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Management Summary

In most transmission systems, one of the main power loss sources
is the loaded gear mesh. High power losses lead to high energy con-
sumption, high temperatures, early oil aging, increased failure risk and
high cooling requirements. In many cases, high efficiency is not the
main focus, and design criteria such as load capacity or vibration exci-
tation predominate the gear shape design. Those design criteria mostly
counteract the highest possible efficiency. In this article, the influences
of gear geometry parameters on gear efficiency, load capacity, and
excitation are shown. Therefore, design instructions can be derived,
which lead to low-loss gears with equivalent load capacity

Introduction
Power losses occur in different
components of a gearbox. Each gearbox
element produces some power losses.
The total power loss is the sum of the
power losses of the single elements.
Basic gearbox elements are bearings,
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gears and seals. Their power losses
are usually individually mentioned.
Other potentially integrated elements,
such as clutches or oil pumps, also pro-
duce losses, but these are not usually
treated separately. Their power losses
are merged in auxiliaries. According
to their types, losses can be further
divided into no-load losses and load-
dependent losses. Equation 1 (on page
29) shows the summation of all power
losses P, in a typical gearbox. Losses
in bearings and gears usually predomi-
nate in a gearbox.

No-load losses comprise all losses
that exist when a gearbox is rotating,
but not transmitting power. No-load
losses derive from seals or from wind-
age and churning.

Load-dependent losses occur only
in elements that carry the transmitted
power or portions of it, such as bear-
ings and gears. They encompass all
power losses that vary with the power
transmission in the concerned element.
They evolve when two surfaces under
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pressure move relative to each other.
Power losses in this case depend on
the acting force between the solids, the
sliding speed, and on the coefficient of
friction established in the contact of the
surfaces.

For the composition of total power
losses P, in a gearbox, the following
four main components are investigated:

* No-load power losses in bearings

* Load-dependent power losses in

bearings

* No-load power losses in gears

* Load-dependent power losses in

gears

The investigations are based on cal-
culations for which the FVA-software
WTplus, STplus and RIKOR are used
(Refs. 1, 10 and 13).

Gearing Model

For the calculations, a gearing
model is necessary. The data of the
gear set that was used for the calcu-
lation were taken from an existing
gear set of one of our test gearboxes.
Figure 1 (overleaf) shows the main data
of the reference gearbox model and a
transverse section of the reference gear
shape on which the calculations are
based. Starting from that, single gear-
ing modifications are applied in order
to investigate the influence of each
single parameter.

Power Loss Portions

In Figure 2, the amount of power
losses for each of the four considered
components is depicted versus the rota-
tional speed at the operating conditions
given in Figure 1. The investigation
of power loss composition in Figure 2
is accomplished with the example of
modified reference gearing with spur
gears (§ = 0°). It shows that the gear
no-load losses increase progressively
with speed, while the other components
seem to depend fairly linearly on the
speed. For the vast range of rotational
speeds, the main portion of losses are
load-dependent gear losses. Only for
very high speeds do no-load losses pre-
vail, though the load-dependent gear
losses may still occupy an important
portion. Bearing losses have only sub-
ordinate portions of the total losses
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throughout the whole speed range.

In addition, the sum of these losses
is rated against the power transmis-
sion, which results in the loss degree C,
the complement of the degree of effi-
ciency 1:

{="Y=1-n @

with P, total power loss (measured in
watts), P, input power (measured in
watts), 1 degree of efficiency.

The loss degree  shows a signifi-
cant minimum between 10 and 20 m/s
rotational speed. This reflects the basic
changes in the coefficient of friction in
the mating gears from the mixed lubri-
cation regime for low speeds towards
elasto-hydrodynamic (EHD) friction
at higher speeds. Depending on the
geometry of the transmission and the
operating conditions, this minimum
occurs at different speed ranges.

The prevailing power loss portion
is very dependent on the operating con-
ditions. However, in order to minimize
the power losses, a focus must always
be set onto load-dependent gear losses
since their portion is always signifi-
cant. With increasing speed, no-load
losses of gears need to be considered
increasingly.

Basics of Load-Dependent
Gear Losses

The load-dependent losses depend
on both gear and lubricant properties.
The calculation of load-dependent
power losses in gears is based on the
law of friction according to Coulomb
(Ref. 3).

FR=H'FN (3)

Pyp =Fg "ve=p-F y v, (4)
with F, friction force (measured in
Newtons), u coefficient of friction, F,
normal force (measured in Newtons),
P, load-dependent power loss (mea-
sured in Watts), v, sliding speed (m/s).
Equation 4 is valid for a single
point of contact. In order to receive
the mean power loss of two mating

Index Z: gears L: bearings D:seals  X: auxiliaries
—— —
Pv =Pyzo +Pyzp + Py +Pyp + Pwp + EF
0: no-load
P: load dependent
Equation 1.
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Figure 1—Main data of reference gearing model and gear cross section.
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Figure 2—Power loss composition in the model gearbox vs. pitch line velocity.

gears, all points of contact along the
path of contact need to be considered.
The power loss is calculated by the
integral of the product of sliding speed,
coefficient of friction and load over the
path of contact.

E

1

Pyzp = JPVZP (x) dx (5)
Det A

with p  transverse base pitch (measured
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in mm), AE path of contact (measured
in mm).

All three parameters (coefficient
of friction, normal load, sliding speed)
vary along the path of contact (Fig. 3).

Sliding speed is a geometry param-
eter that is derived from the gear shape
and can be calculated exactly.

The load distribution along the path
of contact can be approximately set to
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Figure 5—Calculation methods for different parameters.
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the total load resulting from the torque
and split up into the number of pairs
of teeth in contact. This assumption is
a simplistic approximation (Ref. 9).
The coefficient of friction over the path
of contact is assumed to be approxi-
mately constant. At the pitch point C,
where sliding is zero and pure rolling
occurs, the instantaneous drop of the
coefficient of friction to zero has to be
considered. This deviation of the coef-
ficient of friction takes place where
the sliding speed is zero. Hence, in the
integral, this deviation is negligible.
The coefficient of friction is approxi-
mated according to the FVA project
No. 166, done by Schlenk (Ref. 11),
with the following equation:

0.2
F, /b
M,, =0.048 .| —2L2~
Vsc " Preac (6)

-0.05 0.25
“Noi ‘Ra Xy

with ., mean coefficient of friction,
F, circumferential force at base circle
(measured in newtons), v, . sum speed
at operating pitch circle (m/s), p_,.
reduced radius of curvature at pitch
point (mm), n_ dynamic oil viscosity
at oil temperature (mPas), Ra arithme-
tic mean roughness (um), X, factor for
oil type.

With the introduced simplifica-
tions (constant coefficient of friction
along the path of contact, equal load
distribution onto mating pairs of teeth),
Equation 4 can be applied to gears and
transformed into Equation 7:

Pyzp =W,z Hy- Py (N
with H  gear loss factor:
See page 31 for Equation (8)
with u = z,/z, gear ratio, z number of
teeth (1 pinion, 2 wheel gear), Bb base

helix angle (°),

€, = @ transverse contact ratio,
p et

€ = CE addendum contact ratio of
P pinion,
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€, = AC addendum contact ratio of
P, wheel gear.

The gear loss factor H, was intro-
duced by Ohlendorf (Ref. 9) and is
only dependent on gear geometry.

These equations were set up for
usual spur gear geometries (1 < ¢ <
2 and ¢, = p,) and produce accept-
able results in these cases. Extreme
gear shapes, however, may result in
calculated power losses, which deviate
significantly from actual power losses.
By more detailed considerations, a bet-
ter approximation of the real distribu-
tion of the load along the path of con-
tact can be obtained by using sophisti-
cated calculation methods such as FEM
or the FVA-program RIKOR. This is
proven by experimental investigations
(Ref. 14). Gear loss factors based on
such methods are called local gear loss
factors H . Differences between H,,
and H, are significant for high-con-
tact-ratio gears, helical gears or gears
with profile corrections (Fig. 4).

The gear loss factors H,or H,,
respectively, comprise the integral of
the product of the sliding speed and the
load distribution (Refs. 9, 14). Here—
for the calculation of load-dependent
power losses of gears—the local gear
loss factor H,, with the more realistic
load distribution according to the FVA-
program RIKOR is used (Ref. 10).

For gear design, power losses are
often of subordinate interest, compared
to load capacity and excitation level.
So, if gears are to be optimized in terms
of efficiency, load capacity and excita-
tion must not be neglected. To evalu-
ate single gear geometry parameters
and their influence on power loss, load
capacity and excitation are investigated
by the means of FVA-programs accord-
ing to Figure 5. Excitation is evaluated
by the tooth force level, which rep-
resents the dynamic load in the tooth
contact without respect to the further
environment. This load dynamics is
the cause of, but not equal to, real load
dynamics, vibration and noise.

Lubricant properties affect the
power losses via the coefficient of fric-
tion p and are not subject to this inves-
tigation. Their influence is supposed to

u+1)-m 2 2
Hvzé'(l—8a+81 + &, )
z,-u-cos( Bp)
Equation 8.
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Figure 6—Influence of transverse contact ratio on power loss and load capacities.
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Figure 7—Influence of module on power loss and load capacities.

be constant here.

Influence of Gearing Geometry

on Load-Dependent Power Losses

Figures 6-13 show the influences
of gear geometry parameters on the
gear load-dependent power losses
compared to the reference gears given
in Figure 1. The influence of these
parameters on the coefficient of fric-
tion is included. For these parameter
variations, the pitting and tooth fracture
capacities are provided referring to the
reference gearing with capacities of
100%. Ideally, power loss and tooth
force level are low while the safety fac-
tors of load capacities are high.

The most important geometric
parameters are transverse contact ratio
(Fig. 6) and module size (Fig. 7). Less
strong is the influence of the pressure
angle, but its importance comes from
the advantage that, in the given range, a
higher pressure angle has only advanta-
geous effects both on power loss reduc-
tion and higher load capacities, and
no unfavorable effects on excitation
(Fig. 8).

With helix angle, power losses
increase generally but to a limited
extent (Fig. 9). For minimum power
losses with small transverse contact
ratio, there has to be a significant over-
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Figure 8—Influence of pressure angle on power loss and load capacities.
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Figure 9—Influence of helix angle on power loss and load capacities.
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Figure 10—Influence of surface roughness on power loss and load capacities.
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lap contact ratio (g, > 1) for proper load
capacity and noise excitation.

The influence of surface roughness
shows positive effects if it is reduced
(Fig. 10). Unfortunately, an improve-
ment is usually subject to cost increase.
Recent investigations show that this
effect is limited. Below a certain rough-
ness, there is no further improvement.
Moreover, there are other effects of
surface structure such as roughness ori-
entation, which are not expressed by
surface roughness but can affect the
power loss to a substantial extent.

The gear ratio and face width
parameters (at constant load per face
width) are usually constraints that can-
not be changed. Their effect on power
loss, capacities, and excitation is shown
in Figure 11 and Figure 13, respec-
tively.

Addendum transverse contact ratio
is best if equally split between both
gears, but small deviations have mar-
ginal impact (Fig. 12).

Gearing Optimization Process

The following steps conclude the
optimization process towards low-loss
gears. Most of these steps are consid-
ered unconventional, but prove more
efficient to the gear design with respect
to power savings. However, it is not a
unidirectional process, but rather a loop
that has to be run through cyclically.

* Corrections for load reduction

in areas of contacts with high
sliding speed

* Reduction of module down to

tooth root fracture limit

* Reduction of transverse contact

ratio down to pitting capacity limit

* Tooth root fillet radius as large as

possible

¢ Increase of pressure angle

¢ Increase of face width

* Helix angle for adequate overlap

contact ratios
Power Loss Reduction
with Optimized Gearings

From the reference gearing given
in Figure 1, an optimized gearing
is derived. It has the same or better
load capacities, but lower power loss-
es. Figure 14 compares the absolute
figures of power loss components at
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one operating point (v, = 10 m/s = n =
2,100 U/min; load torque 500 Nm). In
this example, the bearing type has been
optimized, but is not relevant here. The
main changes applied encompass the
following:
Bearings
 Different type (ball/taper roller)
* Size (d, =60 mm/43.5 mm)
Gears
e Module reduction (4 mm/2 mm)
» Transverse pressure angle increase
(19.1°/41.5°)
» Transverse contact ratio reduction
(1.4/0.6)
¢ Face width increase (40 mm/
80 mm)
e Overlap contact ratio increase
(1.18/4.73)

For the optimized gears, the mod-
ule and the transverse contact ratio
are radically cut back, compensated
by a doubled face width. So, the opti-
mized gears have a low transverse
contact ratio, but a high overlap ratio
for the same load-carrying capacity.
Furthermore, the tooth root fillet has
a larger radius in order to support the
tooth root fracture capacity, and the
transverse pressure angle is signifi-
cantly increased for a larger radius of
curvature, which backs up the pitting
capacity and results in a lower coef-
ficient of friction. Total power losses
can be reduced by two-thirds in total
(68.8%), where the largest portion of
loss reduction is achieved for the load-
dependent gear losses (see Fig. 14).
The reduction of load-dependent gear
losses is caused by two advantageous
effects: a lower coefficient of friction
because of better curvature (u_ = 0.030;
—32%) and lower gear loss factor (H,,
= 0.045; -78%). This combination
results in a reduction of load-dependent
gear losses of [1- (1-0.32)*(1-0.78)]
= 85%. In Figure 14, the transverse
section of both the reference and the
optimized gears is included.

A similar optimization procedure
is applied to Type C gears, which is
a frequently used test gear geometry
for many kinds of gear and lubrication
tests. In Figure 15, the main geometry
parameters of Type C gears are given,

o= mm
m, = 1§75 mm
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Figure 11—Influence of gear ratio on power loss and load capacities.

200

M)

150

00 + -
50 = = fatety Facler Sculling

Toslh Parcs Ll |
——iLin Degrea
Q T T T T T T
o o8 1 18 addendom condec ralio ¢ € |- s

Figure 12—Influence of addendum contact ratio on power loss and load capacities.
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Figure 13—Influence of face width on power loss and load capacities.
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Figure 14—Comparison of power loss composition of reference and optimized gearing.
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Figure 15—Gear geometry of Type C gears and corresponding low-loss gears.
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Figure 16—Experimental results of low-loss gears.
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as well as those of the corresponding
low-loss gears. Additionally, the cal-
culated safety factors are shown. Those
of low-loss gears are at least equal to
or even higher than those of Type C
gears.

Figure 16 shows experimental
results of the power losses of both Type
C gears and corresponding low-loss
gears. Enormous power loss savings of
up to two-thirds can be achieved with
low-loss gears. The given percentages
of power loss reduction refer to the
total power loss where higher bearing
losses of low-loss gears are included
because of the higher pressure angle.
So, the pure load-dependent gear losses
are even further reduced than the num-
bers suggest.

Besides power loss reduction, lower
bulk and oil temperatures can also be
achieved. Measurements during tests
without lubrication showed a bulk tem-
perature of 105°C for conventional
gears where low-loss gears achieved
67°C. Also, its lifetime may be extend-
ed: Sample tests with coated gears—but
without lubrication—showed that the
coated gears had 15-20 times the load
cycles of conventional gears before the
coating was damaged.

Certainly, low-loss gears have some
less favorable properties, including
possible effects on design space and
excitation level. Advantages like power
loss reduction, temperature decrease
and extreme lifetime extension make
low-loss gears a viable option for many
applications.

Conclusion

From the investigations shown in
this report, the following main conclu-
sions can be drawn:

e In a gearbox, bearing losses

are subordinate to the losses in
gears.

e In a gearbox, no-load losses

are subordinate to the load-
dependent losses at usual oper-
ating conditions. For operation
at part-load or very high speeds,
no-load losses may exceed the
load-dependent losses.

e Load-dependent gear losses

can be influenced by a range of
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parameters, which either affect
the load distribution along the
path of contact or the coefficient
of friction between the mating
gear flanks.

e Conventional gears can be
enhanced, but their power loss
reduction is limited.

e With basically changed gear
geometry, which optimizes
the composition and interde-
pendencies of all gear param-
eters, considerable loss reduc-
tion can be achieved.

Further investigations are necessary
in the fields of load-carrying capac-
ity and noise excitation properties of
unconventional low-loss gear design.{C¥
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