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Arrow Gear describes how the use of advanced

design technology is expanding its range of
power transmission applications in a wide
range of environments.
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As with"many other industries, ongoing advancements in the precision
ge' stry are bringing about a paradigm shift in the way gearing
are manufactured. Arrow Gear Company—widely known as an
Inmva orfriihe gear business, and among the most technically advanced
facilities in the world—is pushing forward into the next generation of pro-
duction technique for bevel gears. Arrow produces more loose gears for
aircraft jet engines than any other gear manufacturer.

In 2002 Arrow first reported on a new, fully integrated system at their
plant that showed a great deal of promise as the next generation of meth-
odology for producing gears. At that time they had just completed work
on a new gear design for an aerospace customer. The results of Arrow's
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Fig. 2: Gear displacement conditions

work on the project were heralded as a dramatic savings of both time and
expense. In fact, Arrow was able to complete their design, development,
and manufacturing work in just six months, as compared to the conven-
tional 10 months, while producing a design that performed with exacting
quality and precision.

Now, six years later, Arrow has continued to fine-tune this technology
and has a 100-percent track record of consecutive successful develop-
ment projects. However, what was once primarily an aerospace-oriented
capability is now being used by Arrow for a broader range of systems,
including land- and water-based power transmission applications. What
is this gear production technology, how is it used, and just how far will it
reach beyond the aerospace industry? To answer these questions one
must first understand the complexities of the process of developing and
designing spiral bevel gears.
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A critical attribute of a spiral bevel gear’s design
is its contact pattern. Simply stated, the con-
tact pattern is the area in which the gear teeth
come in contact as they engage and disengage
during their rotation.

When a gear is installed in a gearbox and
is powering the designated application, there
are varying degrees of pressure, or loads, on
the gear teeth. These loads are affected by
box deflections, bearing movement, and tem-
perature changes. When the gear teeth are
subjected to these variables, the contact pat-
tern will change.

This is where the issue of contact pattern
becomes so important. For a gear to perform
properly under load, the contact pattern must
be a certain shape and at a certain location.
Typically, an ideal tooth contact pattern under
load should encompass the bulk of the tooth
surface while avoiding any contact with the
edges of the tooth surface or the radius in the
root of its mating part (fig. 1).

Another critical issue to consider when
assessing how the contact pattern will perform
in an operating gearbox is gear displacement.
In the operation of many gearboxes, the gears
and their shafts do not remain in a fixed orien-
tation. Thermal forces and stress from being
under load can cause significant movement
of the gearbox components from their original
positions.

There are typically four different types of
movement that can take place. These types
are described as offset, pinion in and out of
mesh, gear in and out of mesh, and shaft angle
(fig. 2). It is this movement that is referred to
as gear displacement, and it can occur in any
combination of the four types.

The size and position of the contact pattern has
always been a primary design consideration for
gears. And for many years, achieving a good
contact pattern was performed through the
same methods that the vast majority of gear
producers still use today.

The conventional method of achieving an
ideal contact pattern is performed in the follow-
ing way. First, an engineer will make an educat-
ed guess at the gear tooth geometry required to
provide a correct contact pattern. Typically this
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Arrow Gear Company
Summary No. 3028
Ratio: 65x74 Date: 2117189
Gen. Gear Convex Concave
Pin Blade Ang 11,500  16.300
Gaar Blade Ang  16.000  16.000
Point Diameter 9812  8.438
ContLgthFact 0310  0.310
Delta Ax 0.600  -0.080
Delta E 0100  0.040
KP 5000  6.000
Delta EM 0.150  0.600
Deita 80X 0.000 0.000
Deita 2C 0.000 0.000
Deita E-DR -0.500 0.600
SRC. SEP Fact.
IN® 1000 Mean Toe Heel
CX E{U) L] 16 -28
P{H) 3 18 9
CU E{U) 13 12 38
P{H) .35 29 47
Fig. 3: TCA study

is a 40-60 percent central toe, non-loaded
contact pattern. Next, the part is fabricated
and the gear teeth are machined to an unde-
veloped summary of machine settings.

When the gear and its mating pinion are
finished they are run together in a tester.
More often than not, the contact pattern
will not be correct in this first attempt. This
requires going back and changing the settings
on the gear tooth grinder, then producing a
new pinion. The parts are checked again. This
trial-and-error process can continue through
many cycles until the best educated guess for
contact pattern location is achieved. But how
will the gear perform under load in a gearbox,
and what will the contact pattern look like
then? Answering this question leads to more
steps in the trial-and-error process.

First, the gears are mounted in the gearbox
and run under light to medium load to deter-
mine the contact pattern movement. Then
the gears are visually inspected to check the
contact pattern, which is indicated by a light
wear pattern on the mating tooth surfaces. If
the pattern is not correct, which is commonly
the case, the gear tooth grinder has to be
set up again with new machine settings, and
another pinion is ground. This cycle continues

until a suitable contact pattern is developed
when run under full load.

For a new gear design this process can take
several months to complete. And while this is
a time-consuming and costly process, it was
just the way it had to be done—or it was, until
new computer-based technologies for gear
development became available.

To address the traditional limitations of con-
ventional methods, Arrow Gear implemented
a highly advanced system for performing
contact pattern development, a system that
provides a dramatic reduction in the time and
expense of the process when compared to
conventional methods. This system uses a
combination of state-of-the-art development
software and machine tools. Among its key
components are The Gleason Works' G-AGE,
CAGE, MINIGAGE, loaded TCA and T-9200
finite element analysis software packages.
And for machine tools the system utilizes
Gleason Corp.'s Phoenix® CNC tooth cutters
and Phoenix CNC tooth grinders, in conjunc-
tion with a Zeiss-Hofler CNC gear inspection
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system. More detailed information on the use
of this system will follow, but here are a few
highlights of its capabilities.

Using the development software, engineers
can build virtual models to predict how the
gear will perform in actual operation. This in
turn generates the settings to be used by
the machine tools. In addition, these settings
for the machine adjustments are automati-
cally downloaded to the machine tools, greatly
reducing the time spent on setup. Perhaps the
most dramatic aspect of this system is that
ideal settings of the machine tools—which
are required to produce the desired contact
pattern—are typically achieved in the first or
second attempt on the gear manufacturer's
shop floor.

In essence, this system eliminates the two
step trial-and-error process that was once
required to first perform the initial develop-
ment on the gear grinding machines, and
secondly to achieve an acceptable full load
contact pattern on the final product. The bot-
tom line is that development time is reduced,
and the gear producer is able to provide a
significant cost savings to the customer.

The process of developing a contact pattern
with this system is very complex. However,
to provide a clear understanding of how the
system works, the conceptual highlights of a
typical development will first be presented.

The process begins by receiving the custom-
er's design requirements. This would include
drawings of the part detailing the critical
geometry, such as ratio, diametral pitch, and
so on. In addition, it is helpful if the customer
can supply specifications on operating torque
and the gear displacements.

Engineers begin the process of contact pat-
tern development by establishing a working
file for the part based on its geometry. Using
the CAGE software, a tooth contact analysis
study, or TCA study is performed (fig. 3). This
indicates the location of the contact pattern
without load.

Finally a loaded TCA is performed, taking
into account all the displacement conditions
(fig. 4). Once the TCA study is performed for
all displacement conditions, the ideal contact
pattern is identified. With this information, a
finite element analysis is performed that pre-
dicts real stress on the tooth surface as well
as the root fillet (figs. 5, 6). This study allows
the engineers to determine whether there is a
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potential for failure resulting from excessive or
nonuniform pressures anywhere along the line
of engagement of the gear tooth (fig. 7).
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This advanced approach for de5|gn and con-
tact pattern development provides numerous
customer benefits. Foremost among these

are dramatic savings of time and money. An
example of these two benefits to the cus-
tomer was illustrated in Arrow's involvement
with the previously mentioned aircraft jet
engine project. The details of this project are
presented in the following case study.

Arrow supplied gearing on two locations of
the engine. The first bevel gear set was used
in the upper tower shaft or power take-off.
The second bevel gear set was used in the
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accessory gearbox. As this was a new engine,
Arrow was called upon to perform both the
gear tooth design and the fabrication of these
bevel gear sets.

As with all jet engine gears, this was a
demanding application due to the high degree
of gearbox deflections. Faced with the double-
edged challenge of both a difficult job and
a short lead time, Arrow began work on the
project utilizing the design and manufactur-
ing tools explained earlier. The two different
gear sets were then produced and shipped
for installation in the engine. Here are the
results.
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Fig. 5: Finite element analysi
Input File: 3029 V=00000in. E=D000180in.
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Fig. 8: Gear inspected after 75-hour run

First of all, a normal time frame for developing the desired contact pat-
tern under full load can be up to six months. Utilizing the initial computer
generated model, Arrow manufactured the prototype gear sets, which
were placed in the gearbox and run under full load during engine tests
without requiring any modifications to the contact pattern. Resulting from
their advanced technology, Arrow was able to save its customer tens of
thousands of dollars, and they were able to get their engine to the mar-
ketplace several months earlier than past performances.

After the gears were run in the engine for 75 hours, they were visually
inspected (fig. 8). Both contact patterns on the run side and start side
were exactly as predicted. This approach saved a significant amount of
expense and time for the company creating the engine.

Troubleshooting and Failure Analysis

This system for designing gears is used for the most part to design or
improve designs on new or existing gear sets. However, there are addi-
tional capabilities of the system.

If the system is provided with the proper information, virtual models of
the gear teeth can be created to predict the proper location of the contact
pattern. This information, compared with the actual contact pattern, can
provide valuable insight to the cause of a failure or other problems. In
addition, this approach can improve beam strength of the tooth up to 30
percent and significantly increase gear life.

Conclusion
In today's competitive manufacturing environment customer demands
for fast delivery and lower costs are prevalent. The computerized
closed-loop approach to gear production is ideally suited to this climate.
In addition, by reducing development time, this technique allows the
product to be released to the market much sooner, substantially reduc-
ing costs to the OEM.

In view of the numerous benefits of this technology, the closed-loop
methodology promises to become the standard development technique
in the gear industry for years to come.
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(630) 969-7640 or go to [www.arrowgear.com].
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