Profile Relief and Noise Excitation
in Helical Gears \\\\\\\\\\\\\\\\\\\

By Donald R. Houser, Ph.D., and Jonny Harianto

The microgeometry of mated teeth is at the core of
excess noise in helical gears. Here are the latest
findings from The Ohio State University’s Gear
Dynamics and Gear Noise Research Laboratory.
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ear noise results from the gear mesh dynamic
forces that are transmitted through the support
shafts and bearings to the gear housing. There are
many sources of these forces, with the most impor-
tant of these being predicted by analyzing the
mechanics of the meshing process. It is important that this
analysis takes into account the microgeometry of the mating
teeth. Although the noise is dynamic in nature, the noise met-
rics used in this paper will be treated in a static manner, thus
allowing the designer to attempt to minimize these excita-
tions at the design stage. This paper identifies three major
excitations of gear noise and will demonstrate these static
excitations using three different helical gear geometries.

The following phenomena have been felt to be noise excita-
tions [1,2]:

e Tooth impacts

® Mesh stiffness variation

e Transmission error

e Force axial shuttling

e Friction

e Air and lubricant entrapment

These excitations were briefly discussed in an earlier article
in Gear Solutions 3] so they will not be discussed in detail
here. Transmission error, which is partially the result of mesh
stiffness variation, has long been considered to be a major
excitation, but as will be shown in this paper, forces due to
axial shuttling and friction may have the same orders of mag-
nitude as the forces created by transmission error.

In most gear designs, lead crowning is applied in order to
allow the gear pair’s contact to remain partially centered,
thus compensating for inevitable misalignments that occur
due to a combination of shaft misalignments and manufac-
turing and assembly errors that result in lead variations. In
this paper we will show how the three excitation forces vary
as a function of load for lead crowned helical gears that have
three different contact ratios.

The key to performing an appropriate analysis of mesh excita-
tions is the evaluation of the distribution of forces along the con-
tact lines. A requirement of this analysis is the ability to account
for either the design tooth topographies or the actual measured
topographies of the tooth surfaces. This analysis requires a good
contact algorithm as well as an evaluation of tooth compliances.
The analysis is certainly feasible using finite element analysis [4],
but may also be done using elemental stiffnesses. In our case, this
is done using a program called the Load Distribution Program
(LDP) [5], which essentially discretizes the contact lines into
individual segments and then uses the equations:
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where,
W;;, = total elastic deformation of point “k” on the pinion
W, = total elastic deformation of point “k” on the gear

e, = initial separation at point “k” between pinion & gear
R, = base radius of pinion

F, = the transverse force acting at point “k”

T = the applied torque on the pinion

0 = rigid body rotation of the pinion

The solution of these equations is iterative, but is computa-
tionally fast. The compliances that are included are:

¢ Tooth bending and shear using a plate deflection analysis.

e Contact deflection using a classical Hertzian analysis.

¢ Tooth base rotation and base translation using an empirical
analysis based on non-dimensionalizing finite element
analyses.

It is interesting to note that the effects of each of these
three deflections is about the same, mainly because each gear
tooth acts as a short, stubby plate such that the classic
assumptions of beam and/or plate theory are violated.

In the LDP analysis, each contact line is divided into discrete
segments and the force at each segment is calculated. Bearing
forces are calculated by applying the principles of statics
using sum of moments about one bearing to compute the
forces at the other bearing. Normal forces are used to obtain
the shuttling force. Friction forces act at right angles to the
tooth normal force, and again, applying sum of moments
about one bearing may be used to compute the effective fric-
tion force at the other bearing. An approximation of the
transmission error force is determined by placing at the cen-
ter of the tooth contact pattern a normal force whose magni-
tude is the product of transmission error and average mesh
stiffness. Once again, we apply the sum of moments to
obtain the effective transmission error force at the bearing.

In this analysis, we obtain the term called “sum of forces”
by first obtaining the mesh frequency values of each of the
three forces and then simply adding these values.

Evaluated in this paper are three different helical gear pairs
that have progressively higher total contact ratios as shown in
the geometry summaries of Table 1. Figure 1 shows the
respective transverse cross-sections of the three gear pairs.
These gear pairs have been tested at NASA [6] and analyzed
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Figure 1 — Transverse cross section of each gear pair

Table 1 — Gear Geometries
Pinion | Gear [ Pinion | Gear | Pinion | Gear

Set L Set M Set H
Number of Teeth 25 | 31 25 [ 31 25 31 SETL
Module (mm) 2.9542 2.7796 2.5913
Pressure Angle (deg) 23.45 22.21 16.54
Helix Angle (deg) 21.5 28.9 35.3
Center Distance (mm) 88.9 88.9 88.9
Face Width (mm) 31.75 31.75 31.75 SETM
Outside Diameter (mm) | 85.34 | 104.39 85.29 104.34 | 88.24 | 106.78
Root Diameter (mm) 69.27 87.81 71.40 90.45 69.28 87.83
Profile Contact Ratio 1.37 1.37 212
Face Contact Ratio 1.25 1.76 2.25
Total Contact Ratio 2.63 3.13 4.37 SETH
Lead Crown (mm) 0.01778 0.01778 0.01778
Profile Crown (mm) 0.00635 0.01778 0.01778

at The Ohio State University [7] and have been shown to
become quieter as contact ratio increases.

The circular lead crown applied to each gear pair is 17.8
micron. A microtopography analysis similar to that done in [3]
was used to establish the profile crown that would minimize
transmission error when operated at a pinion torque of 454 N-m.
Figure 2 shows the respective design charts for profile and lead
for the medium contact ratio gear pair (pair M) as well as the
tooth topography that results from these modifications.

The analysis of gear pair M, the medium contact ratio set, was
first run at a mid-range torque of 454 N-m and the predicted
bearing forces due to transmission error, shuttling and friction
are respectively shown in Figure 3. The transmission error force
is by far the lowest, but this is because the profile modification
was selected so that transmission error would be minimized at
this torque. Subsequent figures will show that the transmission
error and shuttling forces are usually of the same order of mag-
nitude and that friction forces, although smaller, still may be
significant. For both shuttling and friction, the mesh frequency
component is dominant. However, the second harmonic has
the largest amplitude for the transmission error force.

Next we perform simulations at 50 torques and show the effect
of torque on each of the force components as well as its effect
on quantities such as the force carried by one tooth pair, bearing
forces, transmission error, and effective contact ratio.

Since the tooth surface is crowned in both directions, at
light loads one would expect the contact pattern to be local-
ized in the center of the tooth and as load is increased, the
pattern will continue to grow until contact spreads across the
entire tooth surface. Figure 4 shows, as would be expected,
that as torque increases the load carried by a single tooth pair
also increases. Also, the duration of contact increases with
load, indicating that the load is being shared by more tooth
pairs as torque loading increases. The length of this contact on
the x-axis is normalized to base pitch and this contact length
for any load is actually the average number of tooth pairs in
contact, which may be considered to be the “effective contact
ratio” of the gear pair. The relationship between load and this
effective tooth contact ratio is shown in Figure 5, where the
effective contact ratio levels off at the theoretical contact ratio
when “full” contact is achieved.

34 GEAR SOLUTIONS ~ » MARCH 2005 .

Finion Fece Wikt [ma|
1 n n

Figure 2 — Profile, lead and total tooth modification for Set M
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Figure 3 — Bearing forces at 454 N-m torque
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Figure 4 — Effect of increasing torque on the forces carried by tooth
pair of gear Set M
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Figure 5 — Effect of torque on effective contact ratios
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Figure 6 — Harris map of transmission error for Set M
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Figure 7 — Effect of torque on peak-to-peak trans-
mission error and mesh harmonics
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Figure 8 — Peak-to-peak transmission error
as function of effective contact ratio
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Figure 9 — Transmission error force and mesh
harmonics as function of effective contact ratio

Figure 6 shows a Harris Map [8] for gear pair M. This map,
which plots the transmission error trace at each load, shows
that at no load, the transmission error mimics the non-conju-
gacy of the tooth pair along the path of contact on the tooth.
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As the load increases, the load starts being shared by addition-
al tooth pairs and the transmission error trace flattens in the
region between the dashed extensions of the profile shape.
Eventually, load sharing is such that the transmission error




becomes very flat and a minimum
level occurs. Further increases in load
causes the transmission error to
increase and then decrease again.

Figure 7 shows the effect of load on
the peak-to-peak value of transmission
error and the amplitudes of the first
three mesh harmonics of transmission
error for each of three gear pairs. One
sees from the peak-to-peak plot that the
highest contact ratio gear pair has the
lowest values of transmission error
throughout the torque range. Also, each
gear pair has a low value of transmis-
sion error near 454 Nm torque, the
torque for which the profile modifica-
tion was “designed.” There are other
minimum regions of each plot, but
there does not appear to be any consis-
tency regarding the torque at which
these minimums occur. Also, one notes
that the highest contact ratio gear pair
has the largest number of these mini-
mum regions (in this case, four of
them). One sees that the amplitudes of
the first mesh harmonic have nearly the
same shapes as the peak-to-peak values.
However, the higher harmonics tend to
have more torques where minimum
regions occur. It is interesting to note
that at the optimization load of 454
Nm, the predicted transmission error
gets lower as contact ratio increases, but
at lower loads the middle contact ratio
gear pair has higher values than the
lowest contact ratio gear pair.

One finds that if we replace torque
on the horizontal axis with “effective
contact ratio” as is done in Figure 8,
the plots take on a slightly different
character. First, since at the maximum
torque, where the gear pairs run at the-
oretical contact ratio, the right hand
terminus of each plot is the theoretical
contact ratio. This accounts for the dif-
ferent lengths of each plot. Second,
the spacing between the minima
becomes constant and the first mini-
mum for each gear pair occurs at an
effective contact ratio between 1.6 and
1.7. The comparison of the different
designs at the second and third har-
monics reveals an uncanny similarity
in the plot shapes. Because of this sim-
ilarity, subsequent plots of the force
variables will only be made versus
effective contact ratio.

When we multiply transmission
error by average mesh stiffness to
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Figure 10 — Shuttling force and mesh harmonics

as function of effective contact ratio
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Figure 11 — Friction force and mesh harmonics
as function of effective contact ratio

get transmission error force, we get the transmission error force plots of Figure 9.
However, each of the terms no longer has its maximum value at the minimum
load (low effective contact ratio). This is due to the fact that mesh stiffness is
lower at low loads due to the reduced contact area.
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Figure 10 shows the effect of effective
contact ratio (load) on shuttling force.
Again, we see minima, but they are at dif-
ferent contact ratios than the minima loca-
tions are for transmission error. Again it is
interesting that the middle contact ratio
gear pair has higher values of shutting
force than does the low contact ratio set.

Figure 11 shows a similar plot for fric-
tion force. Here, minima are not as

obvious, and the force seems to rise

fairly consistently as torque is increased.

Figures 12 and 13 show the “sum of
forces” plotted, first versus torque and
second versus effective contact ratio.
We see that the effects of the minima
are much reduced, probably because
when one force type is at a minimum,
the other forces have much larger val-
ues. At all loads, the highest contact

ratio gear pair has the lowest value, but
again at low torques, the low contact
ratio pair has slightly smaller forces
than the lowest contact ratio pair.
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Figure 12 — Effect of torque on sum-of-force
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Gear Noise Interpretations

Traditionally, designers have tried to
minimize transmission error in order to
reduce gear noise. However, the analy-
ses shown would indicate that there are
other excitations that may be of equal
importance that should be considered.
One might ask, why has transmission
error previously worked well in this
task? One answer is that as we change
gear designs to minimize transmission
error, we are also minimizing the other
excitations. Often we reach a limit
where further reducing transmission
error no longer causes further reduc-
tions in noise, and this is likely a situa-
tion where the other excitations are
now becoming predominant.

Often, both modelers and experi-
mentalists run data at a single load or a
small number of loads. The up and
down effect of load on the transmis-
sion error force and shuttling force
would indicate a danger of false inter-
pretation of such results. For instance,
in Figure 9, if we had analyzed or
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measured noise at one of the mini-
mum loads, and then if we increased
the load by 10 percent, we would get a
significantly higher value of transmis- _‘m 150 9000:3000 IS0 14001 & QS IO0TE Registered
sion error force. Hence, a single load i N s PROCESS EQUI IENT COMPANY
data point could be significantly differ- ot

ent than a data point taken at a slightly
higher or slightly lower load. Therefore, 'msdsales@processeg.con www.gearinspection.com  937.667.7105  Tipp City, Ohio
when acquiring either analytical or —
experimental gear noise data, we rec-

ommend that oad be vared i a more The Next Dimension
in Gear Inspection.

An approach to merging three of the
known excitations of gear noise into a
single bearing force metric has been
proposed. This metric, which is based
on static load distribution calculations,
is static in nature so may be used by
gear designers prior to performing any
dynamic analyses. It has been shown
that the excitation predictions are high-
ly load sensitive, so that interpretation
of both model results and experiments
should occur at a series of loads within
the desired load region. : !
In general, the highest contact ratio - —
gear pair had the lowest values for each o |
of the excitation forces, but at lower
loads the medium contact ratio gear
pair had higher forces for each excita-
tion than did the low contact ratio set.
Future studies will attempt to identify
the reasons for this difference.
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