the contact-time-dependent scuff-
ing temperature from Collenberg [20], respectively, ISO/TS 6336-20/21 [9,25] (cf. 3.4,
Equation (26)).

Ybmax,LOL consists of the bulk temperature during LOL 9y 101, (cf. Equation (13)) in-
creased by the maximum value of the flash temperature during LOL 9gax 1 o1 (cf. Equation
(A14)). The flash temperature during LOL 9g 1 o1, consists of the mean gear coefficient of



Lubricants 2025, 13, 484

29 of 32

References

friction during LOL ppz 1o (cf. Equation (3)), the thermo-elastic factor Xy, the approach
factor Xj, the geometry factor Xg, the load sharing factor Xr, the transverse unit load wg,
the pitch line velocity v¢, and the center distance a.

The adapted flash temperature method based on ISO/TS 6336-20 [25] and the adapted
integral temperature method based on ISO/TS 6336-21 [9] are compared via the FZG test
gears of type Cpoq 0L and type A (cf. Table Al and Figure Ala,b). The geometries of the
FZG test gears of type Cpoq 1oL and A are described in Section 4.3.

Figure A2a shows the scuffing safeties for the FZG test gears of type Cy,oq 101 and
Figure A2b shows the scuffing safeties for the FZG test gears of type A, both calculated with
the adapted scuffing safety calculation methods based on the flash temperature method
(ISO/TS 6336-20) [25] and the integral temperature method (ISO/TS 6336-21) [9].

FZG test gear of type CmodroL FZG test gear of type A
300 jr— . — . . . 300 — . . —
Safety Siysor < 1.0 Safety Syyson< 1.0 f——_
w 200 | _-180/TS 6336-20 | w 20041 | |- 150/TS 6336-20
. ISO/TS 6336-21 E_] ISO/TS 6336-21
Q
21001 |
\
Safety Sysi01> 1.0 0 ! Safety Sisor>1.0
183 20 30 40 52 66 80 90 100 183 20 30 40 52 66 80 90 100
Vic in m/s Vic inm/s
(a) (b)

Figure A2. Calculated scuffing safeties based on the flash temperature method (ISO/TS 6336-20) [25]
and the integral temperature method (ISO/TS 6336-21 [9]) for (a) FZG test gear of type Cpoq10L;
(b) FZG test gear of type A for LS7, oil AeroShell 500, 8p; = 90 °C, and surface and material
variant REE

For the FZG test gear of type Cyoq,L0L, the difference in scuffing safeties based on
ISO/TS 6336-20 [25] and ISO/TS 6336-21 [9] is marginal. The scuffing safeties based on
the integral temperature method (ISO/TS 6336-21) [9] show slightly lower scuffing safeties
and Sins 1oL < 1.0 is reached at slightly earlier LOL times ty 0.

For the FZG test gear of type A, the adapted integral temperature method according
to ISO/TS 6336-21 [9] calculates lower scuffing safeties. This can be explained by the mean
flash temperature dqaini- faint i based on the flash temperature in the mesh point E, which
is, for the same operating condition, much higher for the test gear of type A than for type
Cimod,LOL, as the sliding speed in the mesh point E is higher. The scuffing safety calculation
based on the integral temperature method (ISO/TS 6336-21) [9] is more sensitive for gears
with an uneven distribution of sliding speed along the path of contact.

The calculation method based on ISO/TS 6336-21 shows a scuffing safety Sinisror < 1
for LS7 and vic = 8.3 m/s at a LOL time of 0 s (cf. Figure A2b). This corresponds well
with the scuffing test result according to the FZG scuffing test A/8.3/90 [52] which showed
scuffing at LS7 with the FZG test gear of type A and the considered oil AeroShell 500 [6].
Due to a better agreement with the scuffing test, the integral temperature method according
to ISO/TS 6336-21 is used for the validation in Section 3.5 and the calculation study
presented in Section 4.
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