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Abstract

Lubricants have a large influence on gear friction and therefore on gearbox losses and heat balance. Synthetic oils can exhibit
significantly lower gear friction than mineral oils. Recent basic research on water-containing gear fluids has demonstrated
superlubricity in highly-loaded elastohydrodynamically lubricated (EHL) contacts. Following up these results, the potential
of water-containing gear fluids to improve the efficiency and heat balance of gearboxes was investigated. Experimental
results from an efficiency gear test rig demonstrate significant lower load-dependent gear losses compared to mineral and
polyalphaolefine oils. The mean coefficient of friction for a wide range of operating conditions is clearly smaller than 0.01,
which is referred to as superlubricity.

Minimierung der Verzahnungsreibung mit wasserhaltigen Getriebefluiden

Zusammenfassung

Schmierstoffe haben einen grofen Einfluss auf die Reibung im Zahnkontakt und somit auf die Getriebeverluste und
den Wirmehaushalt. Synthetische Schmierstoffe konnen im Vergleich zu Mineral6len eine deutlich niedrigere Verzah-
nungsreibung ermdéglichen. Grundlagenuntersuchungen mit wasserhaltigen Getriebefluiden zeigen Supraschmierung im
hochbelasteten elastohydrodynamischen (EHD) Kontakt. Auf Basis dieser Ergebnisse wurde das Potential wasserhalti-
ger Getriebefluide zur Verbesserung des Wirkungsgrades und Wiarmehaushaltes von Getrieben untersucht. Experimentelle
Untersuchungen am Zahnrad-Wirkungsgradpriifstand zeigen im Vergleich zu Mineral6len und Polyalphaolefinen deutlich
niedrigere lastabhéngige Verzahnungsverluste. Fiir einen Grofteil der betrachteten Betriebsbedingungen sind die mittleren
Verzahnungsreibungszahlen kleiner als 0,01, was den Bereich der Supraschmierung kennzeichnet.

Abbreviations Ra Arithmetic mean roughness [um]

A Begin of contact [-] t Time [Min]

b Face width [Mm] T Torque [Nm]

C Pitch point [-] V, Sliding velocity [m/s]

C Tip relief [um] Vv, Pitch line velocity [m/s]

E End of contact [-] z Number of teeth [—]

Fx Normal tooth force [N]

Hvo Local gear loss factor [—] Greek Symbols

M, Normal module [Mm] Ol Normal pressure angle [°]

P Transverse pitch [Mm] B Helix angle [°]

pc Hertzian pressure at the pitch point [Pa] €4 Transverse contact ratio [—]

P Power [W] Om Gear tooth bulk temperature [°C]
Dol Oil temperature [°C]
Wmz Mean coefficient of friction [—]

B4 Mustafa Yilmaz v Oil kinematic viscosity [mm?/s]

yilmaz @fzg. mw.tum.de p Oil density [Kg/m?]
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1 Introduction

Due to the high importance of reducing energy consump-
tion of drive units, a strong emphasis is put on the efficiency
of gearboxes. The power loss of a gearbox includes power
losses from gears, bearings, seals and auxiliaries. A dif-
ferentiation is made between no-load and load-dependent
losses. Lubricant viscosity and density strongly influence
no-load losses such as churning, whereas lubricant base oils
and additives strongly affect friction and therefore load-de-
pendent losses. Power losses are directly related to gearbox
heat balance.

Doleschel [1, 2] and Michaelis et al.[3] developed a stan-
dard procedure for evaluating the gearbox losses and tem-
perature behavior at the FZG gear efficiency test rig. Based
on the test procedure, HinterstoifSer et al. [4, 5] performed
a comprehensive study on various influence factors. They
demonstrated an average reduction of gear friction by 36%
for polyalphaolefine oil and 46% for polyether oil com-
pared to mineral oil across all testing operating conditions.
Ziegltrum et al. [6] verified the experimental results by ther-
mal EHL simulations. Lohner et al. [7, 8] analyzed the in-
fluence of lubricant additives on gear friction at the FZG
gear efficiency test rig and showed very low gear friction
under boundary and mixed lubrication for plastic deforma-
tion (PD) additives. The mode of action of PD additives is
referred to the in-situ decomposition of oil-soluble molyb-
denum dialkyldithiocarbamate (MoDTC) resulting in MoS,,
which acts as a solid lubricant in asperity contacts.

HinterstoiBer et al. [4, 5] also investigated the influence
of superfinished tooth flanks and demonstrated a reduction
of gear friction by 20% compared to ground tooth flanks at
low pitch line velocities. With an additional special run-in
with low viscous oil, the reduction of gear friction was up
to 35%. Petry-Johnson et al. [9] showed similar results,
which were explained by transient EHL simulations by
Li et al. [10]. Lohner et al. [11] showed reduced gear fric-
tion with diamond-like carbon (DLC) coated tooth flanks
under fluid film lubrication by up to 40% especially at high
contact pressures and pitch line velocities. In this context,
Ziegltrum et al. [12] conducted thermal EHL simulations
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explaining the reduction of friction by thermal insulation
effects of DLC surfaces resulting in higher contact temper-
atures, lower effective viscosity and thus lower shear stress.

Hinterstoi3er et al. [4, 5] and Moss et al. [13] investi-
gated the influence of the oil level under dip lubrication
and found lower gear friction for lower oil levels. Hence,
additionally to the reduction of no-load losses, also gear
friction was reduced due to higher gear bulk temperatures.
Andersson et al. [14] showed a reduction of no-load losses
for injection lubrication in comparison to dip lubrication es-
pecially at high velocities. Hohn et al. [15] confirmed these
results and pointed out that injection lubrication with mini-
mum quantities can result in low load carrying capacity due
to thermal load limits.

Water-containing and water-based fluids have shown
a large potential for achieving ultra-low friction with coef-
ficients of friction smaller than 0.01 commonly referred to
as superlubricity (Hirano et al. [16]). A water-based fluid
can be referred to as liquid solution of water as base oil and
additives (Sagraloff et al. [17]), whereas a water-containing
fluid can be referred to a water-soluble base oil with sig-
nificant water content. The origin of ultra-low friction for
water-based fluids usually refers to the very low pressure-
viscosity coefficient resulting in low contact viscosity and
shear stress (Martin et al. [18]). For pure water a pressure-
viscosity coefficient of 0 1/GPa is reported (Gohar [19]).
In contrast, regarding water-containing fluids, an effective
zone of a water shear layer formed in the lubricant film of
the EHL contact is stated as the source of ultra-low friction
(Li et al. [20], Li et al. [21], Wang et al. [22], Chen et al.
[23]).

In a study preliminary to the present study, the authors
investigated the film formation and frictional behavior of
highly-loaded EHL contacts with water-containing gear flu-
ids in fluid film lubrication regime (Yilmaz et al. [24]).
Measurements at the optical EHL tribometer showed good
lubricant film formation of the considered water-containing
gear fluids due to their high pressure-viscosity coefficient
and density. The pressure-viscosity coefficient was found to
be in the order of 6 1/GPa. Measurements at the twin-disk
test rig showed ultra-low friction in superlubricity regime
for all considered operating conditions.

The literature and the preliminary study by the authors
indicate the large potential of water-containing fluids in
significantly reducing gear friction and improving the ef-
ficiency and heat balance of gearboxes. Their potential is
evaluated in this study by investigating the gearbox losses
and temperature behavior with water-containing gear fluids
at a gear efficiency test rig.
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Fig. 1 Mechanical layout of the
FZG efficiency test rig according
to Lohner [25]

test gear

test wheel
test pinion

2 Experimental setup

This section describes the experimental setup of the con-
sidered gear efficiency test rig as well as the test gears,
operating conditions and lubricants.

2.1 Testrig

Experiments at a FZG efficiency test rig are conducted to in-
vestigate the gearbox losses and temperature behavior with
water-containing gear fluids. Fig. 1 shows the mechanical
layout of the test rig in back-to-back configuration with
a center distance of 91.5mm.

Only the main features of the test rig are described based
on the description and wording of Lohner et al. [7]. For
more details, the reader may refer to Hinterstoifler [5] and
Lohner [25]. The FZG efficiency test rig is based on the
principle of power circulation. The transmitted load torque
is applied by a load clutch and measured by a load torque
meter. The total loss torque is measured by a loss torque
meter shaft mounted between the electric motor and the
wheel shaft of the power circle. The load and loss torque
are measured in addition to the shaft speeds, the oil sump
temperature and the pinion bulk temperature. All pinion and
gear shafts are supported by cylindrical roller bearings of
type NU406 and NJ406 made of ceramic cylindrical rollers,
cronidur© races and a polyether ether ketone (PEEK) cage
to avoid incompabilities with the water-containing lubri-
cants. Radial shaft seals made of Viton are used. The vents
of the test gearboxes are replaced by transparent pressure
vessels in order to prevent evaporation of water and to mon-
itor possible evaporation of water for operating conditions
at high oil temperatures. Note that no obvious vaporization
of water from the water-containing gear fluids was observed
even for test runs at ¥oi=90°C.

The total loss P, of the power circle consists of the load-
dependent gear loss Pigp, the no-load gear loss Pigo, the

load torque
meter

loss torque
meter

electric engine
inertia

slave gear box

load clutch (2" test gear set)

load-dependent bearing loss Ppgp, the no-load bearing loss
Pigo and the sealing loss Pys:

Pr =Prgp +Prgo + Prep + PLpo + Pis (D

When applying only a negligible load torque to the load
clutch in the power circle, the measured total loss P cor-
responds to the sum of the no-load losses. The load-depen-
dent bearing loss Pgp can be either calculated or measured
at a bearing test rig. In this study, the bearing losses are
explicitly measured at the FZG bearing power loss test rig
(Jurkschat et al. [26]) to improve measurement accuracy.
Hence, the load-dependent gear loss Prcp can be determined
by subtracting the sum of the no-load losses and the load-
dependent bearing loss Py gp from the measured total loss Pi..
Since the test gearboxes have the same gear pairs, the mea-
sured loss can be approximately halved in order to derive
the load-dependent gear loss of one gearbox.

The load-dependent gear loss Pigp is the integral of the
local distribution of the gear power loss along the path
of contact. The influence of gear geometry is expressed by
anumerically calculated local gear loss factor Hy;, (Wimmer
[27]). Since the distribution of the coefficient of friction
along the path of contact is unknown, a mean coefficient of

Table1 Main gear parameters of FZG type Cmod gear

Pinion Wheel
Number of teeth z1, z2 16 24
Normal module m, in mm 4.5
Pressure angle oy in ° 20
Helix angle 3 in ° 0
Transverse contact ratio €q 1.436
Face width b in mm 14
Tip relief C, in pm 35
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Fig.2  Experimental approach at the FZG efficiency test rig

(0: t=5min, x: t=30min, @: t=300min)

friction W, is defined. Hence, the load-dependent gear loss
PLgp can be written as

1 (. o
Prgp = p_/ Fn (V) -1 (¥)-vg () dY = oy -Hye - Py (2)
et A

where Py, is the transmitted power in the power circle.
2.2 Testgears

All experiments were conducted with FZG type Cmoa gears
with a tip relief of C,=35um on pinion and wheel. The
most important gear parameters are illustrated in Table 1.
The gears are made of case-carburized steel 16MnCrSE
(AISI 5115) with a surface hardness of 750 HV1 and
case-hardening depth of CHDssouvi=0.8—1.0mm. All gear
flanks are ground and superfinished to an arithmetic mean
roughness of Ra=0.14+0.03um. For surface roughness
measurements, the profile method is used with a mea-
surement length of Li=4mm and a cut-off wavelength of
Ac=0.08 mm. The roughness measurements are performed
in involute direction perpendicular to the grinding direc-
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Table2 Load stages, torques and Hertzian pressures at the FZG effi-
ciency test rig

Load Pinion torque Wheel torque Hertzian pressure
stage T in Nm T, in Nm pc in N/mm?

KS

0 No-load No-load No-load

5 94.1 141.2 962.0

7 183.4 275.1 1343.0

9 302.0 453.0 1723.0

tion. The local gear loss factors Hy., in Eq. 2 are 0.165 for
a pinion torque of T1=94.1Nm, 0.168 for T,;=183.4Nm
and 0.174 for T,=302.0Nm.

2.3 Operating conditions

Fig. 2 shows the experimental approach at the FZG effi-
ciency test rig, which is similar to the standard test by Do-
leschel [1, 2]. In terms of the operating conditions, the only
difference is in the oil temperature, which is varied between
Yo1=40 and 90 °C instead of 40 and 120 °C. Furthermore,
the approach is rearranged from no-load to high load spec-
ified by the load stages KSO, KS5, KS7 and KS9. Table 2
relates the pinion torque T;, wheel torque T, and Hertzian
pressure at the pitch point pc to the load stages. A load-
adjusted run-in at a low pitch line velocity of v,=0.5m/s
and an oil temperature of ¥, =60 °C was performed before
each load stage for 30 min.

All experiments were conducted under dip lubrication
with an oil filling level of 76 mm (20mm below the gear
axes) at 40°C. Hence, both pinion and wheel immerged
with over full tooth height. The oil sump of the test gear-
boxes was cooled and heated in order to control the oil
sump temperature Joj.

No-load (KS0) conditions were investigated for all con-
sidered oil temperatures of Uon= {40, 60, 90} °C and pitch
line velocities of v,={0.5, 2.0, 8.3, 20.0} m/s. The influence
of load (KS5, KS7, KS9) was investigated at 9oi= 60 °C, the
influence of oil temperature (40 °C, 60°C, 90 °C) was inves-
tigated at KS7 for all pitch line velocities. The lubrication
regimes extended from boundary to mixed and fluid film
lubrication. Each operating condition was hold for 5 min to
allow quasi-stationary conditions. Additionally, the steady-
state temperature was evaluated for 300min at KS7 and
vi=8.3m/s without cooling or heating of the gearboxes.

For each lubricant, new gear pairs were used in order to
avoid cross-influences of tribofilms. All experiments were
repeated once. In Sect. 3, average values of the two test
runs are shown. Error bars in bar charts indicate the result
of test run one and two.
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Table 3 Properﬂes of investi- Conventional gear oils Water-containing gear fluids
gated lubricants
MIN-10 PAO-09 PAO-05 PAGW-09 PAGW-05A PAGW-05B
v (40°C) in mm?/s 94.1 50.2 20.4 45.7 23.6 229
v (100°C) in mm?/s 10.6 9.0 5.0 9.2 53 4.8
Viscosity index VI 95 165 185 189 167 135
p (15°C) in kg/m? 884.5 850.0 840.0 1115.0 1109.0 1097.0
Fig.3 Viscosity temperature » 10° ¢ 10° ¢
behavior of the investigated lu- ~ 104 104 b
bricants according to DIN 51563 € 3 X 3
€10} g 10
£ c
S 102 \ =102 | \
S 3
o 10 f|——MIN-10 g 10 | |=——=MIN-10
> = PAO-09 'S = PAO-09
g2 57 PAO-05 o 57 PAO-05
© — PAGW-09 £ = PAGW-09
QE, = PAGW-05A g = PAGW-05A
c PAGW-05B > PAGW-05B
(> ] (a]

2 L L L ' L L )
40 -20 0 20 40 60 80100 140
Temperature 4 in °C

2.4 Lubricants

The considered lubricants were the same as used in prelim-
inary basic study of the authors (Yilmaz et al. [24]). Three
water-containing gear fluids were compared with conven-
tional gear oils. Table 3 shows the corresponding kinematic
viscosities and densities. The low viscosity levels of the
considered lubricants mainly relates to applications in the
automotive sector. The mineral oil MIN-10 is specified by
Laukotka [28] and used as link to the results of Hinter-
stoier [5]. The polyalphaolefine oils PAO-09 and PAO-
05 have the same base oil with typical gear oil additives
incorporated. Its kinematic viscosity levels are specified
at 100°C and differ strongly. The water-containing fluids
PAGW-09, PAGW-05A and PAGW-05B are based on wa-
ter-soluble polyalkylenglycols with water contents up to
70%. Note that the given kinematic viscosities at 100 °C are
approximated. PAGW-09 and PAGW-05A have the same
additives incorporated but have different kinematic viscosi-
ties, which are similar to PAO-09 and PAO-05. PAGW-05B
has the same kinematic viscosity as PAGW-05A but differ-
ent additives are incorporated. The densities of the water-
containing gear fluids are approximately 30% higher than
those of conventional gear oils.

Fig. 3 illustrates the kinematic and dynamic viscosity
over temperature according to DIN 51563 [29]. The vari-
ous viscosity levels and indices are recognizable. Since the
dynamic viscosity includes the influence of the lubricant

2 i L ' ' L L ' )
40 -20 0 20 40 60 80100 140
Temperature 4 in °C

density, the higher density of the water-containing gear flu-
ids comes into effect.

3 Results and discussion

This section presents and discusses loss torques, mean co-
efficients of friction, steady-state excess temperatures, and
tooth flank conditions.

3.1 Loss torques

Fig. 4 shows for all considered lubricants exemplarily the
measured no-load losses Tro and total losses T at KS7
as well as derived load-dependent losses Tip at KS7 over
the pitch line velocity v, for 9oi=60°C. Additionally, the
measured pinion bulk temperature 9y is shown for KS7.

3.1.1 No-load losses T\,

The no-load loss curves in Fig. 4 show a steadily increas-
ing trend for all lubricants. This is mainly due to increasing
churning losses in the dip-lubricated test gearboxes. The
influence of the lubricant on the no-load losses is primarily
reflected by its kinematic viscosity and density. The dy-
namic viscosity as ratio of shear stress and shear rate may
be a combined measure.

The differences between the conventional gear oils MIN-
10, PAO-09 and PAO-05 are small. In accordance with their

@ Springer
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Fig.4 Measured no-load losses 107
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viscosities in Table 3, the highest no-load losses are mea-
sured with MIN-10 and the lowest with PAO-05. All of the
water-containing gear fluids PAGW-09, PAGW-05A and
PAGW-05B feature higher no-load losses than the conven-
tional gear oils. This refers to the higher density of approxi-
mately 30%. A classification according to the dynamic vis-
cosities is not possible. PAGW-09, which has the highest
viscosity of the water-containing gear fluids, has the high-
est no-load losses at low and medium pitch line velocities.
The lower viscous water-containing gear fluids PAGW-05A
and PAGW-05B show the same no-load losses, which are
smaller than for PAGW-09 at low and medium pitch line ve-
locities and higher at v(=20m/s. The latter may be related
to the formation of an empty air space around the gear in
the oil sump, which is influenced by the pitch line velocity
and lubricant.

3.1.2 Total losses T,
The total loss curves in Fig. 4 consist of the no-load losses

and the load-dependent losses. The general trends of the
total loss curves are similar within the group of conven-
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Pitch line velocity v, in m/s

tional gear oils (MIN-10, PAO-09, PAO-05) and within the
group of water-containing gear fluids (PAGW-09, PAGW-
05A, PAGW-05B). The levels of total losses are remarkably
different depending on the pitch line velocity v.. At low val-
ues of v, the water-containing gear fluids show remarkably
lower total losses than the conventional gear oils. With in-
creasing values of v,, the total losses of the water-containing
gear fluids and the conventional gear oils approach and be-
come almost equal at v;=20m/s. This is influenced by the
higher no-load losses of the water-containing gear fluids. To
understand the behavior of the total loss curves, the load-
dependent loss curves are discussed in the following.

3.1.3 Load-dependent losses T;p

The load-dependent loss curves in Fig. 4 are obtained by
subtracting the measured no-load losses from the measured
total losses. The trend of the load-dependent loss curves
is dominated by the lubrication regime, which gradually
changes from boundary to mixed and fluid film lubrication
with increasing pitch line velocity v.. In boundary lubrica-
tion at low values of v,, the influence of lubricant additives
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Fig.5 Influence of pitch line 10
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Fig.8 Mean gear coefficients
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on load-dependent losses is high. In fluid film lubrication at
high values of v,, the influence of the base oil is high. Since
the load-dependent losses still contain load-dependent gear
and bearing losses, details on lubrication regimes and gear
friction will be discussed in more detail by means of the
mean coefficient of friction in Sect. 3.2.

Regarding the conventional gear oils MIN-10, PAO-
09 and PAO-05, the load-dependent loss curves decrease
steadily with an increasing pitch line velocity v.. The min-
eral oil MIN-10 exhibits higher load-dependent losses than
the polyalphaolefine oils PAO-09 and PAO-05, whereas
the lower viscous PAO-05 shows even lower losses than
PAO-09. These findings correlate well with the general
findings of Hinterstoier [5]. At low values of v, the load-
dependent losses decrease strongly with increasing v, be-
cause the lubrication regime transfers from boundary to
mixed lubrication regime. At high values of v, the load-
dependent losses decrease with increasing v due to thermal
effects (Hinterstoifler et al. [4]). The increase of the mea-
sured tooth bulk temperature Uw; with pitch line velocity
in Fig. 4 correlates with the load-dependent losses.

The water-containing gear fluids PAGW-09, PAGW-05A
and PAGW-05B exhibit remarkably low load-dependent
losses compared to the conventional gear oils. The load-
dependent loss curves of the water-containing gear fluids
decrease at low and increase at higher pitch line veloci-
ties vi. PAGW-05A and PAGW-05B, which have a similar
kinematic viscosity, shows almost the same load-dependent
losses. Therefore, the different additives A and B are found
to have no influence. PAGW-09 shows lower load-depen-
dent losses at vi=0.5m/s and higher load-dependent losses
at v={8.3, 20.0} m/s than PAGW-05A and PAGW-05B,
which refers to the higher viscosity of PAGW-09. Ther-
mal effects have almost no influence on the load-dependent
losses, since the increase of the tooth bulk temperature Ow,
with pitch line velocity is very small.

@ Springer

Pitch line velocity v, in m/s

To provide a more complete overview on the influence
of operating conditions and lubricants, Figs. 5, 6 and 7
summarize the no-load losses Ty and the load-dependent
losses Typ in bar charts.

Fig. 5 shows the measured no-load and derived load-
dependent losses for pitch line velocities v={0.5, 2.0, 8.3,
20.0} m/s at KS7 and 90u=60°C. It basically represents
the results in Fig. 4 in bar chart form and clarifies that
for conventional gear oils, the load-dependent losses are
dominant for all pitch line velocities. In contrast, the load-
dependent losses for water-containing gear fluids are very
small, and the no-load losses become dominant for high
pitch line velocities.

Fig. 6 shows the measured no-load and derived load-
dependent losses for load stages KS5, KS7 and KS9 at
vi=28.3m/s and ¥o;=60°C. For all lubricants, the load-de-
pendent losses increase with load. For the conventional gear
oils, the load-dependent losses are much higher and their
relative increase with load is more pronounced than for
the water-containing gear fluids. The no-load losses are in-
dependent of load and take for the conventional gear oils
a much smaller share of the total losses than for the water-
containing gear fluids.

Fig. 7 shows the measured no-load and derived load-de-
pendent losses for oil sump temperatures ;= {40, 60,90} °C
at KS7 and v,=8.3m/s. For all lubricants, the no-load and
load-dependent losses decrease with increasing oil sump
temperatures. Again, the load-dependent losses of the wa-
ter-containing gear oils are very small, particularly for high
oil sump temperatures. While the load-dependent losses are
dominant for the conventional gear oils, the no-load losses
are dominant for the water-containing gear fluids.

3.2 Mean coefficient of friction

Based on the measurement results, the mean coefficients of
friction pm, are derived according to Sect. 2.1. The measured
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bearing losses of all considered lubricants can be found in
Yilmaz et al. [30]. Fig. 8 shows for all considered lubricants
the derived mean coefficients of friction um, over the pitch
line velocity v, for KS7 and KS9 and for ¥0i=60°C.

In general, the total gear friction in lubricated gear con-
tacts is composed of fluid and solid friction. The individual
shares depend on the lubrication regime and load sharing,
i.e., how much of the total load is carried by asperity con-
tacts and by the fluid due to hydrodynamics. The related
solid friction in asperity contacts depends strongly on the
lubricant additives, whereas the hydrodynamic fluid fric-
tion depends mainly on the lubricant base oil. For mineral
oil with typical extreme pressure (EP) additive, the solid
coefficient of friction is found to be higher than the fluid
coefficient of friction (Lohner et al. [31]).

The portions of fluid and solid friction in Fig. 8 depend
on the lubricant film thickness in the gear contact. The lu-
bricant film thickness is small at low pitch line velocities v,
and increases with increasing values of v.. For the consid-
ered gear flank roughness, the lubrication regime changes
gradually from boundary to mixed and fluid film lubrica-
tion. The influence of load on the lubricant film thickness
is small (Mohrenstein-Ertel [32]).

In the study preliminary to the present study, experi-
mental investigations at a twin-disk test rig were performed
(Yilmaz et al. [24]). For fluid film lubrication with polished
surfaces, the measured coefficient of friction was between
0.020 < <0.060 for MIN-10, between 0.015 <u<0.040
for PAO-09 and PAO-05 and p 0.008 for the water-contain-
ing gear fluids PAGW-09, PAGW-05A and PAGW-05B.
For all considered lubricants, a good lubricant film forma-
tion capability was found. At high pitch line velocities v,

where the fluid friction is dominant, the mean coefficients
of friction W, in Fig. 8 show relationships very similar to
those observed at the twin-disk test rig (Yilmaz et al. [24]).

For the conventional gear oils MIN-10, PAO-09 and
PAO-05, the mean coefficient of friction wn, decreases
steadily with increasing pitch line velocity v.. Mainly due
to its higher fluid friction, MIN-10 exhibits higher mean co-
efficients of friction than the polyalphaolefine oils PAO-09
and PAO-05. The influence of the lower viscosity of PAO-
05 compared to PAO-09 is small. These findings correlate
well with general findings of Hinterstoifler [5]. At a low
pitch line velocity of v,=0.5m/s, the higher solid friction
in asperity contacts determines the mean coefficient of
friction. By increasing the pitch line velocity to vi=2.0m/s,
the lower hydrodynamic fluid friction gains influence and
the mean coefficient of friction decreases. At higher pitch
line velocities of v,=8.3m/s and v,=20.0m/s, the mean
coefficient of friction becomes dominated by fluid friction.
Thermal effects due to increasing contact and tooth bulk
temperatures (Fig. 4) result in a reduction of the effective
contact viscosity, which further reduces fluid friction. The
strongest thermal correction of the mean coefficient of
friction is present for MIN-10.

Remarkably low mean coefficients of friction p., are
found for the water-containing gear fluids PAGW-09,
PAGW-05A and PAGW-05B. In fact, the derived mean
coefficients of friction in a wide range of operating con-
ditions are smaller than 0.01, which is categorized as
superlubricity. Its origin for the considered water-contain-
ing gear fluids may refer to an effective zone of a water
shear layer formed in the lubricant films (Chen et al.[23]).
Following an initial decrease at low pitch line velocities,
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all friction curves exhibit a nearly constant mean coefficient
of friction. As for the conventional gear oils, the higher solid
friction in asperity contacts determines the mean coeffi-
cient of friction at the low pitch line velocity of vi=0.5m/s.
Due to the higher viscosity of PAGW-09, the lubricant film
thickness is higher, hence the influence of low fluid friction
on the mean coefficient of friction. The different additives
in PAGW-05A and PAGW-05B show no significant influ-
ence. By increasing the pitch line velocity v;, the ultra-low
fluid friction of the water-containing gear fluids gains im-
portance, and the mean coefficient of friction is kept at the
level of superlubricity. Given that this results in low contact
and tooth bulk temperatures (Fig. 4), thermal effects play
almost no role for the water-containing gear oils.

Fig. 8 shows for the conventional gear oils higher mean
coefficients of friction ., for load stage KS7 compared to
load stage KS9. Almost no difference between load stage
KS7 and KS9 is found for the water-containing gear fluids.

3.3 Steady-state excess temperature

The steady-state excess temperature is measured at KS7
and v,=8.3m/s without cooling or heating the gearboxes
and relates to a stationary condition after a running time of
300min. It is calculated by the difference between the mea-
sured mean oil temperature of the two test gearboxes and
the measured ambient temperature. Fig. 9 shows a compar-
ison of the measured steady-state excess temperatures for
all considered lubricants.

The measured steady-state excess temperatures correlate
with the measured total losses shown in Fig. 4. The water-
containing gear fluids PAGW-09, PAGW-05A and PAGW-
05B exhibit significantly lower steady-state excess temper-
atures than the conventional gear oils MIN-10, PAO-09 and
PAO-05. The lowest steady-state excess temperatures are
measured with PAGW-05A and PAGW-05B. The results
demonstrate the high level of potential for water-contain-
ing gear fluids in improving the heat balance of gearboxes.

3.4 Tooth flank condition

Surface roughness measurements, light microscope pictures
and profile measurements were conducted before and after
the efficiency test runs in order to analyze the tooth flank
conditions. The surface roughness measurements of the su-
perfinished gear flanks showed no significant changes when
compared before and after efficiency testing. No significant
smoothening or roughening of the tooth flanks was found.
Light microscope pictures after efficiency testing showed
only typical light markers and like the profile measurements
no signs of wear.

@ Springer

4 Conclusion

This study investigated the gearbox losses and temperature
behavior with water-containing gear fluids. Significantly
reduced load-dependent losses were measured at the effi-
ciency gear test rig in comparison to conventional gear oils.
The derived mean coefficients of friction exhibited ultra-low
friction with a reduction of up to 82%. Over a wide range of
operating conditions, the mean coefficients of friction are
smaller than 0.01, which is referred to as superlubricity. Al-
most no increase in gear tooth bulk temperature over pitch
line velocity was found. In addition, the measurement of
steady-state excess temperatures clarified the large poten-
tial for water-containing gear fluids in improving gearbox
efficiency and heat balance.
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