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Design
If two axes are positioned in space and the

task is to transmit motion and torque between
them using some kind of gears, the following
cases are commonly known:

Axes are parallel — cylindrical gears
(line contact)

Axes intersect under an angle — bevel
gears (line contact)

Axes cross under an angle — crossed
helical gears (point contact)

Axes cross under an angle (mostly 90°)
— worm gear drives (line contact)

Axes cross under any angle — hypoid
gears (line contact)

The axes of spiral bevel gears in most

cases intersect under an angle of 90°. This
so-called shaft angle can be larger or smaller
than 90°; however, the axes always intersect,
which means they have, at their crossing point,

no

offset between them (Author’s Note: see

upcoming chapter on “hypoid gears”). The
pitch surfaces are cones calculated with the
following formula:
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Figure 1—Spiral bevel gear geometry.

z,/z,= siny /siny,
Z = Yt

incaseof  =90°: y, = arctan(z,/z,)
v, = 90°-v,

where: z, Number of pinion teeth
zZ, Number of gear teeth
Y, Pinion pitch angle
Y Shaft angle
Y, Gear pitch angle

Spiral bevel gears have a parallel-depth
profile along the face width if they are manu-
factured in the continuous face hobbing pro-
cess or a tapered-depth profile along the face
width if the manufacturing is done using the
single-indexing face milling process.

Spiral bevel gear teeth follow in the face
width direction a curve on the conical gear
and pinion body that lies under an angle
to a cone element (spiral angle). The tooth
lead function in the face width direction—if
unrolled into a plane—is an epicycloid or
a circle, depending on the manufacturing
method. The tooth profile is a spherical invo-
lute in a parallel-depth tooth system; it is
an octoid in a tapered-depth tooth system.
The tooth form with a spherical involute

will result in line contact between two mating
flanks in each angular position if no crown-
ing has been applied. With an octoid, there
will be an initial, “natural-profile” crown-
ing and, depending on the machining set-up,
some flank twist. Both effects are utilized with
certain corrective machine settings in order
to generate the desired crowning (see also
“General Explanation of Theoretical Bevel
Gear Analysis™).

The photo of a spiral bevel gear set in
Figure 1 explains the definition of right-hand
and left-hand spiral direction, and indicates the
coast- and drive-side gear flanks. The cross-
sectional drawings to the right in Figure 1
illustrate the blank design for face milling on
top (tapered-depth teeth) and face hobbing
design at the bottom (parallel-depth teeth).

Analysis

Since the mentioned distortions in tapered-
depth tooth systems are detected by compari-
son with conjugate mating flanks, it is possible
to define potential contact lines that would
apply if the distortions are removed or if load-
affected deflections allow for a contact spread.
In order to allow for deflections of tooth sur-
faces, shafts, bearings and gearbox housing
without unwanted edge contact, a crowning in
face width and profile direction is applied. A

continued
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Figure 2—Tooth contact analysis of a spiral bevel gear set.
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Figure 3—Contact-line scan of a spiral bevel gear set.
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Figure 4—Rolling- and sliding-velocities of a spiral bevel gear set in path-of-contact points.
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theoretical tooth contact analysis (TCA) previ-
ous to gear manufacturing can be performed in
order to observe the effect of the crowning in
connection with the basic characteristic of the
particular gear set. This also allows the possi-
bility to return to the basic dimensions in order
to optimize them if the analysis results show
any deficiencies. Figure 2 shows the result of a
TCA of a typical spiral bevel gear set.

The two columns in Figure 2 represent
the analysis results of the two mating flank
combinations (see also “General Explanation
of Theoretical Bevel Gear Analysis”). The top
graphics show the ease-off topographies. The
surface above the presentation grid shows the
consolidation of the pinion and gear crowning.
The ease-offs in Figure 2 have a combination
of length- and profile-crowning to the extent
that a clearance along the boundary of the
teeth is established.

Below each ease-off, the motion transmis-
sion graphs of the particular mating flank pair
are shown. The motion transmission graphs
show the angular variation of the driven gear
in the case of a pinion that rotates with a con-
stant, angular velocity. The graphs are drawn
for the rotation and mesh of three consecutive
pairs of teeth. While the ease-off requires a
sufficient amount of crowning in order to pre-
vent edge contact and to allow for load-affect-
ed deflections, the crowning in turn causes
proportional amounts of angular motion varia-
tion of about 60 micro radians in this example.

At the bottom of Figure 2, the tooth con-
tact pattern is plotted inside of the gear tooth
projection. These contact patterns are calcu-
lated for zero-load and a virtual-marking-com-
pound film of 6 um thickness. This basically
duplicates the tooth contact by rolling the real
version of the analyzed gear set under light
load on a roll tester, while the gear member
is coated with a marking-compound layer of
about 6 um thickness. The contact lines lie
under an angle to the face width direction,
depending basically on the spiral angle. The
path-of-contact connects the beginning and
end of meshing, and its orientation is nearly
perpendicular to the contact lines.

The crowning reflected in the ease-off
results in a located contact zone within the
boundaries of the gear tooth. A smaller tooth
contact area generally results from large mag-
nitudes in the ease-off and motion graph, and
vice versa.

Figure 3 shows 20 discrete, potential
contact lines with their individual crowning
amounts along their length (contact-line scan).
The gap geometry in contact-line direction can
be influenced by a change in ease-off topog-

raphy and optimized regarding the gap kine-
matic cases (see also “General Explanation of
Theoretical Bevel Gear Analysis,” Fig. 8). The
gap geometry perpendicular to the contact-line
direction (not exactly the same as the path-
of-contact direction) does not significantly
depend on the ease-off topography; rather, it is
mainly dominated by the geometry of the mat-
ing tooth profiles.

Figure 4 shows the sliding- and rolling-
velocity vectors of a typical spiral bevel gear
set for each path-of-contact point for the 20
discussed roll positions; each vector is pro-
jected to the tangential plane at the point-of-
origin of the vector. The velocity vectors are
drawn inside the gear tooth projection plane.
The points-of-origin of both—rolling- and
sliding-velocity vectors—are grouped along
the path-of-contact, which is found as the con-
nection of the minima of the individual lines
in the contact-line scan graphic (Fig. 4). The
velocity vectors can be separated in a com-
ponent in contact-line direction and a compo-
nent perpendicular to that in order to investi-
gate the hydrodynamic lubrication properties.
This is accomplished by utilizing the infor-
mation from the contact-line scan (curvature
and curvature change) and the tooth surface
curvatures perpendicular to the contact-line
direction (see also “General Explanation of
Theoretical Bevel Gear Analysis,” Figure 8,
cases 1-0).

Regarding the discussed spiral bevel gear
set, the sliding-velocity vectors are basically
profile-oriented. In the top area (left, Fig. 4),
the sliding vectors point down. Moving along
the path-of-contact from top to bottom (left-
to-right, Fig. 4), the sliding velocity reduces its
magnitude and reaches a magnitude of zero at
the pitch line. Below the pitch line, the sliding
velocity develops, growing positive magni-
tudes (towards the bottom of the gear tooth).
The maximal magnitude of the sliding veloci-
ties (top-versus-root) is a result of the dis-
tance from the pitch line. As such, the distance
between the lowest active flank line to the
pitch line is larger than the distance from the
pitch line to the top. The rolling-velocity vec-
tors point to the bottom and to the right, and
all have basically the same orientation. The
orientation is a result of the spiral angle (zero
spiral angle delivers profile-oriented sliding).
The larger magnitude of the rolling velocity at
the heel-top (left) is caused by the larger cir-

cumferential speed at the outer diameter.
continved
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igure 6—Spiral bevel gear cutting with face obbing cutter (continuous
process).

It thus becomes evident that a complex
gap-and-velocity evaluation of a variety of
discrete points considering the two princi-
pal curvature directions is important in spiral
bevel gears to attain reliable results about the
lubrication mechanics.

Manufacturing

Spiral bevel gears are manufactured in a
continuous-indexing face hobbing process or
in a single-indexing face milling process. In
the face milling process, the blades are ori-
ented around a circle and pass through one
slot (while they plunge or generate the flanks
of that particular slot), as illustrated in Figure
5, left. The work is not performing any index-
ing rotation. At the blade tip and in equidis-
tant planes—normal to the cutter head axis—
the slot width produced has a constant width
between toe and heel. In order to achieve a
proportionally changing slot width (and tooth
thickness), the root line of face milled bevel
gears is inclined versus the pitch line (Fig. 5,
left). This modification has to be implemented
in both members, which is why the face angle
requires the same modification as the root
angle of the mating member.

In face hobbing (Fig. 5, above), a group of
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mostly one inside and one outside blade passes
through one slot, while the work rotates with:

oy, =0 ¢ (Number of Cutter Blade
Groups) / (Number of Work Teeth)

The blades in one group are positioned
along a spiral where the sum of the blade
groups is oriented around a circle with equal
distance to the cutter head center. Due to the
described kinematic, the flank lines of the
outer- and inner-flank are epicycloids that
divide slot width and tooth thickness in equal
fractions of the circumference—at any point
along the face width. The result is a “natural”
slot width taper proportional to the distance
from the pitch apex. A root angle modification
is not required—or useful—due to the already-
existing perfect fit of mating teeth and slots.

Figure 6 is a photo of the view into the
work chamber of a free-form bevel and hypoid
gear cutting machine during high-speed dry-
cutting of a spiral bevel gear. The face cutter
head has coated carbide stick blades which are
arranged in blade groups for a continuous face
hobbing process.

Hard-finishing after heat treatment of face
milled spiral bevel gears is generally done
by grinding. The grinding wheel resembles
the cutter head geometry, while the grinding
machine uses the same set-up geometry and
kinematics as the cutting machine for the pre-
vious soft machining. Hard-finishing of face
hobbed spiral bevel gears is generally done
by lapping. Pinion and gear are rolled under
light torque while a lapping compound of a
silicone-carbide oil mixture is present between
the flanks. Lapping causes abrasive grain to
become imbedded in the flank surfaces, which
might lead to several problems such as wear,
temperature and lowered efficiency.

Application

Most spiral bevel gears to be used in power
transmissions are manufactured from carbu-
rized steel and undergo case-hardening to a
surface hardness of 60 Rockwell C (HRC)
and a core hardness of 36 HRC. Because of
the higher pinion revolutions, it is advisable to
give the pinion a higher hardness than the ring
gear (e.g., pinion 62 HRC, gear 59 HRC).

Regarding surface durability, spiral bevel
gears are very similar to helical gears. At the
pitch line, the sliding velocity is zero and the
rolling velocity under certain loads cannot
maintain a surface-separating lubrication film.
The result is pitting along the pitch line that
can destroy the tooth surfaces and even lead
to tooth flank fracture. However, it is possible
that the pitting can be stabilized if the dam-
age-causing condition is not prevalent in the
duty cycle. Figure 7 is a photograph of typical

pitch-line-pitting on a spiral bevel ring gear
flank surface. This effect is not as common as
in straight bevel gears due to the more favor-
able direction of the rolling velocities.

Spiral bevel gears have axial forces that
can be calculated by applying a normal-force
vector at the position of the mean point at each
member (see also “General Explanation of
Theoretical Bevel Gear Analysis™). The force-
vector normal to the transmitting flank is sepa-
rated in its X, Y and Z components (Fig. 8).

The relationship in Figure 8 leads to the
following formulas, which can be used to cal-
culate bearing force components in a Cartesian
coordinate system and assign them to the bear-

ing load calculation in a CAD system:
continued

Figure 8—Force diagram for calculation of bearing loads.
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T/ (A, *siny)

—T » (siny * sinf * coso. + cosy * sina) / (A * siny * cosf} * cosal)

—T * (cosy * sinf * cosa. — siny * sina) / (A * siny ® cosp ¢ cosa.)

T Torque of observed member
A Mean cone distance

Y Pitch angle

B Spiral angle

a Pressure angle

Bearing load force components
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The bearing force calculation formulas are
based on the assumption that one pair of teeth
transmits the torque with one normal force
vector in the mean point of the flank pair. The
results are good approximations that reflect
the real bearing loads for multiple teeth mesh-
ing within an acceptable tolerance. A precise
calculation is, for example, possible with the
Gleason bevel and hypoid gear software.

The introduction of spiral angles lead to a
face-contact-ratio that in turn reduces the tooth
root thickness. The tooth thickness counts are
squared in a simplified root bending stress
calculation using a deflection beam analogy.
The thickness reduces by: cos (spiral angle).
The face contact ratio increases are simplified
by: tan (spiral angle). Those formulas applied
to a numerical example will always show an
advantage of the spiral angle in root bending
strength. However, the crowning of real bevel
gears will always cause one pair of teeth to
transmit an over-proportionate high share of
the load, while the one or two additionally
involved tooth pairs will only share a small
percentage of the load. Finite element calcula-
tions can be useful in finding the optimal spiral
angle for maximal root strength. In general,
bevel gears not ground or lapped after heat
treatment show the highest root strength and
the lowest spiral angles. This explains why in
those cases the straight bevel gear remains the

bevel gear of choice.

Spiral bevel gears can operate with regular
transmission oil or, in case of low RPMs, with
a grease filling. In cases of circumferential
speeds above 10 m/min, a sump lubrication
with regular transmission oil is recommend-
ed. The oil level has to cover the face width
of those teeth lowest in the sump. More oil
causes foaming, cavitations and unnecessary
energy loss; there is no requirement for any
lubrication additives. The preferred operating
direction of spiral bevel gears is the drive-side,
where the convex gear flank and the concave
pinion flank mesh. In the drive-direction (Fig.
8), the forces between the two mating mem-
bers bend the pinion sideways and axially,
away from the gear, generating the most back-
lash. Coast-side operation reduces the back-
lash—in extreme cases—to zero, which inter-
rupts any lubricant flank separation and leads
to immediate surface damage, often followed
by tooth fracture. O
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(Ed.’s Note: Next issue—“Face Gears”)
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