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Keeping Your Finger on the

\ Pulse — Optimizing Efficiency

Potentials for improving the efficiency of final drives by systematically employ-
ing special lubricants have been exhausted. For pointed gears, the focus is now

primarily on seals, bearings and gear design.
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Since the opening of pub-
lic discussion about mini-
mum CO, emissions, there

\ Tooth flank surface

Working conditions

have been competing
power concepts, some-
times leading to curious
technical solutions. Inter-
estingly, the CO, budget
of a modern internal com-
bustion engine is superior
to that of a car powered
purely by electricity, if the
entire chain from the pow-
er station to the electric
motor is taken into consid-
eration. Hybrid power has
a better energy budget
only if kinetic braking en-
ergy is converted not into
heat, but into electrical
energy which can later be
used for acceleration. Irre-
spective of possible prefer-
ences for different power concepts, however, one task will al-
ways be to minimize losses in the power train.

The influencing variables for the efficiency of a final drive are
depicted in Fig. 1. They include losses in seals and bearings,
losses due to the lubricant and to meshing, and, in addition,
losses which alter the above variables as a result of operat-
ing conditions.

Efficiency and Losses

Efficiency is defined as the ratio of power output to power input.
The 1 symbol is generally used. The difference between pow-
er input and power output is the total power loss, designated
asP,.

4

Efficiency n-=

Total power loss P,=P, -P

Losses occur at different points in a final drive. They are caused
either by friction or by splashing loss in the lubricant, which con-
vert part of the power into heat, raising the temperature of the
drive. The different components of the loss are referred to as the
load-dependent and load-independent losses. This differentia-
tion allows a clear assignation to the causative parameters.

The total power loss P, may be sub-divided into load-dependent
and load-independent components. The load-dependent com-

ponents consist of:

e |oad-dependent tooth power loss
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Fig. 1: Influences for the efficiency of a final drive
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¢ |oad-dependent bearing power loss
¢ Joad-independent idling power loss

The idling power loss is independent of the load, but its mag-
nitude depends on the rotational speed of the drive. It may be
resolved into the following components:

¢ idling power loss of the bearing
e power loss of the seals

e tooth meshing power loss, e.g. splashing loss in the lu-
bricant

e power loss in sub-assemblies, e.g. oil pumps

Given this classification into different components of power
loss in a final drive, it is possible to examine in detail the
mechanisms of action and the influencing variables. Fig. 2
shows a schematic cross-section through a final drive (the ad-
justing gear is not shown in detail, for reasons of clarity). All
components causing losses are indicated, and will be exam-
ined in detail below.

Seals

Various designs of seal are used, depending on the installed
situation of the drive. On the one hand, the seal must reliably
and sustainably prevent contamination from penetrating the
unit; on the other hand, there must be no loss of lubricant
through the bearing. The two types mainly employed are laby-
rinth glands and radial shaft lip seals.
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The type of seal often used in rail drives is the labyrinth gland
or box. It is a contactless shaft seal which relies for its effect
on long sealing slits. Rings on the shaft alternate with barri-
ers on the fixed part of the housing. The rings are partly de-
signed as slinger rings, so that the lubricant is spun outwards
by means of centrifugal force and diverted into a feedback
channel by the barrier. A labyrinth gland is maintenance- and
wear-free, and has practically no power loss. Because the con-
tactless design provides no absolute seal, it can be used only
for specific applications. It should be noted that the lubricant
level must always remain below the seal when the drive is at
a standstill. This imposes certain requirements on the hous-
ing design and the field of applications. Rail drives are often
fitted with labyrinth seals. Unlike road vehicles, trains do not
tilt to any great extent, so that the oil volume in the housing
is only slightly displaced.

Road vehicle final drives are usually fitted with radial shaft
lip seals. These are firmly seated in the housing, with the lip
running on the surface of the rotating shaft, and is usually
pressed radially on to the shaft surface by a coil spring. Unlike
a labyrinth gland, a shaft lip seal assures virtually perfect seal-
ing. In order to ensure this, the surface of the shaft must meet
tight specifications. As far as efficiency is concerned, a slight
friction of the sealing lip, which also prolongs service life, is
necessary. Special materials made of fluorocarbon rubber ex-
hibit favorable wear behavior and are also resistant to the lu-
bricants employed. The shaft surface must also be as smooth
as possible, to prevent any oil transport through the seal, of
the kind which occurs on turned surfaces due to grooving
structures. In drives which have only a single direction of ro-
tation, a twist surface below the sealing lip may be advanta-
geous, as it returns leaked oil to the unit.

Unlike labyrinth glands, radial shaft lip seals suffer losses in-
dependent of load. The parameters governing the amount of
loss are the speed of rotation, the conditions of sliding friction
between the sealing lip and the shaft and the contact pres-
sure of the sealing lip. Contact pressure, and hence wear, can
be reduced by using a number of radial shaft lip seals. Overall,
a good engineering design of the sealing point can increase
both efficiency and service life.

Bearings

The bearings of a gear system are responsible for holding the
components in position, absorbing and distributing forces
and moments and assuring the rotation of shafts and gears.
These requirements can all be satisfied through high stiffness
in the axial and radial directions, for which reason tapered
roller bearings are employed. By comparison with ball bear-
ings, these require much less space and a smaller bearing dis-
tance for the same load capacity and stiffness.

With tapered roller bearings, two opposed bearings are al-

ways used. The rolling bodies take the form of a truncated
cone. They are tilted in relation to the rolling axis in such a
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way that the cone axes of the outer and inner rings and the
axis of the rolling bodies intersect at a point on the axis of ro-
tation. This enables the tapered rollers to roll without slid-
ing, so that only rolling friction occurs. The bearing clearance
is adjusted by axial preloading of an inner or outer ring. This
preloads the rolling bodies and bushings, and achieves a stiff,
play-free radial and axial support bearing

Past research has shown that a stiff radial-axial bearing has
a positive effect on the total efficiency of a final drive. This
statement remains true as long as one assumes that meshing
conditions would deteriorate significantly if a fixed/movable
bearing were used, due to load-induced displacement in the
gear unit. If, however, the meshing parameters are optimized
for situations of this nature, there is no correlation between
bearing stiffness and the efficiency of the final drive. It is rath-
er the case that bearing-typical frictional losses then become
the dominant factor.

Preloading produces sliding friction between the faces of the
tapered roller bearings and the bearing ring collar. The mag-
nitude of the power loss due to this collar friction depends
on the speed of rotation and the level of preloading, and
therefore possesses a load-dependent and a load-indepen-
dent component.

A ball bearing has smaller friction losses than a tapered roll-
er bearing, but also, unfortunately, much lower stiffnesses. A
number of angular ball bearings are required to absorb high-
er axial and radial forces. The pressure angles are roughly 35
degrees. In a different bearing design, the races are shaped in
such a way that a ball in each case has two points of contact
on the inner and two on the outer ring. This version is known
as a four-point bearing, and can be loaded more heavily in
both the axial and the radial directions than an angular ball
bearing. Idling losses are significantly lower than for tapered
roller bearings, but an angular ball bearing of the same size
has significantly less load capacity.

Although, from the viewpoint of efficiency, a number of fac-
tors favor the use of angular ball bearings, the intended appli-
cation should always be decisive. The collective load on an au-
tomotive final drive has many fewer high load peaks than that
of a heavy-duty utility vehicle. As soon as the high-torque/
low-speed component becomes larger, a tapered roller bear-
ing should be preferred, since the power loss of the bearing is
very low in relation to the power input. A tapered roller bear-
ing is also much less sensitive to contamination. Owing to its
very small contact surface, an angular ball bearing reacts very
sensitively to even the slightest contamination of the lubri-
cant, for example by lapping abrasive.

Lubricant
A gear lubricant reduces friction and wear and protects the

elements of the gear against corrosion. In addition, it dissi-
pates the heat generated by power loss to the housing and
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hence to the surroundings. Final drive lubricants are main-
ly synthetic-based oils. The good aging stability of synthetic
as opposed to mineral oils is supported by low contact fric-
tion. This in turn results in lower oil temperatures and hence
in lower thermal stressing.

There is, however, no simple correlation between oil temper-
ature and meshing efficiency. On the one hand, a higher oil
temperature leads to lower viscosity and lower idling losses.
On the other hand, a limit is set to reductions in viscosity by
the need to protect gear teeth against such forms of dam-
age as wear, scuffing, micro-pitting and pitting. The higher
the load and the lower the circumferential speed, the high-
er should be the viscosity, in order to provide reliable protec-
tion against gear damage. Higher viscosity, however, causes
higher idling losses. The two meshing tooth flanks are, in-
deed, separated by the lubricant, but the excess oil must

be expelled. The higher the viscosity, the more work is
required to expel the same volume. It is, therefore, nec
essary to find a compromise which will combine forma-
tion of an optimum lubricating film with minimum idling
losses, depending on the load and speed profile. A vis-
cosity which is too low to prevent damage can be com-
pensated by additives in the oil which build up protective
films on the tooth flanks. At low rotational speeds and
high loads, it is advisable to use a high-viscosity lubricant,
since at low sliding speeds the thick oil film will set up hy-
drodynamic contact, which also reduces friction.

Apart from the lubricant, the form of lubrication deci-
sively affects efficiency. With the generally used splash
lubrication, the wheel runs in an oil sump.Depending on
its depth of immersion, as measured with the gear at a
standstill, the idling power loss varies due to splashing
losses. In practice, the immersion depth is roughly one-
and-a-half times the face width. The selected immer-

sion depth may vary depending on the size of the
gear housing and the maximum speed of rotation.

A large immersion depth results in better heat
transfer from the tooth flanks to the oil. At the
same time, the speed-dependent idling power
loss due to lubricant splashing increases. An in-
adequate immersion depth causes overheating
of the tooth flanks and hence scuffing damage,
as the cooling effect of the lubricant is too slight.
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Tooth Friction Losses

Losses from the teeth are caused by friction between the mesh-
ing tooth flanks. The tooth friction power loss P, is the product
of the coefficient of friction u, the normal force F,, and the slid-
ing speeds Voa and Vg

P, = J1(CeyF ), (o) V2 v dxdy

These factors are not constants, but locally differing variables.
Strictly speaking, the tooth friction loss must be calculated as
the integral of the local product over the entire tooth flank, de-
scribed by the parameters x and y. The mathematical formula in-
dicates the basic interrelationship. Unfortunately, the variables
are not mutually independent, since in hydrodynamic contact,
for example, the coefficient of friction also depends on the slid-
ing speed and the normal force. This equation cannot, therefore,
be solved without simplifying assumptions.

The coefficient of friction u depends on the lubrication, the sur-
face topography of the tooth flanks and the sliding speed. Since
tooth contact is hydrodynamic, not only the viscosity but, addi-
tionally, the sliding speed and the curvature affect the coefficient
of friction. The normal force F, results from the load distribution
on the flank. It is determined by the design of the ease-off, by
the contact ratio and by the transmitted torque.
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The sliding speed Voa is given by the profile displacement v
divided by the offset. Both components depend additionally on
the speed of rotation of the drive.

A0 A03 BO BO3
Wheel diameter 210 mm
Offset 20 mm
Face width 32 mm

Mean spiral angle 34,8° Pinion, left-hand, 32° Wheel, right-hand

Tool diameter 6 inches

Numbers of teeth 15:45 8:24

Mean normal module mnm = 3,4 mm mnm = 6,4 mm

Profile displacement xh*=0 xh*=0,3 xh*= 0 xh*=0,3

Table 1

Fig. 2: Gears A (top) and B (down)
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Mechanisms of Tooth Friction Losses

The influencing variables for meshing efficiency may be divid-
ed into the three following categories:

e tooth geometry
e operating conditions
¢ lubricant parameters

The main influence comes from the tooth geometry. The greater
the offset, the higher the sliding speed v_, in the tooth length-
wise direction. The profile displacement influences the sliding
speed Vig in the profile direction. To improve efficiency, it is ad-
visable to keep both variables as low as possible, remembering
that the selected profile displacement must guarantee freedom
from undercut and that pointed tooth tips on the pinion must be
avoided. A similar statement may be made for roughness on the
tooth flank. It must be kept as low as possible, so that hydrody-
namic flank contact is preserved even at low rotational speeds
and correspondingly low lubricating film thicknesses.

The following sections take a closer look at two sample gears,
with two different profile displacements in each case. The gear
data are selected to ensure that the sole differences are in the
module and the profile displacements. The results of analysis
of these four gears (Table 1) will be used below to explain the
mechanisms of action of the parameters.

Gears A and B differ in their modules; the transmission ratios are
identical. Fig. 2 shows the two gear types A and B. A0 and AO3
additionally differ only in their profile displacement, in line with
BO and BO3.

Fig. 3 shows the pressure distribution and sliding speed for the
two variants A0 and A03 at an input torque of 500 Nm and an
input rotational speed of 1000 1/min. As a result of the profile
displacement, the position of the pitch cone, which is indicat-
ed as a dashed line, has moved closer to the wheel tooth tip, so
that, given an otherwise approximately equal pressure distribu-
tion, a difference in meshing efficiency is bound to occur. In this
position of the load contact pattern, a calculated meshing effi-
ciency of 97.20 % for AQ and 97.26 % for A03 does, in fact, ap-
pear. Examining the middle load contact pattern, all the lowest
sliding speeds in A0, namely those on the pitch cone, are found
in the zone with the highest pressures, while on A03 they are in
the regions with higher sliding speeds. The deterioration in effi-
ciency can be explained in this way.

This effect is especially marked on gears with large profile
heights. Fig. 4 shows the same content for gears BO and BO3. As
expected, the calculated efficiency for BO3 is clearly lower, with
96.86 % for BO and 96.95 % for B03.

The significantly poorer efficiency level for the B types is due to
the lower contact ratio and the larger curvatures. Owing to the
large module, the gear has large teeth, but significantly fewer
tooth pairs simultaneously in contact.
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Contact pattern for Mt = 500 Nm V=0.00mm, H=0.00mm, J=0.00mm

(Gear flank, Drive)

Max. pressure 1256 MPa
0MPa 130 Mpa 1300 Mpa

-

Sliding velocity V=0.00mm, H=0.00mm, J=0.00mm

(Gear flank, Drive)

sliding velocity: 0.82..1.36m/s

-
Heel 0.8m/s s 006 T/ 1.4m/s

Contact pattern for Mt = 500 Nm V=0.00mm, H=0.00mm, J=0.00mm

(Gear flank, Drive)

-

Max. pressure 1254 NPa
Heel

oMpa 130 Mpa 1300 Mpa.

-

Sliding velocity V=0.00mm, H=0.00mm, J=0.00mm

(Gear flank, Drive)

sliding velocity: 0.83..1.51m/s

0.8m/s s 00.8T0/5 1.6m/s

Fig. 3: Pressure distribution and sliding speed profile of the gears A0 (top)
and A03 (bottom)

Moreover, the curvatures increase. These two effects lead jointly
to a higher pressure at the same load, and explain the loss of ef-
ficiency between variants A and B.

A vital point not considered in the classic standards is the face
width. A large face width often allows crowning to be reduced,
resulting in a lower pressure level. This effect causes efficiency
to rise with increasing face width, provided that insensitivity of
tooth contact to load-induced displacements can be assured.

Leaving aside the gear geometry variables, operating conditions
like the speed of rotation and lubricant temperature are the pa-
rameters with the next greatest influence. As speed increases,
the lubricant film becomes thicker and the coefficient of fric-
tion approaches the theoretical minimum determined by the
Stribeck curve. Meshing efficiency improves as a result. From a
certain point onwards, the increase in splashing losses is great-
er than the decrease in frictional losses on the tooth flanks.
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Contact pattern for Mt = 500 Nm V=0.00mm, H=0.00mm, J=0.00mm

3 mm

(Gear flank, Drive)

-
Heel

Max. pressure 1373 MPa
0MPa 140 Mpa 1400 Mpa.

Sliding velocity V=0.00mm, H=0.00mm, J=0.00mm

3 mm

(Gear flank, Drive)

Heel sliding velocity: 0.83..1.76m/s
0.8m/s . 0.1/ 1.8m/s

Contact pattern for Mt = 500 Nm V=0.00mm, H=0.00mm, J=0.00mm

3 mm

(Gear flank, Drive)

Max. pressure 1388 MPa
140 Mpa 1400 Mpa.

Sliding velocity V=0.00mm, H=0.00mm, J=0.00mm

3 mm

(Gear flank, Drive)

sliding velocity: 0.84..1.98m/s
0.8m/s 0.12m/s 2m/s

Fig. 4: Pressure distribution and sliding speed profile of the gears B0 (top)
and B03 (bottom)

The only remedy here is injection lubrication, provided the
necessary oil pump power is low enough. Heat dissipation from
the gear is much slighter with this form of lubrication, and the
higher mass temperature produces a drop in lubricant viscosity.
Unfortunately, the thinner lubricating film which results then
reduces meshing efficiency.

The lubricant parameters which influence efficiency are temper-
ature and viscosity. Viscosity determines load-free idling losses,
which are caused by displacement and squeezing of the oil dur-
ing tooth engagement. A low-viscosity lubricant is therefore bet-
ter for low idling losses than a high-viscosity oil. However, this
applies only to EHD contact, in which the tooth flanks are sep-
arated by the lubricating film. If load states are lower, leading
to metallic contact of the tooth flanks, a higher-viscosity lubri-
cant needs to be used as a matter of urgency, in order to prevent
scuffing of the gear.
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Parameters for Optimizing Efficiency

Isolated efficiency optimization is not useful. The aim must be to
optimize the entire final drive system so that the required power
can be transmitted with as little noise and as much energy effi-
ciency as possible within the required operating time. The mech-
anisms presented here for the individual loss components demand
a suitable compromise, which, according to the following recom-
mendations, may be different in each application.

The gear geometry parameters have the greatest influence. A
small-module gear invariably possesses greater efficiency, owing
to its high contact ratio, lower curvature and lower profile height.
One should not, however, forget that root load capacity sinks sig-
nificantly as the module becomes smaller. At the same torque,
the two sample gears A and B differ by 40% in terms of their
maximum tooth root stresses. Face width likewise exerts a posi-
tive influence on efficiency, since efficiency increases as pressure
falls. It should, however, be noted that the ease-off must be de-
signed in such a way that the available face width can also really
be used for tooth contact. To obtain an efficiency-optimized gear,
the offset must be kept as small as possible. In final drives, this
has a negative effect on load capacity, since the pinion becomes
larger as the offset rises, increasing resistance to tooth breakage.

The next group of influencing parameters is concerned with the
surface topography of the tooth flanks. The lower the surface
roughness, the higher the efficiency will be. Coating the flanks
with low-friction films will play a more substantial role in the fu-
ture, provided the coatings survive throughout the operational life
of the drive. The very different moduli of elasticity of the coating
and the steel demand highly effective coating-substrate adhesion,
since otherwise the hard film on the tooth behaves like an egg-
shell on a boiled egg. The phosphate coatings used up to now
serve largely to protect the gear against corrosion and running-
in, and less to reduce the coefficient of friction.

Potentials for reducing friction via the lubricant are steadily fewer.
Synthetic oils with appropriate additives allow us to combine low-
er viscosity with high scuffing resistance. This means that idling
losses of the lubricant can be kept low without endangering the
functions of the drive.

Finally, there are the engineering design options for the final
drive. If a labyrinth seal is feasible, idling power losses in the bear-
ings can be reduced significantly. If a radial shaft lip seal is essen-
tial, the only recourse is a smooth shaft surface at the bearing
point, to restrict frictional power at the sealing lip to a minimum.
Low-friction bearings will be relevant in the future. Since they al-
ways involve sacrifices in stiffness, however, gear designers will
be asked to make larger load-induced displacements possible by
means of intelligent tooth flank modifications while at the same
time minimizing load-dependent meshing power losses and noise
emissions.
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