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multi-axis
CNC hobbing
machines for

American Pfauter,
of course.

For example, our new PE150 represents the best

of high production capability plus flexibility for
hobbing gears up to 6-in. Because of high dynamic
rigidity, it's capable of using the latest in TiN and
carbide tool technology. Setup times are reduced
as much as 85% because change gears and
mechanical gear trains have been replaced with
trouble-free electronic controls.

Simple CNC operation is assured with a variety of
available software. Dialogue programming covers
all operational sequences, walks the operator
through data entry and alerts him to conflicting
or illogical data. A diagnostic program simplifies
maintenance procedures by detecting and
displaying errors directly on the CRT.

Flexible automation is a reality with the PE150's
integral workhandling system which combines
unsurpassed speed and versatility—even where
medium or small production lots dictate frequent
retooling during one shift.

aviomotive-size gears? ‘w/

Faster tool change is accomplished with the quick
hob change system which saves more than 90% of
tool changing time while assuring hob concentricity
independent of operator skill. A tool magazine with
automatic changer is also available.

Shorter machining times. Shorter changeover
times. Faster tool change. Reduced idle times.
Lower operating costs. All at a price no higher than
conventional hobbing machines. For additional
information, contact American Pfauter Ltd., 925
East Estes Avenue, Elk Grove Village, IL 60007
U.S.A, (312-640-7500).

. f-\[ﬂ[‘l@l[ﬂl EFAUNER
(LLCACTUT S D)
World-class gearmaking technology in hobbing

« grinding * shaping - hard gear finishing *
inspection + gear cells and systems

CIRCLE A-1 ON READER REPLY CARD



Letters for this column should be addressed to Let-
ters to the Editor, GEAR TECHNOLOGY, P.O. Box
1426, Elk Grove Village, IL 60007. Letters sub-
mitted to this column become the property of
GEAR TECHNOLOGY. Names will be withheld

upon request; however, no anonymous letters
will be published. Opinions expressed by con-
tributors are not necessarily those of the editor
or publishing staff.

Dear Editor:

Your new journal is a most attractive, informative pub-
lication. I'm certain that you and the rest of the GEAR
TECHNOLOGY publication staff labored long and hard to
produce such an excellent, professionally-rendered
product.

Your journal is also unique; there is none other like it
in print. It appears that you have set out to serve an
important, previously neglected area of technology. This
action is commendable, and will be a definite service to
gear designers, manufacturers, and users.

Please accept my congratulations on this new
endeavor.

Ken G. Merkel, Ph.D.. Editor
The Journal of Engineering Technology

The first two Issues of your very fine journal deal ex-
tensively with basics. | have found the ordinary gear-man
other than an engineer does not comprehend what is
simple to the engineer.

The “Gear Ratio” article [second issue) was particulary
interesting: | have made a program for that, but had
thought it was impossible for the computer to find the
factors. Now | know how to achieve the “impossible™.
Thank you for that. Best of success with your ambitious
endeavor.

Robert P. Ellenberger, Engr.
Federal Gear, Inc.

In our country, the lack of reference sources and
results-of-research information make keeping up to date in
our job an extremely difficult enterprise. This publication
will fill a sorely needed gap.

Alexander H. Danon G.
General Manager
Pedro Meusnier

Juarez, Mexico

Your Oct./Nov. issue article on Austempered Ductile
Iron by Dale Breen was reviewed with great interest. We
are currently involved in a test program with one of our
customers on gears made from this material. The content
of the article was quite helpful. Keep up the good work.

B. A. Schaler
Allison Gas Turbine Operations

During a recent business trip to our Rockford, lllinois
headquarters to discuss Gear Manufacturing and Design
Problems, | had an opportunity to scan your magazine
and was very much impressed.

Here in our Denver, Colorado facility, we are the
primary manufacturing source for most of the individual
parts that are used in the Aerospace products that Sund-
strand supplies to customers worldwide, These products
include electrical generating units, commonly known as
Constand Speed Drives, auxillary power units, wing
actuators, rudder speed brakes for Space shuttle, and the
list goes on and on. All of these products use gears, and
almost all of our gears are precision ground. Suffice it to
say, we in Denver, are very much involved in Gears.

Peter F. Palko, Section Mar.
Sundstrand Aviation Operations

Your magazine GEAR TECHNOLOGY is a timely asset
to me. We are just starting to hab our own gears in
house. We have little actual gear cutting experience and
any information we can get our hands on is a great
help.

Keep up the fine articles especially the “Back to Basics™

Series. Alan R. Ayotee
Process Engineer

| would like to compliment you on your Journal, There
has been a need for a publication of this kind for a long
time. | have passed the number on to my colieague con-
cemed with the CAD of Gears, and | am sure he will
greatly appreciate the publication,

Professor S. A. Tobias
University of Birmingham, England

As a Manager of Special Projects leading company
development in certain aréas including non standard
gearing, | have found your Gear Technology Journal Vol.
1 No. 3 to be an excellent reference source.

I would like to receive it regularly.

Also, if possible, | would like to receive Vol. 1, No. |
and Vol. 1, No. 2.

Valentin G. Barba
Special Projects Manager
Plessey Dynamics Corp.

Editors note: This letter is typical of many that we have
been receiving. Because of the extra time and expense in-
volved in sending individual back issues, we must advise
that there is a charge for back issues, $7.00 for the
United States, $15.00 for Foreign Subscribers. There is
also only a limited number of these issues available. If
you wish to purchase any back issue, mail your check
and indicate the issue you are requesting to:

GEAR TECHNOLOGY

P.O. Box 1426

Elk Grove Village, IL 60007.
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AMERICAN

STYLE.

Hard Skived
Fully Conjugate
Gear Generation

The Klingelnberg AMK-400 spiral
bevel gear generator offers ground
gear quality at lapped gear prices.
The system assures a gear design
that results in higher power transmis-
sion, smaller gear diameter and
quieter gear operation.

The unique parallel depth tooth
design, characteristic of spiral bevel
gears by the Klingelnberg system,

*BZN is a trademark of General Electric Co.

provides excellent axial adjustability
without sacrificing load carrying
capacity.

Easy to set up and without the
conventional tooth bearing develop-
ment, the AMK-400 guarantees
maximum productivity. The BZN*
coated carbide blades produce a
superior finish and uniform tooth
quality, up to AGMA Class 13. The
AMK-400 will skive gears up to 20
inches in diameter, from 2 to 25 DP.

For further information, contact:
Klingelnberg Corporation,

15200 Foltz Industrial Parkway, \
Strongsville, OH 44136.

Phone: (216) 572-2100. Geared to Progress
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Now you can assure hob quality
before cutting your first gear

Bad hobs cut bad gears. That’s a fact. But with
our new Hob Check™ 2000 software system, you can
assure hob quality before manufacturing bad gears.

The Hob Check™ 2000 is turnkey software which
works in conjunction with our QC 2000-4 gear inspec-
tion system. It directs completion of hob testing pro-
cedures, and, test results can be stored, then analyzed
through software procedures. Computer analysis of
test results to different standards (such as US and
European) makes this system cost effective and flexible.

The Hob Check™ 2000 can provide hob and gear
manufacturers quality control using plant-tested,
operational hardware.

* Tools can be qualified as accurate
before release for use
* Troubleshooting becomes efficient
* Reason for rejection can be identified
* Software cost is a fraction of that
of a dedicated hob checker

For Hob Check™ 2000 specifications and our
Model 2000-4 QC System brochure loaded with informa-
tion and applications on true universal gear inspection,
write or call M & M Precision Systems, 300 Progress
Road, West Carroliton, Ohio 45449, 513/859-8273.
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IN-LINE-TRANSFER

Better blind spline
broaching, with easier
fool maintenance

Apex's newest in-line-transfer blind spline
broaching machine is now out there cutting
teeth into automotive sun gears. It's doing them External blind splines are broached to within
two at a time, 190 per hour, without operator 0.0005-in. concentricity to internal bore.
assistance. When an operator is needed, to
change tooling, one of the major advantages of
this machine is realized: all tooling is fully
accessible, situated only inches from the edge
of the table.

Progressive broach tooling is mounted on a
reciprocating table. A pair of parts is
automatically loaded onto expanding arbors
under a single vertical ram. The parts are
pushed into the 8 sets of tooling in quick
succession, and the table rapid-returns for
automatic part removal.

Make deeper cuts, of higher quality, with
longer tool life, on your blind splines, holes, or
keyways. Just call APEX. We can show you how
todoit.

1. Parts loaded under ram. 2. Parts in auto-loader.
3. Titanium-nitride hard-coated tooling.

Designed for water-base
hydraulics, the machine has
a 15-ton, 6-in. stroke ram
mounted on a bridge over
the sliding tool table. Pick-
and-place unit straddles
table at right.

APEX BROACH & MACHINE CO.

6401 E. Seven Mile Rd., Detroit, M 48234
313/891-8600

DESIGNERS AND BUILDERS OF STANDARD AND
SPECIAL BROACHING MACHINES AND

BROACHING IS OUR ONLY BUSINESS
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THE UNBEATABLE GH400NG
NOW APPEARING AT BENSENVILLE

Mitsubishi’s full CNC Gear Hobbing Machine, GH400NC

Based on its 25 year history of manufacturing gear hobbing @ Large diameter master worm wheel and high accuracy
machines, Mitsubishi has completed its full CNC 5-axis gear hob- ball screws results to high accuracy gear products.

ber, the GH400NC. @ Heavy duty construction and high power motor enables
Now field proven in the domestic market in Japan, the GH400NC to generate gears up to module 10 (DP 2.5).

makes its debut here in the U.S.A. The machine will be displayed @ Preset tapered hob arbor makes hob changing faster

at the Mitsubishi show room at Bensenville. Mitsubishi has open- with ease.

ed it's new office here. BRIEF SPECIFICATIONS

FEATURES Maximum workpiece diameter 400mm (40~)
@ Set-up time reduced to 1/10th compared to conven- Maximum module 10 (DP 2.5)
tional type machines. Minimum number of teeth 6

= . Maximum number of teeth 120
@ Simple programming. Computer memory stores up to H:;ilal Ltlravelu v X 250mm (107)

100 different kinds of programs. Axial travel Z 300mm (12*)
@ Capable of tapered gear hobbing and crowning under Hob shift Y 150mm (6~)

CNC. No templates required. Hob head swivel angle A +45°
i Maximum table rotation C 27rpm
Hob speed range 80 ~ 350rpm

For more details please write us to the address below or call
(312) 860-4220

MITSUBISHI
HEAVY INDUSTRIES, LTD.

§-1, Marunouchi 2-chome, Chivoda-ku, Tokyo, Jepan
Cable Address HISHIJU TOKYO

Mitsubishi Heavy Industries America, Inc.
873 Supreme Drive, Bensenville, IL 60106, Phone: (312) 860-4220




Analyzing Gear Tooth Stress
as a Function of Tooth Contact
Pattern Shape and Position

by

Lowell Wilcox
The Gleason Works
Rochester, New York

Abstract

The development of a new gear strength computer program based
upon the finite element method, provides a better way to calculate
stresses in bevel and hypoid gear teeth. The program incorporates
tooth surface geometry and axle deflection data to establish a direct
relationship between fillet bending stress, subsurface shear stress,
and applied gear torque. Using existing software links to other gear
analysis programs allows the gear engineer to evaluate the strength
performance of existing and new gear designs as a function of tooth
contact pattern shape, position and axle deflection characteristics,
This approach provides a better understanding of how gears react
under load to subtle changes in the appearance of the no load tooth
contact pattern.

Introduction

The fatigue life of bevel and hypoid gear designs has long
been known to be a function of the length, width and posi-
tion of the “no load” tooth contact pattern. For example,
careful positioning of the tooth contact pattern relative to
the gear member can produce dramatic increases in bending
fatigue life. Fig. 1 shows a two-fold increase in bending fatigue
life obtained by positioning the tooth contact pattern toward
the toe of the gear tooth rather than at a central position.

Based on the results shown in Fig. 1, a gear designer might
be tempted to conclude that a central toe position of tooth
contact pattern should always be used to obtain maximum
fatigue life. However, the relationship between gear fatigue
life and the position of tooth contact pattern is complicated
by additional considerations that must be made. For exam-
ple, what position of tooth contact pattern produces the best
sound qualities? What combination of the adjustability of the
gear design and the stiffness of the axle housing permit the

AUTHOR:

LOWELL WILCOX is Senior Staff Research Engineer in
charge of the Controls Research and Computer Aided Design
Group at The Gleason Works. Dr. Wilcox earned his BSME,
MSME and Ph.D degrees from the University of Rochester.
Since 1970 he has been active in the development of finite ele-
ment based software for use in analyzing stresses in bevel gear
teeth. Presently the author is conducting research that will
extend the capabilities of the finite element based software to
include a wider range of stress induced gear failures than can
be handled by present theories.

optimum position of tooth contact pattern to be obtained,
and what will the mode of fatigue failure be? Clearly, it would
be desirable if the relationship between fatigue life and tooth
contact pattern parameters could be determined by analytical
methods rather than relying on experimental data only.
In September of 1981 the author(1)' presented a paper
outlining a new method of gear stress analysis based on the
finite element method used in conjunction with the method
of Tooth Contact Analysis TCA. This method of analysis
incorporates adjustability and axle deflection data along with
finite element modeling of the gear and pinion members to
calculate root fillet and surface stresses as the gear and pinion
deflect under load. In the sections of this paper that follow,
the new method of stress analysis will be used to analyze the
relationship between length, width and position of tooth con-
tact pattern and the stresses that result in fatigue failure. The
examples given will demonstrate that stress levels in gear teeth
can be related quantitatively to the parameters describing
tooth contact, thereby, improving the gear designer’s ability
to predict the fatigue performance of bevel and hypoid gears.

Stress Analysis Model

The stress model used to analyze fillet and surface stresses
in gear teeth is based on the combination of three well known

400

Pinion Cycles o Failure (X107)

100

0
28" 0 - 128" 250" - 378" -5

Fig. 1—Bending Fatigue Live Vs. Position of No Load Center of Contact
( ¥') Relative to Gear Member
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Paint on Pinion

or Gear Tooth
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—— Lp (or Rg)
Gear
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(L-R Co-ordinates)

z

Y\ /

Fig. 2 Method of Generating Points on Tooth Surface based on Co-ordinates
in Axial Section

analytical approaches; TCA, the finite element method and
the flexibility matrix method. A detailed discussion of how
these separate approaches are blended to form a stress model
suitable for use in gearing is found in references (1) and (2).
What follows is a brief overview of the essential features of
the stress model.

TCA is used to define the geometry of the gear and pinion
tooth forms and to define the lines of contact that exist
between gear and pinion teeth as they rotate through mesh.
Fig. 2 shows, for the pinion member, how TCA is used to
define the co-ordinate 7, based on given values of the axial
co-ordinates L, and R,,. The axial plane co-ordiantes L, and
R, can readily be determined from ordinary algebraic equa-
tions using blank dimensions as input. Once L, and R, are
specified at a point on the gear surface, TCA is used to
calculate (by computer interation techniques) the third dimen-
sion 7,. In other words, TCA is used as a “black box" to
develop a point by point description of the tooth surface. The
resulting point by point description of the tooth surface is
easily converted into a three dimensional finite element
model. Fig. 3 shows a typical finite element model of the gear
member.

1. Numbers in parentheses refer to similarly numbered
references in bibliography at end of paper.

2. TCA is an accepted method of vector and matrix opera-
tions used to describe the Form and Kinematics of gear
teeth.
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Fig. 3 - Five tooth segment of gear showing relative location of HEX 20 Finite
Element Model

Fig. 4 - Location of instant lines of contact on gear tooth model

Fig. 4 shows three lines of contact at a particular point of
gear and pinion rotation as defined by TCA. The lines of
contact represent the theorectical location of the possible con-
tact points that can occur as load is applied to the teeth. Each
of the three lines shown in Fig. 4 is discretized into a series
of modes that can be analyzed using the flexibility matrix
method.

The fundamental principal of the flexibility matrix ap-
proach (3) is that the tooth stiffness, interface load and tooth
surface deflection can be related by an equation of the form

Cﬂpi = 6| (1)

C;; is the combined gear/pinion/axle compliance matrix
and represents the load-deflection characteristics of each node
along the lines of contact. By specifying the nodal deflection
é; in a manner consistent with normal gearing constraints
the interface load distribution P, Fig. 5, can be directly ob-
tained from equation 1. Once the interface loads P, are
determined, the finite element method can be used to relate
fillet and surface stresses to the interface loads P;.




Fig. 5 Calculated load pressure distribution for all contact lines at given
puosition of rotation

The process discussed above provides a complete descrip-
tion of the gear and pinion stresses at a particular point of
gear and pinion rotation as shown by the instant lines in Fig.
4. In a straight forward manner, any point of rotation can
be specified thus giving a complete picture of the variation
in stress as gear and pinion rotate through mesh. Further-
more, the maximum stresses, both bending and surface, are
calculated directly as a function of the TCA input parameters,
and more importantly, as functions of the length, width and
position of the tooth contact pattern relative to the gear
member. Additionally, as axle housing deflections enter into
the compliance matrix C; (Equation 1), the stresses also
reflect the influence of the axle housing compliance.

In summary, it should be mentioned that all of the above
steps required to calculate gear stresses have been integrated
into a series of computer programs that are essentially driven
by the TCA program. In other words, the logic and deci-
sions necessary to perform the above steps are automatically
carried out by the computer and are, therefore, transparent
to the gear designer. It is possible, therefore, to generate a
complete stress picture corresponding to any developed TCA.

Selection of Gear Design

Table 1 lists the parameters defining the gear designs
analyzed by the finite element stress program. Designs A,
B and C are typical of a low ratio, double reduction truck
axle, The nominal pressure angle and spiral angle for each
design are 22.5” and 35° respectively and the diametral pitch
equals 3.161,

Designs B and C are variations of Design A in that the cut-
ter radius has been decreased from 4.5 inches to 3.75 and
3.0 inches respectively. Designs A, B and C represent three
different designs from the point of view of their adjustability.
Other parameters such as point widths, addendums, deden-
dums, etc., were calculated according to the Gleason spiral
bevel dimension sheet program.

The axle deflections were measured in a Gleason T6R-II
Tester. Fig. 6 shows the magnitude and direction of AE, AP,
AG and £ corresponding to a pinion input of 36,500 Ib-in.
It should be noted that the direction of the AG component
of deflection is opposite to that normally shown in both
Gleason and AGMA literature. This is because the finite ele-
ment gear strength program holds the gear member fixed and
applies all housing related deflections to the pinion member.
Therefore, AG becomes the pinion motion relative to the gear
member, or in keeping with the original definition of AG,
becomes minus the gear deflection.

Definition of Tooth Contact Pattern

In order to systematically study the influence of tooth con-
tact pattern parameters on gear and pinion fatigue stress, three
different combinations of length, width and position were
analyzed. The first combination isolated the influence of tooth
contact pattern position, Z, by holding the no load contact
pattern length equal to 0.5F, where F is the gear tooth
facewidth and holding width equal to 0.5h,, where h, is the
gear tooth whole depth. Three separate positions of tooth
contact pattern (Z) were used in the analysis.

Fig. 7 illustrates these positions relative to the gear number.
A non-dimensional coordiante system was selected such that
the position of the center of the contact pattern, Z, is zero

TABLE |
GEAR DESIGN PARAMETERS USED IN STRESS ANALYSIS
OF SPIRAL BEVEL TRUCK AXLE
DESIGN A DESIGN B DESIGN C

Pinion Gear Pinion Gear Pinion Gear
No. Teeth 17 29 17 29 17 29
Diametral Pitch _ 3.161 —_ .16l —— 3.161
Face Width 1.5" 1.5" 1.5" 1y 1.5" 1.5"
Pressure Angle 2.5° - 2.5° —— 2.5° _
Addendum 0.347" 0.188" 0.331" 0.178" 0.307" 0.164"
Dedendum 0.246" 0.404" 0.236" 0.388" 0.221" 0.365"
Cutter Radius 4.496" 4.500" 3.743" 3.750" 2.999" 3,000"
Cutter Edge Radius 0.055" 0.095" 0.055" 0.095" 0.055" 0.095"
Pitch Angle 30.379° 59.621° 30.379° 5§9.621° 30.379° 59.621°
Mean Spiral Angle 35.0° 35.0° 35.0° "35.0° 35.0° 35.0°
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Fig. 9 - Equivalent alternating bending fatigue stress derived from tensile and
compressive stress components using a modified Goodman diagram

at the center of the gear face width, -0.25 halfway toward
the toe end and 0.25 halfway toward the heel end, The tooth
contact patterns were positioned at three different locations
along the face of the gear, corresponding to £ = .025, 0,
and -0.250. The extreme values of £ = .025, -0.25 corres-
pond to contacts that just touch the ends of the gear tooth
(in the case of 0.5F length) to slightly overlapping the ends
of the tooth (in the case of 0.75F length).

The second combination of tooth contact pattern
parameters varied Z in the wame way as shown in Fig. 7,
holding the width equal to 0.5 h,, while length was set equal
to 0.5F and 0.75F.

The third combination of tooth contact pattern parameters
again repeated the Z variation of Fig. 7, but held length equal
to 0.5F, while width was set equal to 0.5h, or 0.75h,.

Presentation and Discussion of
Stress Analysis Results

Generally, three distinct types of stress pattern occur in
gear teeth in response to laods applied to the gear teeth; bend-
ing stresses in the fillet regions, contact stresses on the sur-
face of the tooth profiles (including friction) and subsurface
shear stresses in the case region. The results of the stress
analysis in this paper pertain only to the bending stresses in
the fillet and subsurface shear stresses in the case region of
the teeth.

Fig. 8 illustrates the locations and components of the bend-
ing and subsurface shear stresses. The bending stresses in the

fillet region are principal stresses that lie on the surface of
the fillets. As the gear and pinion rotate through mesh, the
principal stresses range from maximum tensile values at a par-
ticular point to minimum compressive values. In order to
simplify the handling of both tensile and compressive stresses,
a modified Goodman diagram is employed to reduce the ten-
sile and compressive stresses to an equivalent alternating stress
whose mean value is equal to zero. Fig. 9a shows a typical
tensile/compressive stress pattern, for either gear or pinion,
calculated from the finite element gear strength program. The
maximum tensile stress as the gear and pinion rotate through
mesh is a,,, while the minimum absolute value of compres-
sive stress is g,.. The mean stress is 0., = (0, — 0,)/2.
Fig. 9b shows the alternating stress pattern equivalent to that
shown in Fig. 9a, but with zero mean stress. The stress pat-
tern shown in Fig. 9b can be determined from the modified
Goodman diagram shown in Fig. 9¢ or alternatively from the
following formula.

au]l( le + Upr-}

r 20, — (o — o)

Equation 2 is derived from Fig. 9c with g, the ultimate
stress of the case hardened gear structure, equal to 330,000
PSI. By resorting to an equivalent alternating stress a single
stress life curve can be used to compare different gear designs.
In the case of subsurface shear (4, 5, 6) there are actually
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two such components as is shown in Fig. 8. The deepest
penetrating shear is the 7,5 shear. The 7,5 shear results in
fatigue cracks that usually occur at the case-core interface
such as in heavy spalling. The other component of subsur-
face shear is the reversing orthogonal component of shear
which occurs at 64% of the depth of the 7,5 shear. The or-
thogonal component of shear, T, is reversing in that as the
contact zone moves across the tooth profile a point beneath
the surface of the tooth, sees both a plus and minus value
of 7,. The 75 shear, on the other hand, does not change
sign as it lies along the centerline of tooth contact. It will be
assumed in the ensuing discussions that although the
magnitude of the 7, component is less than the 7,5 compo-
nent the 7, component is in fact the critical component for
most gear failures because the fully reversed stress amplitude
of the 7, component results in a worse state of stress than
does the single direction 7,5 amplitude.

Influence of Position of Tooth Contact Pattern
and Cutter Radius on Fatigue Stress

Fig. 10 shows the influences of tooth contact pattern posi-
tion and cutter radius on bending stress and subsurface shear
stress. Gear bending stress, o, and pinion bending stress,
a;, are shown on the left hand side of Fig. 10, while or-
thogonal shear stress, 7,, is shown on the right hand side.
The abscissa (Z) of Fig. 10 represents the “no load” position
of the center of contact along the gear face while the ordinate
represents equivalent alternating stress measured in KPSI.
Non-dimensional contact pattern lengths and widths are each
set equal to 0.5 for the stress curves shown in Fig. 10.

The influences of tooth contact pattern position and cut-
ter radius on fatigue stress can be generalized as follows. As
the center of the tooth contact pattern is positioned toward
the toe of the gear tooth, both gear bending and subsurface
shear stress increase. At the same time, pinion bending stress
decreases. As cutter radius is decreased from 9.0 inches to
6.0 inches, gear bending and subsurface shear increase while
pinion bending stress decrease.

Bending Shear
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Fig. 10— Variation of g2, o‘r’,
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and 72 with tooth contact pattern position
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Fig. 11— Variationof 4§, 0§ and 7§ with tooth contact pattern position

2 L = 0.5F)
(~eeemeese]. = 0.75F)

The percentage figures shown with each of the curves in
Fig. 10 indicate the magnitudes of change found in the stress
components for each case. The gear bending stress increases
from between 6.9 and 17.2 percent as the contact pattern is
positioned towards the toe. Subsurface shear increases from
between 5.6 and 11.2 percent while the pinion bending stress
decreases from between —19.0 and —20 percent.

The corresponding changes due to the influence of cutter
radius are smaller. At the center position of tooth contact
position (£ = 0), the gear stress increase is 10.9% as cutter
radius decreases from 9.0 inches to 6.0 inches. The subsur-
face shear stress increases very slightly, by 3.8% while pinion
stress decreases by —8.0 percent.

Summarizing, both tooth contact pattern position and cut-
ter radius have significant influences on fatigue stress. Based
on the author’s experience with fatigue tests conducted on
the designs shown in Table I, the results above tend to sup-
port the observation that building the contact pattern center
toe and using smaller cutter radii (better adjustability) does
result in improved fatigue life,

Influence of Tooth Contact
Pattern Length on Fatigue Stress

Fig. 11 shows the influence of the length of the contact pat-
tern on fatigue stress as the contact pattern length is increased
from 0.5F to 0.75F. The solid lines correspond to a 0.5F length
while the dashed lines correpsond to a 0.75F length.

The primary influence of increasing contact pattern length
is to rotate the stress position curves about the £ = 0 value.
The basic trends of stress versus X and cutter radius remain
the same as outlined by the rotation of the stress curves.

When the detrimental effects of lengthening the tooth con-
tact pattern are examined, it is apparent that the pinion bend-
ing stresses in Fig. 11 are increased from between 5.7 and
8.0 percent when the tooth contact pattern is positioned
toward the toe of the gear tooth. The gear stress on the other
hand decreases from between —2.8 and —4.9 percent. At




Fig. 12 — Variation of ag. g‘r‘_, and 73 with tooth contact pattern position
2 (———1L = 0.5F hy)

the same time, subsurface shear stresses decrease from
between —1.7 and —2.2 percent. If the position of tooth con-
tact pattern is moved in the opposite direction, toward the
heel of the gear tooth, the trends given above are reversed
by about the same magnitudes.

Summarizing, when Fig. 10 and 11 are compared, it is seen
that the importance of contact pattern length changes on
fatigue strength are approximately one half those experienced
with position change and approximately the same as those
attributed to cutter radius changes.

Influence of Contact Pattern Width
on Fatigue Stress

Fig. 12 shows the influence of contact pattern width on
fatigue stress when the contact pattern width is changed from
0.5h, to 0.75h,, where h, is the gear tooth mean whole
depth. The dashed lines represent the 0.75h, width while the
solid lines represent the 0.5h, width.

It is apparent from Fig. 12 that the change in contact pat-
tern width from 0.5h, to 0.75h, has almost no effect at all
on bending stress and only a very small effect on shear stress.
The pinion bending stress decreases by less than one percent
at the Z = 0 position of tooth contact pattern. Gear bend-
ing stress decreases by —1.9 percent or less and shear stress
decreases by —1.4 percent or less.

Summarizing, the width of the contact pattern has the least
influence of all on bending and shear stresses. Changes in
fatigue life due to changes in bending and shear stress of less
than two percent would be difficult to detect experimentally.

Comments on Experimental Validity of Stress Data

In the preceding sections of this paper, analytical stress data
were presented relating changes in fatigue stress to changes
in the tooth contact pattern parameter length, width, £ and
to cutter radius. At present there is very little experimental
data collected relative to two of these parameters; X and cut-
ter radius.'”’ Furthermore, a portion of the data concerning

R, was obtained from simulated gear tooth shapes rather
than from actual bevel gears'™. The influence of the
parameters length and width have not been experimentally
veritied.

Although the results presented in Section 5 are encourag-
ing, it must be stated that these results are largely theoretical
predictions at this point in time. Hopefully, more experimen-
tal data will be available in the future to improve contidence
in the results of Section 5.

Conclusions and Future Plans

The main objective of this paper has been to show that
fatigue stress can be quantitatively related to tooth contact
pattern parameters and to cutter radius. To that end, results
have been presented showing the percentage changes in bend-
ing stress and subsurface shear stress as contact pattern
parameters and cutter radii were changed in a systematic way.

The results presented in Figs. 10 thru 12 show that fatigue
stress does change in a predictable manner as tooth contact
patter parameters are varied for each of the three tooth
designs employing different cutter radii. Generally, the
changes in fatigue stress vary from 10 to 20 percent in the
case of position and cutter radius variations down to only
a few percent in the case of tooth contact pattern width.

(Continued on page 23)
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Computer Aided Design (CAD) of Forging and Extrusion
Dies for the Production of Gears by Forming

by

David J. Kuhlmann
P. S. Raghupathi
(Battelle’s Columbus Division)

Gary L. Horvat
(Eaton Corporation)

Donald Ostberg
(U. S. Army Tank Automotive Command)

Material losses and long production times are two areas
of conventional spur and helical gear manufacturing in which
improvements can be made. Metalforming processes have
been considered for manufacturing spur and helical gears, but
these are costly due to the development times necessary for
each new part design. Through a project funded by the U.S.
Army Tank — Automotive Command, Battelle's Columbus
Division has developed a technique for designing spur and
helical gear forging and extrusion dies using computer aided
techniques.

Gear Forming Methodology

Gear manufacturing processes are highly specialized due
to the complex geometry and high accuracy requirements of
the gear teeth. Precision forming methods for gears offer con-
siderable advantages including the reduction of material and
energy losses during finish machining. However, to establish
precision forming as an economical production technique re-
quires the capability to design and manufacture dies with
precise and reproducible dimensions with long life and at an
acceptable cost.

The traditional method of forging and extrusion die design
and manufacture is based on experience and trial and error.
A preliminary die is made and a few parts are formed. Meas-
urements are taken of the finished part and the die is adjusted
accordingly. A second series of trials is conducted, and so
on, until the final die geometry is obtained. Such a develop-
ment program is required for every new design which makes
the precision forming process economically less attractive,
especially when complex and precise geometries are involved,
as with spur and helical gears. Therefore, methods need to
be developed to apply advanced computer aided design and
manufacturing (CAD/CAM) technologies (finite element,
metal forming and heat transfer analyses) to gear forming
die design and manufacture. This approach benefits from the
capabilities of the computer in computation time and infor-
mation storage and allows the die designer to try various
changes in the die design and the forming conditions, without
trying out each new change on the shop floor

CAD/CAM Applied to Forging and Extrusion
In recent years, CAD / CAM techniques have been applied
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to various torging processes. The experience gained in all of
these applications implies a certain overall methodology for
CAD/CAM of dies for precision and/or near-net shape
forming. This computerized approach is also applicable to
precision cold and hot forming of spur and helical gears, as
seen in Fig. 1. The procedure uses as input: (a) the process
variables and (b) the part (gear) geometry. The former con-
sist of:

(1) data on billet material under forming conditions (billet
and die temperatures, rate and amount of deformation),

(2) the friction coefficient to quantify the friction shear stress
at the material and die interface, and

(c) forming conditions, such as temperatures, deformation
rates, suggested number of forming operations.

Using the process variables and the part geometry, a
preliminary design of the finish forming die can be made.
Next, stresses necessary to finish form the part and
temperatures in the material and the dies are calculated. The
elastic die deflections due to temperatures and stresses can
be estimated and used to predict the small corrections
necessary on the finish die geometry. Knowledge of the form-
ing stresses also allows the prediction of forming load and
energy. The estimation of die geometry corrections is
necessary for obtaining close tolerance formed parts and for
machining the finish dies to exact dimensions. The corrected
finish die geometry is used to
estimate the necessary vol-
ume, and the volume distri-
bution in the billet or the
preform. Ideally, a simula-
tion of the metal flow should
be conducted for each die
design. This is a computer-
ized prediction of metal flow
at each instant during form-
ing. This simulation is math-
ematically quite complex and
can only be performed at this
time for relatively simple
parts. In more complex appli-
cations, die design can be
determined by computerized
use of experience-based
formulas.

Two Phase Approach

The present study is still in
progress and is being con-
ducted in two phases as
follows:
® Phase |

Computer Aided Design

(CAD) of forming dies.
® Phase II

Computer Aided Manu-

facturing (CAM) of the

forming dies and demon-

stration of the effective-

forming (forging and/or extrusion) a set of spur gears
and a set of helical gears.

The Phase | work and the Phase Il spur gear extrusion trials
have been completed. A simplified flow diagram for the com-
puter aided design and manufacturing of forging and extru-
sion dies for spur and helical gears is shown in Fig. 2. Using
the overall outlines of Figs. 1 and 2, the die design effort was
dividied into four tasks:

1. Definition of gear and gear tooth geometries.

2. Prediction of forming load, pressure and stresses.

3. Estimation of tool deflections, shrinkage and corrections.

4. Development of an interactive, graphics based computer
program for performing Tasks 1 through 3.

Generating the Gear Tooth Geometry

To define the tooth geometry, certain gear and/or cutting
tool parameters must be specified. Some additional data per-
taining to the mating gear may also be required in certain
instances. All the data required for the computations can be
obtained from a “summary sheet” developed by gear designers
(Fig. 3) and also the geometry of the cutting tool (Fig. 4).
With this data, standard gear equations are used to calculate

the X and Y coordinates of the points describing the gear tooth
profile.

The basic geometry of a spur
gear tooth is seen in Fig. 5,
with the following major
definitions (1):

¢ addendum —
the radial distance be-
tween the top land and
the pitch circle

* backlash -
the amount by which the
width of a tooth space
exceeds the thickness of
the engaging tooth on
the pitch circles

® circular pitch—
the distance, measured
on the pitch circle, from
a point on one tooth to
a corresponding point on
an adjacent tooth

* clearance —
the amount by which the
dedendum of a gear ex-
ceeds the addendum of
its mating gear

® dedendum —
the radial distance from
the bottom land to the
pitch circle

¢ diametral pitch—
number of teeth on the
gear per inch of pitch

ness of CAD/CAM by  Fig. 1 Descriptive Computer Aided Design Procedure for Finish Forging Dies diameter
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DESCRIBE GEAR GEOMETRY IN
DIGITAL FORM FOR USE IN COMPUTER
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DESIGN
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UPDATE COMPUTER PROGRAMS
AND REFINE CAD/CAM
METHODS FOR DIES

Fig. 2— General Procedure for the Design of Gear Forming Dies

* pitch diameter — diameter of the theoretical pitch circle
which is tangent to the corresponding
pitch circle on a mating gear

The majority of the gears produced by conventional cut-
ting methods are either hobbed or cut using a shaper cutter
(2). In this study, for defining the tooth geometry, standard
equations were used to simulate the gear cutting process (3-7).
These equations are included into a computer program, called
GEARDI, as discussed later.

Forming Load Prediction

To determine the elastic deflection of the forming dies,
stresses acting on the die during the forming processes must

18 Gear Technology

be known. This stress analysis is necessary to obtain not only
the elastic deflection, but also to calculate the forming
pressure and load.

Extrusion
The extrusion process is seen schematically in Fig. 6. The
punch load required to extrude a spur or helical gear is
determined by estimating the following forces:

* the ideal deformation force,
* the force due to internal shear at the die entrance and exit,
e the friction force along the die walls and the punch.

Using the slab method of analysis, the equations for the
punch force were determined and programmed.
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MAX. TOOTH TO TOOTH COMPOSITE VAR
MAX. TOTAL COMPOSITE VARIATION .
MAX. PITCH VARIATION .

MAX. PITCH RANGE.

ROLL ANG.

34.95
33.99
30.30
25,02
2242
17.45
16.72

0.00

ENGLISH
(INCH)

81.0220
810.0123
32.
10.0000
19.0000
31.5739
LEFT
19.2000
8.5197
22.0064

4.079
4.069
4.049
4.039
3.7560
3.51

0.2160
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Fig. 3 —Example of A Typical Gear Manufacturer Summary Sheet Defining

Gear Geometry

METRIC
(MM)
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810.0123
32.

2.540
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103.35
102.84
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0.020
0.081
0.010
0.073
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Fig. 4—Geometry of A Hob and A Shaper Cutter

Fig. 5—Gear Terminology

Forging

A typical tool setup for forging of gears is shown
schematically in Fig. 7. The punch force necessary to fill the
tooth cavity by radial metal flow was also calculated using
the slab method of analysis and empirical equations. Addi-
tionally, the forging load was estimated using a Finite Element
Method (FEM) based program in order to verify the calcula-
tions made by the slab method and empirical equations. The
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results of the FEM analysis correlated closely with the
empirical analysis.

Estimation of Die Corrections

The geometry of the forming die is different from that of
the formed gear because,

® The die insert is normally shrink fitted into the die holder
causing a contraction of the die surfaces.

* In warm/hot forming, the dies may be heated prior to
forming and further heated by the hot billet during form-
ing. This causes the die insert to expand.

® During forming, due to forming stresses, the die surface
deforms elastically.

* After forming, the gear shrinks during cooling from form-
ing temperature to room temperature.

To obtain the desirable accuracy in the formed gears, each
of the geometrical variations listed above was estimated and
the die geometry corrected accordingly. Referring to Fig. 8,
the original pitch radius is represented by R. Shrink fitting
of the die causes the gear profile to shrink, hence the die must
be increased by a corresponding amount, S. Similarly, in-
creased die temperatures and forging pressures cause the die
to expand. These two factors are compensated by the
amounts H and E. Finally, a warm/hot formed gear will
shrink during cooling; therefore, the die must be enlarged by
the amount C. The results of the die correction analyses were
used to alter the coordinates of the gear tooth profile to
achieve the appropriate die geometry:.

Cutting the Die
A common method of die manufacture is called electrical
discharge machining (EDM). The process uses an electrode,
usually made of graphite or brass, which is the negative of

Fig. 6— Schematic of the Extrusion Process



Fig. 7~ Typical Tool Setup for Forging Spur or Helical Gears

the die geometry. The electrode is brought close to, but not
in contact with, the die material. An electrical current is
allowed to arc across the gap which "burns” away the die
material. Another form of this method of manufacture is
called wire EDM. Current is passed through a straight wire
that moves in two dimensions, burning the die geometry as
it goes. Helical gear dies must be made by using a solid elec-
trode but spur gear dies can be cut using either a solid elec-
trode or a wire EDM process. In either case, a corrected set
of gear tooth profile coordinates is needed. This new set of
coordinates is computed by applying a correction factor to
the radius vector from the center of the gear to each point
on the gear tooth profile. The correction factor is a function
of the values for S, H, E, and C as shown in Fig. 8.

As previously mentioned, the geometry of the die is dif-
ferent from the final gear geometry. When cutting the gear
die using an electrode, it may be desirable to manufacture
the electrode using a hob or shaper cutter specifically designed
to cut the electrode geometry. The computer program,
“GEARDY’, allows the user to design this new cutting tool.

Computer Program “GEARDI"

Using the equations developed in Phase 1, a graphics
oriented computer program called GEARDI was developed.
The main functions of GEARDI are:

¢ define the exact tooth form of a spur or helical gear,

* compute the forming load required to produce the cur-
rent gear design,

* compute the coordinates of the corrected gear geometry
necessary for machining the EDM electrodes by taking into
account the change in the die geometry due to temperature
differentials, load stresses and shrink fitting, and,

® determine the specifications of a tool which can cut the
altered tooth geometry on a conventional hobbing or
shaper cutter machine.

This program enables the user to design spur and helical
gears, predict tooling loads and pressures, estimate metal flow
for forming the gear, and define the geometry required to
manufacture the tooling using conventional or wire EDM.
Several examples of gears, currently being forged in industry,
were tested in the GEARDI computer program. The predicted
forging loads were within 10 percent of the actual loads
measured during production runs.

GEARDI is an interactive, graphics-oriented program
which runs on Digital Equipment Corporation VAX 11/780,
11/750, and PDP-11/44 computers. It is a menu driven pro-
gram that allows the user to select various options from a
pre-defined list. Fig. 9 is a simplified flow diagram of the pro-
gram depicting the various menu options available to the user.
One convenient feature, the ‘COMPARISON DISPLAY” op-
tion, allows the user to superimpose two gear profile draw-
ings on the computer and determine the maximum difference
between the two profiles. Fig. 10 shows the superposition of
an original spur gear tooth profile and the corrected geometry
which was determined by the program for a specific set of
forming conditions.

The GEARDI program has powerful application
possibilities, not only in the area of metalforming, but also
in the area of gear and gear train design, with its ability to

Fig. 8— Correction to Gear Geometry (Symbols Explained In Text)
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Fig. 9~ Flow Diagram for the Computer Program GEARDI

Corrected Ceommtry

I 1.0 inch 1

Fig. 10— Computer Program Display of the Original Gear Tooth and the

Corrected Gear Tooth Geometry

design hobs and shaper cutters and to modify the fillet from

a trochoidal shape to a circ

ular shape.

Spur Gear Extrusion Trials

Fig. 11 shows a picture of the tool setup for the spur gear
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Fig. 11— Tool Setup for Spur Gear Extrusion Trials

extrusion trials, conducted at Battelle’s Columbus Division
using a 700-ton hydraulic press. The gears were extruded
using a “push-through” concept. Each gear is first partially
formed and left in the die while the punch is retracted. A
second billet is placed on top of the partially formed gear
and the press is cycled again. During this cycle, the partially

Fig. 12— Sequence of Parts For Extruding Spur Gears. Billet is on Top, Par-
tially Formed Gear is in the Middle, and Complete Extruded Gear is on the
Bottom.




formed gear is finish formed and pushed through the die,
dropping out the bottom of the die. Fig. 12 shows the
sequence of parts in the tooling. Once formed, the teeth on
the gear are not machined further. A fixture which holds the
gear on the pitch line of the teeth is used to finish machine
the inside and ends of the gear. The spur gear formed in these
trials was designed to be an AGCMA quality class 8 gear.
Measurements taken on the extruded gears indicated a gear
of between AGMA quality 7 and 8. An extruded gear which
has been shot-blasted is shown in Fig. 13.
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ANALYZING GEAR TOOTH STRESS . . .
(continued from page 15)

Having established that stress levels vary in a predictable
and quantitive way, work has begun on correlating the stress
data obtained from the finite element stress program to
sources of experimental data. Two parallel programs are now
underway to provide such correlation. The first program will
analyze several hundred fatigue test data points from full scale
axle tests on a four square fatigue tester. The purpose of this
program is to establish a reliable S-N curve for each of the
modes of fatigue failure; e.g., bending fatigue and subsur-
face shear. The second program will involve fatigue data ob-
tained from simulated gear tooth specimens using a closed
loop hydraulic tester. The test data obtained from the
simulated gear tooth specimens will be used to augment the
data obtained from the full scale axle tests thus providing a
relationship between S-N curves for various materials and
heat treatments to the S-N curve obtained from full scale
testing. The successful completion of this final step should
result in establishing the finite element gear strength program
as a powerful gear analyzing program for the design of bevel
and hypoid gears.
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The Effect of Lubricant Traction
On Wormgear Efficiency

W. R. Murphy, V. M. Cheng,
A. Jackson, ]J. Plumeri & M. Rochette
Mobil Research & Development Corporation

LABORATORY TEST A
30:1 RATIO, 1.65 HP WORMGEAR

CvL. O1L  SYN G Syn §
Fig. 1-Improvement Over Conventional 5/P Mineral Based Oil
Introduction

Abstract

The effect of various lubricant factors on
wormgear efficiency has been evaluated using
a variety of gear types and conditions, In par-
ticular, the significant efficiency improve-
ments afforded by certain types of synthetic
lubricants have been investigated to determine
the cause of these improvements. This paper
describes broad wormgear testing, both in the
laboratory and in service, and describes the
extent to which efficiency can be affected by
changes in the lubricant; the effects of vis-
cosity, viscosity index improvers and, finally,
synthetic lubricants are discussed. The work
concludes that lubricant tractional properties
can play a significant role in determining gear
efficiency characteristics.

26 Gear Technology

Over the past ten years, the trends to
hotter-running industrial gears has pro-
vided the authors' company with the op-
portunity to evaluate synthetic industrial
oils developed with the superior ther-
mal/oxidative performance. In several
instances, it was noted that not only was
oil life improved by using synthetic pro-
ducts, but that the equipment ran cooler
than with the mineral-based products
originally used. This behavior has been
reported."”’ The simplest explanation for
cooler-running is a reduction in
horsepower loss; i.e, an improvement in
power transmission efficiency.

These findings, in part, resulted in a

significant effort to evaluate industrial
gear efficiency characteristics of different
lubricants, including the synthetic
products.

Laboratory Evaluations of
Wormgear Efficiency

Results of wormgear tests available in
the authors’ laboratories in Europe and
the U.S. appear in Figs. 1 through 4.

Equilibrium operating temperature
data obtained with Wormgear A
operated at 1500 rpm and 100% nominal
load are shown in Fig. 1. Both synthetics
show significant temperature decreases.
A conventional steam cylinder oil
(AGMA 7 Comp.) is also shown for
comparison against the reference, which
is a conventional AGMA 7 EP mineral-
based oil. The viscosity grades (see Table
1) for Syn S and Syn G were chosen from
their respective product families to be
similar to that of the reference oil at the
approximate 100°C operating tempera-
ture of the tests.

Data in Fig. 2 compares both efficiency
and temperature rise differentials using
a second manufacturer’s gearbox, Worm-
gear B. Similar temperature decreases
were found for the synthetic products,
but the steam cylinder oil ran slightly
hotter than the reference conventional
S/P mineral oil. These results are re-
flected in the efficiency data for these oils
which show 2-3% benefit for the syn-
thetics and a directional worsening for
the cylinder oil. Efficiency measurements
in this test were made by means of strain
gauges on the input and output of the
gearbox which was run at 1760 rpm in-
put and reached about 100°C at equil-
ibrium. Loading was achieved hydraul-
ically as part of a four-square test
arrangement.

Fig. 3 data shows benefits in efficiency
for both synthetic products and the
steam cylinder oil versus the reference
mineral EP oil using Wormgear C (30:1
reduction ratio). This test is run at 1500
rpm and at 96 and 117% thermal load
capacity. Fig. 4 shows similar data for
Wormgear D, a 50:1 ratio wormgear
operated at 1680 rpm input at 100 and
200% Class 1 mechanical rating, This lat-
ter test is run with the oil sump therm-
ostatted at 95°C. Both tests C and D




measure efficiency via input and output
shaft torque strain gauges with dyna-
mometer loading.

The data of Figs. 1 through 4 clearly
show the correlation of improved effi-
ciency and temperature control for
lubricants Syn S and Syn G compared
with the mineral sulfur/phosphorus oil
reference. Steam cylinder oil, also, shows
a general benefit for both measurements,
but with significantly smaller degree of
improvement.

These data are summarized in Table 2.
Also shown are results of gear manufac-
turer tests with Syn S compared with
reference mineral oils of either the com-
pounded steam cylinder type or the
AGMA EP type. The degree of efficiency
benefit recorded in these latter tests
depended on the operating conditions of
the tests, and Table 2 lists the average
benetits recorded. The gear manufacturer
tests also indicated benefits in tem-
perature control for Syn S.

The gear efficiency benefits for Syn S
in tests B through G show a wide range
of numerical results. These data are
rationalized in Fig. 5 which shows a good
correlation of efficiency benefit as a func-
tion of increasing gear reduction ratio.
Based on the measured and catalog effi-
ciencies for these gears (using conven-
tional oil) the rule-of-thumb effect of Syn
S is to reduce the gearbox inefficiency by
20-25%.

Practical Applications for Improved
Wormgear Efficiency

Benefits other than the cooler running
characteristics initially found for these
synthetic products are apparent:

One gear manufacturer, Hub City
Division of Safeguard Power Transmis-
sion Co., has applied the benetfits of Syn
S to increase wormgear horsepower rat-
ings. Catalog thermal input horsepower
ratings have been increased 10 to 15%
when the recommended synthetic oil (a
Syn S rebrand) is used. This represents
a new design application for this prod-
uct which already is used in sealed-for-
life wormgear units based on its extreme
operating temperature capability.

A second application for increased
transmission efficiency is to reduce
equipment power requirements, thereby,

Efficiency Gain,

CYLINDER SYN G SynN S
0IL

LABORATORY TEST B
10:1 RATIO
3.0 HP WorMGEAR (100% RATED LOAD)

Decrease in Temperature, |

CYLINDER SYN G SYN S
OI1L

Fig. 2

Fig. 3—Improvement Over Conventional

S/P Mineral Based Qil

reducing utility costs. Field measure-
ments of power draw of various in-
dustrial equipment in customer plants
has now been demonstrated for Syn S
and is currently being evaluated for

product Syn G.

(continued on next page)
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Syn S field results in Table 2 show
measured average electrical power re-
quirements for both worm and steel gear
industrial transmissions. Efficiency
measurements in field applications can be
more difficult than in the laboratory
because operating conditions are not as
precisely controlled. A statistical ap-
proach is often necessary. This was the
case in the second steel mill test in which
the combined power requirements of the
motor drives of a series of five worm-
gears were measured by means of a
recording wattmeter. Two basic opera-
tions were evaluated in this corrugated
steel pipe drive: a regular drive cycle and
a cut cycle. Data for the two cycles are
shown as normal distributions in Figs. 6
and 7.

The Syn S results show lower mean
(50% ) power draw for both cycles: the
non-overlap of the 90% confidence limits
for each distribution comparison in-
dicates a greater than 99% confidence
that the benefits measured were real and
not the result of chance. The average
benefits measured for the two cycles were
5.8 and 5.9%.

A different approach was taken in the
power consumption test at the food proc-
essing company shown in Table 2. In this
case, two food aerator units were operat-
ing in parallel. In this test the mineral oil
in the gear drive of only one of the units
was replaced with synthetic product and
the other was maintained as a control.
Fig. 8 demonstrates the relatively con-
stant current draw for blower 2 (oil un-
changed) compared with the second unit
which had a measurable (6% ) reduction
when the mineral oil was replaced by
Syn S.

The efficiency/power benefits for Syn
S in laboratory, gear builder and
customer evaluations are summarized in
Fig. 9

Correlation of Wormgear Efficiency
with Lubricant Traction

The mechanism by which synthetic
lubricant products, Syn S and Syn G,
improve wormgear efficiency has been
investigated in the authors’ laboratories.
The wide acceptance of steam cylinder
lubricants which employ relatively large
percentages of fatty additives has been
attributed to their ability to produce low
friction films on the surface of the gear
teeth. The present work generally sup-

28 Gear Technology

ports the low friction/improved effici-
ency characteristics of the steam cylinder
oils, and it was the surface friction
mechanism which was first investigated
as a possible explanation for the greater
benefits shown by the synthetic lubri-
cants.

In one comparison using Wormgear
D, Syn S additives blended in the refer-
ence oil mineral base versus the mineral
reference oil additives in the synthesized

hydrocarbon base oil, clearly demon-
strated the efficiency benefits to be re-
tained not by the Syn S additives, but
with the synthetic basestock. This in-
dicated the efficiency benefits to be
associated with the nature of the syn-
thetic basestock, and not to result from
a change in the frictional properties at the
gear surfaces.

Operating viscosity was also con-
sidered as a possible explanation even

up

Spiral Bevel Gears

to 100” Diameter

2

H

0

A

AMARILLO GEAR COMPANY
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Fig. 4~ Improvement Over Conventional S/P Mineral Based Oil

Fig. 5—Energy Efficient Gear Lubricants Benefits For Syn S

though, as discussed earlier, the tests
were designed to exclude this possibility.
Nevertheless, ancillary experiments with
Wormgear D evaluating the effect of
changing the viscosity of the reference oil
were undertaken and appear in Table 3.
Compared with AGMA 7 EP reference
oil, no significant difference is seen in
either increasing or decreasing viscosity.
This insensitivity to viscosity has also
been verified in work with Syn S viscos-
ity variations,

Table 3 also shows the results obtained
with viscosity index-improved products.
In this work, oil formulations were
prepared with the normal reference oil
functional additives, using AGMA 5
viscosity base oil, but with Vl-improvers,
X and Y, added to bring the final vis-
cosity to the AGMA 7 level. In this way
a quasi multigrade industrial oil was pro-
duced, but in neither case was a signifi-
cant efficiency benefit obtained, with VI
improper Y giving a negative effect. An
explanation for this may be the poor
shear stability found for Y in viscosity
measurements under high shear condi-
tions; X was found to be highly shear
stable.

Finally, fluid tractional properties were
considered as a possible explanation of
efficiency effects. Traction here is defined
as unit fluid friction in the high-pressure
mesh of the gear, and is distinct from
both viscous churning losses and gear
surface metal/metal frictional effects.

The tractional properties of test fluids
were measured using a roller disc
machine. This equipment employs a pair
of 3.265" diameter cylindrical test rings
mounted on hydrostatic bearings which
can be loaded against each other by
means of a hydraulic piston. Each ring
can be driven independently in either
direction by induction drive units with
electronic feedback control. The traction
force between the discs is measured by
strain gauges mounted in each disc drive
mechanism. The absence of disc surface
frictional effects is ensured by polishing
disc surfaces to better than 2 microinch
finish. Elastohydrodynamic calculations
verified high specific film thickness and
absence of metal contact during the tests.

Operating conditions for the roller disc
machine traction measurements are
shown in Table 4. Materials and surface
loading were chosen to simulate the con-
ditions of Wormgear Test D operating at
100% Class | load.
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TABLE 2

EFFICIENCY BENEFITS MEASURED FOR SYNTHETIC INDUSTRIAL GEAR OILS

COMPARED WITH CONVENTIONAL MINERAL-BASED PRODUCTS

Authors' Laboratory Tests
A — Mobil Qil Francaise
B — Mobil R&D Corp.
C — Mobil Qil Francaise
D — Mobil R&D Corp.
Gear Manufacturers’
Evaluations

E — Hub City Division
Safeguard Power
Transmission Co.

F — Ex-Cell-O Corp.,
Power Transmission
Division

G — Winsmith Division

of UMC Industries,
Inc.

Equipment Users’
Evaluations
Steel Mill

Steel Mill

Food Processing Company

Textile Company

Gear

Manufacturer

Lechner
Boston
Durand

Cone Drive

Hub City

Cone Drive

Winsmith

B&K

IMW

Industries

Philadelphia
Gear

Reduction
Ratio

30:1
10:1
30:1

50:1

15:1

15:1

39:1

3:1(a)

—(b)

Operating
Horsepower

1.65

3.0

3.2/3.9

3.0/6.0

1.55/2.0

6.5/8.1

0.5-1.0

122-142

75

~50

Average Efficiency
Benefit, %
Syn S Syn G

2.2 3.0

5.6 4.0

7.7 7.1

3.8 -

44 -

8.8 —

2 -

*Temperature Rise Measurements only; differential compared with reference mineral oils: Syn S, —17°F; Syn G, —15°F.

(a) Helical gear.

(b) Spur gear/chain drive combination.

30 Gear Technology




TABLE 3

VISCOSITY EFFECTS ON WORMGEAR EFFICIENCY
(TEST D)

Percent Efficiency Change*

AGMA Viscosity Grade Relative to Reference

8 EP +0.1

7 EP Ref

6 EP =0.5

5 EP -0.4

5/7 EP +0.7
(V.1. Improver X)

5/7 EP 951

(V.1. Improver Y)

*Test repeatability ~1.0%

TABLE 5

ROLLER DISC MACHINE TRACTION
COEFFICIENT RESULTS

Traction Coefficient'!! Estimated Gear'?'
Lubricant @ 720 fpm Friction, f
Syn § 0.012 0.015
Syn G 0.013 0.015
EP Mineral Qil 0.018 0.021
Syn T v 0.030
Ua — Us

(1) Slide/Roll Ratio = = 2 (“Pure” sliding)

1/2 fL"‘.\ + UB"
(2) Wormgear Test D results using equation:

Efficiency = 1 —f tank
1 + f cotA

where | = friction coeff.
A= lead angle (Reference 2)

TABLE 4
ROLLER DISC MACHINE OPERATING CONDITIONS

Disc Material: A — AISI 4150 Resulturized
Steel, ~54 Rc (3/4" face width)

B — SAE 65 Bronze, 80 Brinell
Hardness (1" face width)
Disc Speeds, U: A — 400-1600 rpm

B — * 120-1400 rpm

Bulk Qil
Temperature: 150°F
Disc Load 400 Ib

Hertzian Surface
Stress: 48.600 psi
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Custom buill 10 il your work from Ve inch dia. and up
Actualion stop prevents over sxpansion Expansion
s unilorm over entire clamping surface, No canting
Supaniar unitized construction, no seals 10 leak
Maximum holding force of 7250 pai for maximum
cutting power. Expansion up 1o 3 parcent ol holding
dismete: Hardness R_80

Indi-ron graph shows
CALL #14-TW1-2477 OR WRITE FOR FREE CATALOG.
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Based on the disc speeds chosen, re-
sults are calculated in terms of traction
coefficient as a function of slide-to-roll
ratio and relative sliding speed. Data for
the condition of pure sliding at a speed
of 720 fpm are shown in Table 5, in-
dicating a significant reduction in trac-
tion coefficient for the synthetic oils. For
comparison, an estimate of gear friction
based on a theoretical relationship™ for
wormgear efficiency is also shown in
Table 5. Despite the simplicity of the
relationship, good correlation is obtained
between the traction and friction data as
a function of lubricant type. Note also
that the traction co-efficients for the syn-
thetic products are reduced about 30%
compared with mineral oil — a reason-
able agreement with the gear inefficiency
reduction discussed previously. The
calculated gear friction results are
somewhat higher, which may be ex-
plained in terms of the other loss
mechanisms outside the gear mesh; e.g.,
churning, bearing and seal losses.

This strong correlation was recently
verified by evaluating a commercial syn-
thetic traction fluid in Wormgear Test D.
The manufacturer’s information in-
dicated the traction coefficient of this
fluid, designated Syn T, to be about 50%
greater than that of a mineral oil. Based
on this, a significant detriment to effici-
ency in the wormgear was predicted.
Due to the low viscosity of Syn T, the
reference mineral oil viscosity was re-
duced to an AGMA 2 EP oil, and the
tests were run at 125°F where both oils
have viscosities equal to that of the usual
reference oil at 195°F, the normal
temperature of the test,

This work showed Syn T approxim-
ately 10% less efficient than the reference
mineral oil at 100% loading. At 200%
loading, the efficiency with Syn T was
so poor that the cooling water to the
gearbox was unable to maintain the
operating temperature at 125°F and the
test was terminated to avoid damage to
the gears. These results strongly support
the influence of fluid traction in determ-
ining wormgear efficiency.

Work is now underway to measure the
traction coefficient of Syn T in the roller
disc machine for inclusion with Table 5
results. Substitution of the gear efficiency
result for Syn T in the gear friction equa-

tion yields a value approximately 50%
greater than that for mineral oil — in
good agreement with the manufacturer’s
reported finding for traction coefficient.

An important aspect of the work with
Syn T is that not all synthetic lubricants
possess low tractional characteristics, It
is most likely that lubricant molecular
structure is the key to tractional proper-
ties and that structures can be syn-
thesized to give either high or low trac-
tion depending on the needs of the
application.

Conclusions and Further Work

The cooler running characteristics of
two synthetic industrial lubricants in
gear applications have been cor-
related with wormgear efficiency.
Gear efficiency improvements have
been shown to result in lower power
requirements in industrial applica-
tions.

The improved efficiency afforded
worm gears by these synthetic oils
has been used to increase wormgear
thermal horsepower ratings.
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4. Lubricant tractional properties have
been shown to be a significant fac-
tor In kiL'!l_'T!‘.‘.j[Hﬂ}i wormgeart
etriciency

Future work will focus on the effi-

w

ciency characteristics, particularly
with respect to synthetic lubricants,
of non-worm industrial gearing and
will evaluate lubricant tractional
properties at the higher pressures
operating in steel gearing.

The authors Iﬂ."u‘fn’f!’l”_l; HL'JLJHJH'.J:'H'I_\:F
the permission granted by the gea

manufacturers to publish their results
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High Power Transmission
with Case-hardened Gears

and Internal Power Branching

By
Dr. Ing. ]. Theissen
A. Friedr. Flender GmbH u. Co KG
Bocholt, West Germany
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Fig. 1 a) Contact of two tooth flanks. 51, ,2 = radii of curvature at the contact point of unloaded Hanks;
Fn = tooth normal force; 2s = flattening width under load;
dH = maximum Hertzian contact stress at the tooth flank surface.

b) Dependence of equivalent stress dv on the depth x, module = 25 mm.

Introduction

In the field of large power transmission gear units for heavy
machine industry, the following two development trends have
been highly influential: use of case hardened gears and a
branching of the power flow through two or more ways. The
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maximum possible torque of large gear units is limited by
the machine capacity since the gear cutting machines can only
manufacture gear wheels up to a maximum diameter. The
highest possible output torque of gear units with case
hardened gears and power branching is about ten times higher
than conventional gear units with through hardened gears
and without power branching.

The advantages of case hardened gears lie in their higher
tooth flank load carrying capacity. The variation in the sub-
surface strength matches ideally the sub-surface stress
distribution. By optimising the gear geometry to balance the
flank capacity to the root strength, the torque carrying
capacity of case hardened gears can be four times higher than
that of through hardened gears having the same diameter.

Power branching leads to a further increase in the torque
carrying capacity. Such gear units have one input and one
output shaft. Within the gear unit, the power at the gear of
the input shaft is branched out and flows together at the out-
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put shaft. To achieve equal power distribution in each branch
special design features are required.

Firstly, the advantages of case hardened gears are shown.
Then, the dependence of output torque on the gear unit size
and weight is demonstrated. Also the efficiency of different
power branching gear stages and simple gear stages are com-
pared with one another. Lastly, the design of three large gear
units, as given below, are presented:

* Rolling Mill gear unit with two way power distribution

¢ Tube Mill central gear unit with three and six way power
distribution

¢ Planetary gear unit for ball mill drive with three way
power distribution.

Gear Materials

The load capacity of gear teeth increases with a decrease
in diametral pitch, i.e. decrease in number of teeth. The tooth
flank load capacity is the decisive parameter for the dimen-
sioning of a gear pair that has a minimum number of pinion
teeth without undercutting.

The loading of a tooth flank along the common line of con-
tact is calculated as the pressure load between two cylinders
with contact lines having the same lengths and radii of cur-
vature as the unloaded tooth flanks. The load on the tooth
flanks is obtained approximately from the maximum Hert-
zian contact stress assuming that the material properties are
the same.

The Hertzian contact stress alone, does not determine the
load configuration. In the contact zone an elasto-
hydrodynamic oil film pressure is developed, dependant on
the rolling velocity, which varies from that of the Hertzian

Fig. 2 a) Cross section through a tooth of case hardened gear, schematic

surface stress distribution. The tooth flanks slide and roll on
one another and as a result a frictional force in the tangen-
tial direction is created. In addition, there exist residual
stresses on and below the tooth flank surface. However, the
maximum effective Hertzian contact stress has proved to be
a useful theoretical criterium,

Stresses below the surface of tooth flanks, with due con-
sideration to the above mentioned influences, can be com-
puted. "%, They can be treated as an equivalent stress ac-
cording to maximum distortion energy theory. Fig. 1 shows
the relation between calculated equivalent stress at the inner
single contact point of pinion and the depth “x” from the tooth
surface. The maximum equivalent stress o ymax = 0.56 ¢ H
lies approximately at a depth x a2 0.68 s whereby o H is the
maximum Hertzian contact stress and 2 s the flattening width.

A sub-surface fatigue strength distribution that has a form
closely matching that of the stress distribution below the sur-
face, is obtained with gears of case hardening steel of low
carbon content. By carburizing the tooth surface and harden-
ing, a hardened case of martensite is obtained while the core
of the tooth remains soft and ductile. Correct heat treatment
and a proper depth of hardness increases the root fatigue
strength. Finally, grinding the tooth flanks gives a good tooth
quality. There will be no strength reducing notch effect when
grinding the tooth root, if the teeth of the gears are
protuberance-hobbed before carburizing and hardening.”

Fig. 2 shows the Vickers hardness curve and the related
fatigue strength @ ch for repeated load cycles below the tooth
surface of a gear manufactured from 17 CrNiMo 6 steel. Due
to the hardened casing the equivalent stress at any depth “x”
is less than the fatigue strength for repeated (non-alternating)
loads i.e. ¢ y < @ sch.
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b) Dependence of Vickers-hardness HV (measured), d o), = endurance strength under repeated load and ¢, = equivalent stress at the depth x for a

case hardened gear from 17 CrNiMo 6, module = 25 mm.
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Gear units with case hardened and ground gears from case-
hardening steel have the following advantages over gear units
with heat treated steel and manufactured by cutting tools:

® more compact in size and lighter in weight thus reducing
manufacturing costs

* higher wear-resistance and a lower susceptibility to shock

¢ higher operating reliability through higher and more bal-
anced capacity of the tooth root and the tooth flank

® lower rolling velocities and a lower tooth meshing
frequency

* lower internal dynamic additional forces and a reduced
noise level due to better tooth quality

® increased efficiency at part and full load operating
conditions.

Case hardening and grinding of tooth flanks to increase
the tooth flank capacity of gears has proved its usefulness,
and has been successfully applied for several decades on small
gears in Automobile Industries and for the last years on large
gears for industrial gear units. Computation according to DIN

3990 or ISO/DP 3663, based on the experimental and
theoretical investigations of is a safe method, pre-calculation
of the capacity of case hardened gears.

Size, Weight and Efficiency

Fig. 3 shows schematically, gear units with and without
power branching. The diameter ratio of the gears corresponds
to an overall transmission ratio of 7. Shafts 1 and 2 are respec-
tively the high and low speed shafts. The gear units A, B and
C have parallel shafts and gear units D, E, F and G coaxial
shafts.

Gear units A and B, respectively, are a single stage and
a two stage unit. Neither has power branching.

Gear units C, D, E, F and G all have two stages and power
branching. The gears on the intermediate shaft of the gear
units C and D have different diameters, however, the in-
termediate gears on one intermediate shaft of E, F and G have
been reduced to a single gear, hence, the latter are treated
as single stage units.

Gear unit C has two way power branching. Equal power
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Fig. 4 — Dependence of relative {to size) torque of gear units according to
Fig. 3 on the transmission ratio i. T, = torque of shaft 2 in Nm; D = design
length or diameter in m: B = load value in N/mm?

distribution is achieved by the herringbone gears of the high
speed stage and the axial positioning of shaft 1.

In the case of gear unit D, the power of the high speed
stage is equally distributed to three intermediate gears by the
radial positioning of the small central gear on shaft 1. The
power in the low speed stage is equally distributed through
the three herringbone gears by the axial positioning of the
three intermediate shafts,

To achieve equal power distribution on the three in-
termediate gears in the case of E, F and G, the small central
gear on the shaft 1 of large units should be radially
positionable.

The large outer gear is an internal gear and is connected
to shaft 2, in the case of E, and to the gear unit casing in
the case of F and G respectively. Gear units F and G both
have the planet carrier and shaft 2 forming one unit.

The intermediate gears rotate about the central axis as
planets. Herringbone gears and axial positioning of the in-
termediate gears give an equal power distribution through
six branches in the case of gear unit G.

Power branching influences the size and weight of a gear
unit, Figs. 4 and 5 show these relationships as a function of
the total transmission ratio

n - (1

n; and n, are the rotational speeds of shafts 1 and 2
respectively.
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Fig. 5~ Dependence of relative (to weight) torque of gear units according
to Fig. 3 on the transmission ratio i, T, = torque of shaft 2 in Nm; G =

gear unit weight in kg; By = load value in N/mm?

Figs. 4 and 5 have plotted T,/D*BL and T,/ GB[, against
the transmission ratio i whereby T, = torque of low speed
shaft 2, D = gear unit size, G = gear unit weight and B|
= load value. B[ is calculated from the following
equation.'?

Fu
Jeb (2)
with F,; = tangenital force, d = diameter of pinion and b
= facewidth.

BL =

Equation (3) gives the allowable load value BL"
approximately.

KA (3)

KA is the application factor and fyy is the load factor. With
repeated load on the gears f, = 1 and with alternating load
fw = (.7.

Gear units E, F and G have intermediate gears with an alter-
nating load. For gear units dimensioned for an infinite fatigue
life the value of Bo is approximately 4 . . . 5 N/mm? for
case hardened gears and 1 ... 1.3 N/mm? for through
hardened gears. Gear size D and gear weight G can be ap-
proximately determined for known values of torque T3 with
the help of Figs. 4 and 5 and equations (2) and (3).

The gear weight G includes the weight of solid gears, shafts




and case. The gear case forms shown schematically in Fig.
3, wall thicknesses = 0.02 D and the density of steel are the
basis for the weight calculation.

Gear units G and F have the largest relative torques for
low transmission ratios and, therefore, are preferred. A
transmission ratio limit of i & 8 is obtained with fw = 0.7
for gear units G and F.

The relative torque of units G and F can be favourable even
for higher transmission ratios when two gear units are con-
nected in series, For example, two F type gear units having
transmission ratios i; = i, = 4 and are connected in series.
The total transmission ratio is i = i; ® i = 16. The total
weight of these two units is about 1.8 times less than a single
D type gear unit with i = 16.

Fig. 6 shows the relation between the efficiency n of gear
units according to Fig. 3, and the transmission ratio i accord-
ing to equation (1). Only gear tooth meshing losses are con-
sidered since this loss is significantly larger than all the other
losses for gear units under full loading.

For the one stage gear unit, A the efficiency corresponds
to the efficiency n ; of one gear meshing, i.e.

n=n;, (4)

But in the case of B, C, D and E the total efficiency is the
product of the slow and high speed stage efficiencies, i.e.

n = nz] Nz2. (5)

Gear units F and G transmit part of the power directly
without any loss. Here, the efficiency with shaft 1 as the in-

put shaft is
n -_i {1 + (i - 1) nz1 nz2}. (6)

1
The tooth meshing efficiency n; of a gear pair is obtained
from the following equation

ng=1-f; 3z ()

The geometrical factor f; is calculated® from equation (8)
with the numbers of teeth z, and z, respectively of pinion
1 and gear 2

5 PRE =
fz =m( 1+Zz’

= (E,+E ). (8)

z, is negative for internal gears. The values for E1 and E2
are given by partial transverse contact ratios €1 and €2 of
pinion 1 and gear 2 respectively.

E12=05-€12+ €12 for0 = €121 (9)

E12= €12-05 for €1,2>1 (10)

E12=05- €12 for €1,2<0 (11)
The equations (9) to (11) derived for spur gearing in'® are
also approximately valid for helical gearing.

It is assumed that the tooth flank coefficient of friction ¥z
= (.06 for all the tooth meashings of the gear units in Fig.
3. Internal gears enhance the formation of a good elastohy-

drodynamic oil film due to the complementary profiles of
the meshing flanks.

However, the sliding properties of internal gearings are
poorer due to higher tooth flank roughness and, thus, the
assumption of the same coefficient of friction for external and
internal gearing approximately holds good. The gearing
geometry for Fig. 6 is according to DIN 3960 for gears hav-
ing no addendum modification and number of teeth of the
pinion z; = 17 for all the gear meshings.

Gear unit A with a single stage has the best efficiency, see
Fig. 6. Since there are two gear meshings in gear units B, C,
D, E, F and G, the efficiency curves lie below that of case
A. In the case of gear units E, F and G, the internal gear pro-
vides a favourable geometrical factor f;, thus, a better effi-
ciency compared to gear units B, C and D which have only
external gearings. The power component transmitted without
loss for gear units F and G gives a further improvement in
efficiency.

Planetary gear units F and G, in view of their size, weight
and efficiency, are the most favourable choice. Considering
the high manufacturing cost to obtain a good tooth surface
finish on internal gears, planetary gear units have a reduced
advantage over gear units with power branching and exter-
nal gears only.

Design of Large Gear Units
Three large gear units with power branching, which have
proved to be useful in practice, are dealt with here. The roll-
ing mill drive shown in Fig. 7 has a two way power branch
similar to gear unit C of Fig. 3. It has four stages to attain
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Fig. 6 — Dependence of efficiency 7 on the transmission ratio i for gear units
according to Fig. 3.
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Fig. 7—Rolling mill gear unit with two way power branching (see scheme in Fig, 8). Power P = 1350 kW; shaft speeds n; = 980 min-!, n, = 24.5 min-1,

Total weight including flange disk G = 82 t. (Flender-Kienast-Conception)

the high transmission ratio, whereby, the second stage is a
bevel gear stage as the output shaft is in the vertical posi-
tion. Fig. 8 shows the gearing system.

The input shaft 1 is connected to an axially free hollow
shaft 2 via an axially moveable coupling made of steel
lamellas. Herringbone gear 4, on the hollow shaft, branches
the power equally due to its axial positioning. Bevel gears
5 and 6, with cyclo-palloid-spiral teeth and longitudinally
crowned flanks, are case hardened and are cut after heat treat-
ment “High Power Gear-teeth” (HPG). The power is transmit-
ted onward to the output shaft via the helical gears 7, 8, 9
and 10. All the helical gears are case hardened, and the tooth
flanks are ground. A stub shaft, with coupling teeth at the
shaft end, connects the output gear with the flange disk,
shown in Fig. 7.

Hydrostatically lubricated axial sliding bearings with tilting
segments carry the large forces from the milling operation
and the weight of the output shaft, flange disk and mill pan
(not shown) and transmits the same to a strongly designed
gear case. Each sliding bearing segment has a temperature
feeler gauge to monitor bearing load. No inspection during
operation is necessary due to an adequate oil supply.

Fig. 9 shows the central gear unit of a tube mill. The gear
unit has, in the first stage, no power branching and has two
input shafts. One of the two input shafts serves as an aux-
iliary drive, and is driven at a greatly reduced speed via an
overrunning clutch and auxiliary gear unit (not shown).
When the main input shaft is driving at a higher speed, the
auxiliary drive will be disengaged due to the overrunning
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clutch. Both the main stages of the gear unit in Fig. 9 distribute
the power similar to gear unit D in Fig. 3. The first main stage
with spur gearing branches the power three ways. Equal
power branching is achieved by the radial positioning of a
central pinion on a shaft designed for elastic deflection. The
second main stage, with the herringbone gear, branches out
the power six times. The eccentric intermediate shaft has axi-
al freedom ensuring their equal loading.

The large intermediate gears belonging to the first main
stage are mounted onto the intermediate shaft by oil hydraulic
shrink fitting. Thus, an exact alignment of the gearing of the

/
S
8

Fig. 8 — Gearing scheme of rolling mill gear drive shown in Fig. 7. 1 = input
shaft; 2 = hollow shaft; 3 = steel lamella disk coupling: 4 = herringbone
gear; 5, 6 = bevel gear pair: 7, 8, 9 = spur gears; 10 = gear on output shaft
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two main stages during assembly is possible requiring only
a small radial displacement of the central pinion of the first
main stage. Measurements have shown that the radial
displacement is not more than 0.2 mm and the variation of
torque distribution is 4% maximum."”

All the gears of the gear unit, shown in Fig. 9, are case
hardened and ground. It is worth noting that the resultant
radial forces on the output shaft are theoretically non-existant,
thus, the output shaft has relatively small roller bearings.

A two-stage planetary gear unit for a ball mill drive is
shown in Fig. 10. Each stage has spur gearing and three way
power branching and corresponds to the gear unit F of Fig.
3 with the internal gear fixed to the gear case.

A uniform force distribution on the three planet gears is
achieved by the free pivoting configuration of the central pin-
ion of each of the two planet stages. The sun gear centers
itself in such a way that the three radial meshing forces of
the planets are equal, thus, ensuring an equal transmission
of the tangential forces.

Due to the equilibrium conditions, the three meshing points
of the planet gears with the annulus also have equal tangen-
tial and centering forces. The sun gear which is centered by
the planet wheel teeth has radial freedom due to the backlash
of the teeth and the double jointed clutch in each stage. The
ring gears of both the stages are of quenched and tempered
steel. They are hobbed or cut and stress relieved after the
final machining process.

Summary

Gear units, with case hardened gears and internal power
branching, are relatively small in size and weight. This type
is particularly suited for large gear units to transmit high
powers. Case hardened and ground gears, due to their higher
flank wear resistance and strength, give a higher load carry-
ing capacity than through hardened gears. The strength
characteristic below the tooth flank surface of a case hardened

gear matches well with the stress characteristic.
(continued on page 48)
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DEFINITIONS OF GEAR
ELEMENTS

Fellows Corporation
Emhart Machinery Group
Springfield, Vt

As a means of identification, the
various elements of gears and gear teeth
have been given certain names which
serve to classify and explain them. While
some of the terms used are more or less
self-explanatory, others are not. There is
also some confusion in connection with
the application of certain terms. The
American Gear Manufacturers Associa-

Addendum — is the height by which a tooth pro-
jects beyond the pitch circle or pitch line; also,
the radial distance between the pitch circle and
the addendum circle. (1).

Addendum, Chordal — is the height from the top
of the tooth to the chord subtendin the cir-
cular thickness arc. (14).

Addendum, Normal Chordal — is the chordal ad-
dendum in the plane normal to the helix, or
the tooth curve at the center of the tooth. (31).

Angle, Axial Pressure — is the pressure angle in
the axial plane of a helical tooth. (30).

Angle, Base Helix — is the helix angle on the base
cylinder of involute helical teeth. (32).

Angle, Base Lead — is the lead angle on the base
cylinder. (33).

Angle, Helix — is the angle between any helix and
an element of its cylinder. In helical gears and
worms, it is at the pitch diameter, unless other-
wise specified. (28).

Angle, Lead — is the angle between any helix and
a plane of rotation. It is the complement of
the helix angle, and is used for convenience
on worms. It is understood to be at the pitch
diameter unless otherwise specified. (28).

Angle, Normal Pressure — is the pressure angle in
the normal plane of a helical tooth. (30).

Angle, Outside Helix — is the helix angle on the
outside cylinder. (32).

Angle, Outside Lead — is the lead angle on the out-

side cylinder, (33).
Angle, Pitch Helix — is the helix angle on the pitch
cylinder. (32).

Angle, Pitch Lead — is the lead angle on the pitch
cylinder. (33).
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tion have adopted standard terms and
definitions. This list, as it applies ex-
clusively to involute gearing, is here ar-
ranged in alphabetical order. Most of
these terms are also graphically presented
in Figs. 1 and 2. The numbers in paren-
theses indicate the location of the identi-
fying illustrations.

Angle, Pressure — is the angle between a tooth pro-
file and the radial line at its pitch point, or
the angle between the line of action and the
line tangent to the pitch circle. Standard
Pressure Angles are established in connection
with standard gear-tooth proportions. A given
pair of involute profiles will transmit smooth
motion at the same velocity ratio even when
the center distance is changed. Changes in
center distance, however, in gear design and
manufacturing operations are accompanied by
changes in pitch diameter, pitch and pressure
angle. Different values of pitch diameter and
pressure angle, therefore, may occur in the
same gear under different conditions. Usual-
ly in gear design, and unless otherwise
specified, the pressure angle is the standard
pressure angle at the standard pitch diameter,
and is standard for the cutter used to generate
the teeth. The Operating Pressure Angle is
determined by the center distance at which a
pair of gears operates. The Generating
Pressure Angle is the angle at the pitch
diameter in effect when the gear is generated.
Other pressure angles may be considered in
gear calculations. In gear-cutting tools, the
pressure angle indicates the direction of the
cutting edge as referred to some particular
direction. In helical gears, the pressure angle,
may be specified in the transverse, normal or
axial planes. For spur gears in which only one
direction of cross section needs to be con-
sidered, the general term Pressure Angle may
be used without qualification. (5).

Angle, Transverse Pressure — is the pressure angle
in the transverse plane, or plane of rotation.
(5).
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Arc of Action — is the arc of the pitch circle
through which a tooth profile moves from
the beginning to the end of contact with a
mating profile. (6).

Arc of Approach — is the arc of the pitch circle
through which a tooth profile moves from
its beginning of contact until the point of con-
tact arrives at the pitch point. (6).

Arc of Recess — is the arc of the pitch circle
through which a tooth profile moves from
contact at the pitch point until contact ends,
(6).

Backlash — is the amount by which the width of
a tooth space exceeds the thickness of the
engaging tooth on the pitch circles—as ac-
tually indicated by measuring devices,
backlash may be determined variously in the
transverse, normal, or axial planes, and
either in the pitch circles, or on the line of
action. Such measurements should be cor-
rected to corresponding values on transverse
pitch circles for general comparisons. (21).

Bottom Land — is the surface at the bottom of the
tooth space adjoining the fillet. (13).

Center Distance — is the distance between parallel
axes of spur gears, and parallel axes helical
gears, or the crossed axes of crossed helical
gears and worm gears, Also it is the distance
between the pitch circles. (4).

Circle, Addendum — is the circle which coincide
with the tops of the teeth in a cross section.
(5).

Circle, Base — is the circle from which involute
tooth profiles are derived. (2).

Cirele. Pitch — is the curve of intersection of a
pitch surface of revolution and a plane of
rotation. According to theory it is the im-
aginary circle that rolls without slipping with
a pitch circle of a mating gear. (2).

Circle, Root — is the circle that is tangent to the
bottoms of the tooth spaces in a cross sec-
tion. (5).

Clearance — is the amount by which the deden-
dum in a given gear exceeds the addendum
of its mating gear. (1).

Contact. Point — is any point at which two tooth
profiles touch each other. (20).

Contact. Zone — is that portion of the line of ac-
tion bounded by the “natural” interference

points.

Cylinder, Base — is the cylinder which cor-
responds to the base circle, and is the cylinder
from which involute tooth surfaces, either
straight or helical are derived. (10).

Cylinder, Inside — is the surface that coincides the
tops of the teeth of an internal cylindrical
gear. (23).

Cylinder, Outside — is the surface that coincides
the tops of the teeth of an external cylindrical
gear, (8).

Cylinder, Pitch — is the imaginary cylinder in a
gear that rolls without slipping on a pitch

cylinder or pitch plane of another gear or a
rack. (9).

Cylinder, Root — is the imaginary cylinder tangent
to the bottoms of the tooth spaces in a cylin-
drical gear. (8).

Dedendum — is the depth of a tooth space below
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the pitch circle or pitch line; also the radial
distance between the pitch circle and the root
circle. (1).

Depth, Whole — is the total depth of a tooth
space, equal to addendum plus dedendum;
also equal to working depth plus clearance,
(1).

Depth, Working — is the depth of engagement of
two mating gears — that is, the sum of their
addendums. (1).

Diameter, Base — is the diameter of the base
cylinder of an involute gear. (3).

Diameter, Internal — is the diameter of the ad-
dendum circle of an internal gear. (23).

Diameter, QOutside — is the diameter of the ad-
dendum (outside) circle. (3).

Diameter, Pitch — is the diameter of the pitch cir-
cle. In parallel-shaft gears, the pitch diameter
can be determined directly from the center
distance and the number of teeth by propor-
tionality. Operating Pitch Diameter is the
pitch diameter at which the gears operate,
Generating Pitch Diameter is the pitch
diameter at which the gear is generated. (3).

Diameter, Root — is the diameter of the root cir-
cle. (3).

Face Advance — is the distance on a pitch circle
of a helical gear tooth, or pitch line of a
helical rack tooth through which a tooth
moves from the position at which contact
begins at one end of the tooth curve to the
position when contact ceases at the other end.

(29).
Face Width — is the length of the teeth in an axial
plane. (25).

Face Width, Effective — is the portion that may
actually come in contact with mating teeth,
as occasionally one member of a pair of gears
may have a greater face width than the other.
(25).

Face Width, Total — is the actual dimension of
a gear blank that exceeds the effective face
width, or as in double helical (herringbone)
gears where the total face width includes any
distance separating right- and left-hand
helices. (25).

Fillet Curve — is the concave portion of the tooth
profile where it joins the bottom of the tooth
space. (12).

Fillet Radius — is the radius of the fillet curve at
the base of the gear tooth; this radius is an
approximate radius of curvature. (11).

Fillet, Full Radius — is the arc of a circle at the
bottom of a tooth space, the center of which
arc is on the center line of the tooth space.
(22).

Groove Depth — is the depth of the clearance
groove between helices in double helical (her-
ringbone) gears. (25).

Groove Width — is the width of the clearance
groove between helices in double helical (her-
ringbone) gears. (25).

Helix, Base — of a helical involute gear or worm
is the intersection of the tooth surface with
its base cylinder. (34).

Helix, Normal — is a helix on the pitch cylinder
normal to the pitch helix. (36).

Helix, Outside — of an involute helical gear or
worm is the intersection of a tooth surface
and the outside cylinder. (34).

Helix, Pitch — is the curve of intersection of a
tooth surface and its pitch cylinder in a helical
gear, (34),

Interference — is contact between mating teeth at
some other point than along the line of ac-
tion. (20).

Interference, Fillet — is contact of mating teeth at
some other point than on the line of action
inside the zone of contact. (20).

Announcing Balzer:
a New Coating Service
of Cutting Tools, Forming

Now you can have your own Titanit
simply phoning 1-800-435-501

WHAT DOES BALZERS TOOL COATING DO?
We apply Titanium Nitride coating using the
Physical Vapor Deposition Process (PVD, the
so-called “Low Temperature Process") to new and
resharpened tools and to metal wear parts. First
we provide you with information on how to
prepare your tools before coating so you obtain
maximum benefits from the Titanium Nitride. Then
in our coating facilities, built with “clean room"
conditions, we use special tool processing pro-
cedures to ensure the coating is applied with a
high adhesion level time after time after time.
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TOOLS COATED?

It starts as soon as you make a phone call. Turn
around time is normally one week. Ten regional
sales offices across the country will give you fast
assistance on your specific application problems.
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Interference, Involute — is contact of mating teeth
at some other point than on the line of ac-
tion outside the zone of contact. (20).

Lead — is the axial advance of a helix for one com-
plete turn, as in the threads of cylindrical
worms and teeth of helical gears. (28).

Length of Action — is the distance on an involute
line of action through which the point of con-
tact moves during the action of the tooth pro-
files. (5).

Line of Action — is the path of contact in involute
gears. It is a straight line passing through the
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pitch point and tangent to the base circles.
().

Line of Centers — is the line which connects the
centers of the pitch circles of two engaging
gears, it is also the common perpendicular
of the axes in crossed helical gears. When one
of the gears is a rack, the line of centers is
perpendicular to its pitch line. (4).

Line of Contact — is the line or curve along which
two tooth surfaces are tangent to each other.
(19).

Module (inches) — is the ratio of the pitch diameter
in inches to the number of teeth. It is the
reciprocal of the diametral pitch.

Module (millimeters) — is the ratio of the pitch
diameter in millimeters to the number of
teeth.

Offset — is the perpendicular distance between the
axes of offset face gears. (24). -

Pitch — is the distance between similar, equally-
spaced tooth surfaces, in a given direction
along a given line or curve. The single word
“Pitch” without qualification has been used
to designate circular pitch, axial pitch and
diametral pitch, but such confusing usage
should be avoided. (4).

Pitch Line — corresponds in the cross section of
a rack to the pitch circle in the cross section
of a gear. (4).

Pitch Line Element — is a line curved or straight
formed by the intersection of the pitch sur-
face and the tooth surface. (18).

Pitch Point ~ is the point of tangency of two pitch
circles (or a pitch circle and a pitch line) and
is on the line of centers. The pitch point of
a tooth profile is at its intersection with the
pitch circle. (4).

Pitch, Axial — is the circular pitch in the axial
plane and in the pitch surface between cor-
responding sides of adjacent teeth in helical
gears. The term axial pitch is preferred to the
term linear pitch. (29).

Pitch, Axial Base — is the base pitch of helical in-
volute tooth surfaces in an axial plane. (30).

Pitch, Base — in an involute gear is the pitch on
the base circle or along the line of action.
Corresponding sides of involute gear teeth are
parallel curves, and the base pitch is the con-
stant and fundamental distance between them
along a common normal in a plane of rota-
tion. (2).

Pitch, Circular — is the distance along the pitch
circle or pitch line between corresponding
profiles of adjacent teeth. (2).

Pitch, Diametral — is the ratio of the number of
teeth to the number of inches in the pitch
diameter. There is a fixed relationship bet-
ween diametral pitch and circular pitch.

Pitch, Normal Base — in an involute helical gear
is the base pitch in the normal plane, It is the
normal distance between parallel helical in-
volute surfaces on the line of action in the
normal plane, or is the length of arc on the
normal base helix. It is a constant distance
in any helical involute gear. (30).

Pitch, Normal Circular — is the circular pitch in
the normal plane, and also the length of the
arc along the normal helix between helical
teeth or threads. (35),

Pitch, Normal Diametral — is the diametral pitch
as calculated in the normal plane.

Pitch, Transverse Circular — is the circular pitch
in the transverse plane, or plane of rotation,
(29.)

_ Plane of Action — is the surface of action in in-

volute parallel-axis gears with either straight
or helical teeth. It is tangent to the base
cylinders. (19.)

Plane of rotation — is any plane perpendicular to
a gear axis. (26).

Plane, Axial — of a pair of gears is the plane that
contains the two axes. In a single gear, an ax-
ial plane may be any plane containing the
axis and a given point. (26.)

Reference Planes — are: pitch plane, axial plane,
and transverse plane, all intersecting at a
point and mutually perpendicular. (26), (27).

Plane, Normal — is normal to the tooth surface
at a point of contact, and perpendicular to
the pitch plane. (27).

Plane, Pitch — of a pair of gears is the plane
perpendicular to the axial plane and tangent
to the pitch surfaces. A pitch plane in an in-
dividual gear may be any plane tangent to
its pitch surface. The pitch plane of a rack
or crown gear is the pitch surface. (26).

Plane, Tangent — is tangent to the tooth surfaces
at a point or line of contact. (27).

Plane, Transverse — is perpendicular to the axial
plane and to the pitch plane. In gears with
parallel axes, the transverse plane and plane
of rotation coincide. (26).

Radius, Base — is the radius of the base circle of
involute profiles, (7).

Radius, Equivalent Pitch — is the radius of the
pitch circle in a cross section of gear teeth in
any plane other than the plane of rotation.
It is properly the radius of curvature of the
pitch surface in the given cross section. An
example is the normal section of helical teeth,
(31).

Radius, Outside — is the radius of the addendum
circle of an external gear. (7).

Radius, Pitch — is the radius of the pitch circle. (7).

Radius, Curvature or Profile — is the radius of
curvature of a tooth profile, usually at the
pitch point or a point of contact. (11).

Radius, Root — is the radius of the root circle. (7).

Ratio, Axial Contact — is the ratio of the face
width to the axial pitch in helical gears.

Ratio, Contact — is the ratio of the arc of action
to the circular pitch, and sometimes is
thought of as an average number of teeth in
contact. For involute gears, the contact ratio
is obtained most directly as the ratio of the
length of action to the base pitch.

Ratio, Face Contact — is the ratio of the face ad-
vance to the circular pitch, usually having
the same value as axial contact ratio.

Ratio, Gear — is the ratio of the larger to the
smaller number of teeth in a pair of gears.

Ratio, Normal Contact — is the contact ratio in
the normal section.

Ratio, Total Contact — is the sum of the transverse
contact ratio and axial contact ratio which
may be thought of as the average total
number of teeth in contact in parallel helical
gears.

Ratio, Transverse — is the contact ratio in the
transverse plane, or plane of rotation.

Space Bottom — is a line joining two fillets of ad-
jacent tooth profiles in the same plane. (1).
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Surface of Action — is the imaginary surface made
up of all positions of the lines of contact of
a given tooth surface. (19).

Surfaces, Pitch — are the imaginary planes or
cylinders that roll together without slipping.
For a constant velocity ratio, the pitch
cylinders are circular. Sometimes, however,
the velocity ratio may be variable, in which
case different forms of pitch surfaces may oc-
cur, as for instance elliptical surfaces. (18),
(27).

Teeth, Equal-Addendum — are those in which two
engaging gears have the same addendums.
(22).

Teeth, Equivalent Number of — is the number of
teeth contained in the whole circumference
of a pitch circle corresponding to an
equivalent pitch radius.

Teeth, Full-Depth — are those in which the work-
ing depth equals:  2.000 inch )

diametral pitch |

Teeth, Involute — of spur gears, helical gears, and
worms, are those in which the active portion
of the profile in the transverse plane, is the
involute of a circle.

Teeth, Left-Hand — are helical gear teeth or worm
threads in which the teeth twist counter-
clockwise as they recede from the observer
looking along the axis. (25).

Teeth, Long and Short Addendum — are those in
which the addendums of two engaging gears
are unequal, (22).

Teeth, Matched — are double helical (herringbone)
gear teeth, the pitch line elements of which
intersect, or would intersect at the center of
the groove if prolonged. (25).

Teeth, Number of (or Threads) — is the number
of teeth contained in the whole circumference
of the pitch circle.

Teeth, Right-Hand — are helical gear teeth or
worm threads in which the teeth twist
clockwise as they recede from the observer
looking along the axis. (25).

Teeth, Staggered — are double helical (herr-
ingbone) gear teeth, the pitch line elements
of which do not intersect or would not in-
tersect at the center of the groove, if prolong-
ed. (25).

Teeth, Stub — are those in which the working
depth is less than:  2.000 inch (22)

diametral pitch "~

Tip Relief — is an arbitrary modification of a tooth
profile whereby a small amount of material
is removed near the tip of the gar tooth. (11).

Tooth Bearing — is that portion of the tooth sur-
face which actually comes in contact with a
mating tooth surface. (17).

Tooth Chamfer — is the beveled edge between the
end of a tooth and the tooth surface to break

the sharp edge. (17).

Tooth Face — is the surface between the pitch line
element and the top of the tooth. (13) and
(15).

Tooth Fillet — is the curved line joining the tooth
flank and the bottom of the tooth space. (15).

Tooth Flank — is the surface between the pitch
line element and the bottom land — it includes
the fillet. (13) and (15).

Tooth, Normal Profile — is the outline formed by
the intersection of a tooth surface and a plane
perpendicular to the pitch line element. (35).

Tooth Profile — is one side of a tooth in cross sec-
tion. Usually a profile is the curve of intersec-
tion of a tooth surface and a plane or sur-
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face normal to the pitch surface, such as the
transverse, normal or axial plane. (12).

Tooth Surface — forms the side of a gear tooth,
(16).

Tooth Top — is a line joining the outer ends of
two adjacent tooth profiles in the same plane.
In internal gearing it applies to the inner ends
of the teeth. (13).

Tooth, Axial Thickness — in helical gears is the
tooth thickness in the axial cross section at
the pitch line. (35).

Tooth, Base Circular Thickness — in involute teeth
is the length of arc on the base circle between
the two involute curves forming the profiles
of a tooth. (14).

Tooth, Circular Thickness — is the length of arc
between two sides of a gear tooth on the pitch
circle, unless otherwise specified, (14).

Tooth, Chordal Thickness — is the length of the
chord subtending a circular-thickness arc.
(14).

Tooth, Normal Chordal Thickness — is the chor-
dal thickness in the plane normal to the pitch
helix, or the tooth curve at the center of the
tooth (31).

Tooth, Normal Circular Thickness — is the cir-
cular thickness in the normal plane. In helical
gears, it is an arc of the normal helix. (31).

Tooth, Transverse Circular Thickness — is the cir-
cular thickness in the tranverse plane, or
plane of rotation. See Circular Thickness.
(14).

Top Land — is the surface of the top of the tooth.
(13).

Undercut — is a condition in generated gear teeth
when any part of the fillet curve lies inside
of a line drawn tangent to the working pro-
file at its lowest point. Undercut may be
deliberately introduced to facilitate finishing
operations. (12).

Reprinted with permission of Fellows Cor-
poration, Emhart Machinery Group, Box 851,
Springfield, VT 05156-0851 *Copyright 1955
Fellows Corporation.
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Guest Editorial
{Continued from page 7|

design methods don’t predict all failures, so we tend to
be conservative in gear design or in instituting gear
standards to cover all of the unknowns. Certainly we
over design and over specify most of our products to
cover those cases where our analyses or our materials
fall down.

None of these problems will be easy to solve, but isn't
it time that we redirected our research if we are going to
solve them? A good research job requires real experimen-
tal data and data acquisition is expensive. No single com-
pany, nor single institution, private or public, has the
funds today. It's tragic that the funds we do have are frit-
tered away on peripheral projects, without attacking the
areas of real need.

Kettering’s famous quotation bears another repetition
"Secrecy in industrial research keeps out more good infor-
mation than it keeps in.”

Most gear manufacturers, and many large users, have
data in their own fields of experience, which if analyzed
and correlated with that of others, would provide a
broader basis than we now have. The initiative must
come from the industry, where the data, the judgement

and the need all reside. We must find a way for those
companies which have this data to share it to their own
advantage

It's ime for the users of gears, gear manufacturers, and
gear specifiers to show some leadership in gear research.
The direction must come from those who will use the
results, but there must be direct feedback of field ex-
perience which is pertinent to the research. When did
you last talk to a mechanical engineering professor, a
mechanical engineering graduate student, or an engineer-
ing class about gear research? How can they know the
need if we don't tell them?

It’s time to share our information with the universities
and research institutions, and to make a united effort to
fund the work required to improve our solutions to these

.Mt

Don McVittie
President, AGMA

NOTE: The opinions expressed herein are mine. not
those of AGMA or any other organization.
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Fig. 10— Two stage planetary gear unit for ball mill drive with three way power branching per stage. Transmission power P
= 4050 kW; shaft speeds n; = 485 min-!; n, = 13.8 min-!; gear unit weight G = 72 t

High Power Transmissions
(Continued from page 41)

A comparison of size and weight relative to output torque
shows that among the power branching gear units planetary
gear units are favourable and better especially for smaller
transmission ratios of single planet stages. The relative tor-
que decreases with increasing transmission ratio. For
transmission ratios above i = 8 the power branching gear
units having external gearing only are preferred. Their relative
torque decreases at a lower rate with increasing transmission
ratio. However, two or more planetary gears, coupled one
after another, may still be more advantageous for higher
transmission ratios above i = 15.

The efficiency of planetary gear units is comparatively bet-
ter than that of other power branching gear units. However,
for higher transmission ratios, one must couple more
planetary gear units one after another and this advantage may
be lost.

48 Gear Technology

References

1. WINTER, H. und P. OSTER: Beanspruchung der Zahnflanken
unter EHD-Bedingungen. Konstruktion 33 (1981) H. 11, S.
421-434

2. BORNECKE, K.: Beanspruchungsgerechte Wirmebehandlung
von einsatzgeharteten Zylinderridern, Diss. RWTH Aachen
(1976)

3. HEBENSTREIT, H.: Protuberanzgefriste einsatgehértete und
geschliffene Zahnrider, Antriebstechnik 1-2 (1980)

4. NIEMANN, G.: Maschinenelemente, 2. Band, Berlin,
Heidelberg, New-York: Springer-Verlag 1965

5, MULLER, H. W.: Die Umlaufgetriebe, Berlin, Heidelberg, New
York, Springer-Verlag 1971

6. DUDA, M.: Der geometrische Verlustbeiwert und die
Verlustsymmetrie bei geradverzahnten Stirnradgetrieben.
Forschung im Ingenieurwesen 37 (1971), H. 1, VDI-Verlag

7. HEYER, E. C.: Lei e Zahnradgetriebe mit
Aussenverzahnung, VDI-Berichte 332, Zahnradgetriebe-Tagung
1979 in Miinchen, VDI-Verlag Diisseldorf

This article was reprinted from AGMA paper no. 429.05, Fall Technical Con-
ference 1982,

E-4 ON READER REPLY CARD




mooth, Quiet, Fast
ear Produci oNn

The General Broach push-up pot
broaching machine and tooling offer an
extremely rigid broaching system that
eliminates the noisy vibrations of
column-type machines and ring-type
tooling. In addition to smoother, quieter
operation. the finish is better too.

Instead of cantilever mounting the
pot to the column, we mount the pot
on a machine base which contains
the push cylinder directly below and
concentric with the pot. This in-line
design equalizes the cutting forces around
the periphery of the workpiece. The
extremely low noise level of the cutting
action is proof of the in-line concept

By using broach inserts instead of rings. If you would like more information on
we are able to stagger the tooth pitch to our pot broaching systems, call or write. Better yet, send us
keep a continuous and even thrust on a part print: General Broach & ering Co., 18901 15 Mile
the workpiece through the full length of Road, Mt. Clemens, Michigan , phone: 313-792-5350.

the pot. This also contributes to
smoother, quieter operation as well as

excellent accuracy and finish General Broach...

The machine illustrated here broaches the Complete Broaching Company
36-tooth, 5%-inch diameter gears of cast
armor steel at 333 parts per hour. It is

equipped with a high water base fiuid nn-.::‘w
power system. Broaching speeds can be ivel ballde
adjusted up to 50 feet per minute. vEHE
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We've geared up
to give you a better line of CNC hobbers

When we decided to develop a better line of CNC hobbing machines
we had an enormous advantage: 120 years of experience in the
design and manufocture of quality gear-cutting machines—including o new
generation of mechanical G-TECH gear hobbers which are setting
new standards for the industry.

Still, designing o fully integrated man/computer/machine system consti-
tuted a major program. We End to give you tﬁe odvanced features, superior
performance, and last-forever quality you expect from Gleason.

We geared up and took our usual approach: Dedication to advancing the
state of the art in ways that benefit you. Insistence that the machine must
fit the human operator, not vice versa. Adherence to the highest
performance standards and specifications. Infinite attention to detail.
Ceaseless bug hunting. And a determination to moke—aond be—the best.
Now you can choose from a complete line of Gleason-quality CNC hobbing
machines—G-TECH 777 (6" diameter), G-TECH 782 (10" cﬁameler}, and
G-TECH 787 (14" diameter). Because each is designed to produce gears at
feed rates that are optimal up to and including the rated design limits of
diameter and pitch, you can select o hobbing machine thot gives you
exactly the capacity you need—with no need to over-buy.

And these new G-TECH CNC hobbing machines are designed
with your future in mind. Integrate them into your flexible machining
and management information system, or let us design an entire
gear machining cell for you.

Get to know the new, better line of G-TECH CNC hobbing machines—
and the new Gleason. For our new brochure, call 716-473-1000 or
write Gleason Works, 1000 University Avenue,

Rochester, NY 14692, U.5.A.

SLEASCO' B

Advanced concepts, traditional 3
That's the new G'emquulﬂy
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