mxuvmm«
B iy

v *’W“"ﬁn&n .

L

U.S. Wells - Exhibit 2002

Liberty v. U.S. Wells -

IPR2025-00105
Page 1 of 71



.I‘I ';I |
about the book .. . : \\\\ L

This outstanding reference provides tl'tl ... autl theoretical in-
formation—with over 250 detailed il ., pnres, and tables—needed to design,
manufacture, and operate highly reliable and efficient, state-of-the-art gear drive systems,
emphasizing parallel shaft and planetary units with spur and helical gearing.

Incorporating standards established by the American Gear Manufacturers Association,
Gear Drive Systems: Design and Application features

® g systems approach—considering all components that affect gear performance in
the specification, installation, operation, and maintenance of the unit

e in-depth treatment—spanning the full spectrum of topics, including lubrication,
bearings and seals, manufacturing methods, testing and monitoring, failure analy-
sis, gearbox economics, and many more

® the latest advances—including high-speed gearing, hardened and ground gear tech-
nology, and planetary gear design and application

This thorough work is the essential reference for mechanical, design, and plant engineers;
installation, operation, and maintenance technicians; and purchasing agents in such di-
verse industries as turbo-machinery, automotive, process, refinery, marine, stee], con-
struction, and mining, among others. In addition, this work is an excellent source for
fnechanical engineering courses dealing with gear design and application.

about the author . ..

Prren Lynwanpir is the Manager of Engineering and Sales at American Lohmann
Corporation, Hillside, New Jersey. His experience encompasses 25 years of desipn, analy-
sis, and development of mechanical systems, and includes establishing computer progranis
for the analysis and optimization ol gear configurations. Mr. Lynwander received the BS.
and M.S. degraes {1959, 1964 respectively) from the University of Bridgeport, Connecli-
cut, and is a registered Professional Engineer. He is Vice Chairman of the Aerospace Gear-
ing Committee of the American Gear Manufacturers Association, and is active on several
other committees of this organization. Mr. Lynwander has authored numerous publica-
tions concerning gearing, seals, and clutches.

Printed in the United States of America ISBN: 0—8247-1896—8

marcel dekker, inc./new york - basel

. U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105

Page 2 of 71



U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 3 of 71



U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 4 of 71



U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 5 of 71



GEAR DRIVE
SYSTEMS

DESIGN AND APPLICATION

U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 6 of 71



MECHANICAL ENGINEERING

A Series of Textbooks and Reference Books

EDITORS
L. L. FAULKNER S. B. MENKES
Department of Mechanical Engineering Department of Mechanical Engineering
The Ohio State University The City College of the
Columbus, Ohio City University of New York

New York, New York

Spring Designer’s Handbook, by Harold Carlson
Computer-Aided Graphics and Design, by Daniel L. Ryan
Lubrication Fundamentals, by J. George Wills

»owoe -

Solar Engineering for Domestic Buildings, by William

A. Himmelman

5. Applied Engineering Mechanics: Statics and Dynamics,
by G. Boothroyd and C. Poli

6. Centrifugal Pump Clinic, by fgor J. Karassik

7. Computer-Aided Kinetics for Machine Design, by
Daniel L. Ryan

8. Plastics Products Design Handbook, Part A: Materials
and Components, edited by Edward Miller

9. Turbomachinery: Basic Theory and Applications, by
Earl Logan, Jr.

10. Vibrations of Shells and Plates, by Werner Soedel

11. Flat and Corrugated Diaphragm Design Handbook, by Mario
Di Giovanni

12. Practical Stress Analysis in Engineering Design, by Alexander Blake

13. An Introduction to the Design and Behavior of Bolted Joints, by
John H. Bickford

14, Optimal Engineering Design: Principles and Applications,
by James N. Siddall

15. Spring Manufacturing Handbook, by Harold Carlson

U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 7 of 71



16.

17.

18.

19.

20.

Industrial Noise Control: Fundamentals and Applications,
by Lewis H. Bell

Gears and Their Vibration: A Basic Approach to Understanding
Gear Noise, by J. Derek Smith

Chains for Power Transmission and Material Handling: Design
and Applications Handbook, by the American Chain Association

Corrosion and Corrosion Protection Handbook, edited by
Philip A. Schweitzer

Gear Drive Systems: Design and Application, by Peter
Lynwander

OTHER VOLUMES IN PREPARATION

U.S. Wells - Exhibit 2002

Liberty v. U.S. Wells - IPR2025-00105

Page 8 of 71



GEAR DRIVE
SYSTEMS

DESIGN AND APPLICATION

Peter Lynwander
American Lohmann Corporation
Hillside, New Jersey

MARCEL DEKKER, INC. New York and Basel

U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 9 of 71



U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 10 of 71



)
g

_
A

o)
S

X %)

Library of Congress Cataloging in Publication Data

Lynwander, Peter, [date]
Gear drive systems.

(Mechanical engineering ; 20)
Includes index.

1. Gearing. 1. Title. II. Serie
TI184.L94 1983  621.8°33 ( 83-527@
ISBN 0-8247-1896-8 S

COPYRIGHT © 1983 by MARCEL DEKKER, INC. ALL RIGHTS RESERVED

Neither this book nor any part may be reproduced or Lransmitted in any form or by any
means, electronic or mechanical, including photocopying, microfilining, and recording, or
by any information storage and retrieval system, without permission in writing from the
publisher. ‘

MARCEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Current printing (last digit):
10 987 6 54321

PRINTED IN THE UNITED STATES OF AMERICA

U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 11 of 71



PREFACE

Gear drives are critical components of mechanical systems used in such diverse
industries as turbo-machinery, process, refinery, steel, construction, mining, and
marine. In all these fields there is a continuing trend toward higher reliability
and improved technology in mechanical components. Higher reliability is desired
to reduce downtime. In many applications, the cost of one day’s lost production
due to a gearbox malfunction far exceeds the initial cost of the unit; therefore,
in critical installations there is a strong emphasis on conservative design and
quality manufacture. In addition to achieving high reliability, mechanical
systems must be increasingly efficient to conserve energy. Gear manufacturers
are constantly refining their analytical, design, and manufacturing techniques to
take advantage of new technologies and provide reliable, efficient gearboxes at
minimum cost.

The purpose of this book is to present practical gearbox design and appli-
cation information to individuals responsible for the specification and operation
of mechanical systems incorporating gear drives. Sufficient theoretical informa-
tion is included to enable the engineer interested in gear analysis and design to
understand how gear units are rated and detail gear tooth geometry is defined.
The major emphasis is on parallel shaft and planetary units using spur and helical
gearing.

In addition to basic data on gear design and manufacture, such subjects as
installation, operation, maintenance, troubleshooting, failure analysis, and
economics are covered. Material on lubrication systems, bearings, couplings,
and seals is presented in order to cover all aspects of gear system operation.

Several new trends in the gear industry, due in part to the emphasis on
energy conservation, are discussed.

il
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iv Preface

1. As mechanical equipment such as pumps, motors, compressors, turbines,
etc. are designed for higher efficiencies, rotating speeds are increased and,
therefore, higher speed transmissions are required. High speed gearing
characteristics are featured throughout the book.

2. Also, as a result of energy consciousness, there is a tendency to package
smaller mechanical systems; therefore, there is a trend developing in the
United States toward the use of planetary gear units which are far more
compact than parallel shaft designs. Included in the book is a section on
planetary gear design and application.

3. In order to achieve the highest load carrying capability in a minimum
envelope, case hardened and ground gear tooth designs are finding wide
application. This technology is covered in the book.

4. The book attempts to take a systems approach to gearbox application. It
has become apparent that gear units, when incorporated into a system of
rotating machinery, are susceptible to a variety of problems. All charac-
teristics of the drive system from the driver to the driven equipment,
including the lubrication system and accessories, can influence gearbox
operation and must be considered in the specification, installation, opera-
tion, and maintenance of the unit.

Throughout the book, standards and practices developed by the American
Gear Manufacturers Association are referred to. Successful selection, rating, and
operation of gearboxes can be accomplished by the use of AGMA publications
and the gear designer and user should be familiar with the Standards system.

The AGMA is located at 1901 North Fort Myer Drive, Arlington, Virginia 22209,

I would like to thank Mr. Alvin Meyer and Mr. Alan Swirnow for their
assistance and comments. I am also indebted to American Lohmann Corpora-
tion, Hillside, New Jersey for its support.

Peter Lynwander
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1

TYPES OF GEAR DRIVES:
ARRANGEMENTS, TOOTH FORMS

The [unction of a gearbox is to trausmit rotational motion {rom a driving prime
mover Lo a driven machine. The driving and driven equipment may operate at
dilferent speeds, requiring a speed-increasing or speed-decreasing unit. The pear-
box therefore allows both machines to operate at their most efficient speeds,
Gearboxes are also used to change the sense of rolation or bridge au angle
between driving and driven machinery.

The gearbox configuration chosen for a given application is most strongly
influenced by three parameters:

Physical arrangement of the machinery
Ratio required between input and output speeds
Torque loading (combination of horsepower and speed)

Other factors that must be considered when specifying a gear drive are:

Efficiency
Space and weight limitations
Physical environment

PHYSICAL ARRANGEMENT

The location of the driving and driven equipment in the mechanical system
defines the input and output shaft geometrical relationship. Shalt arrangements
can be parallel offset, concentric, right angle, or skewed as shown in Figure 1.1.
The material presented in this book focuses on parallel offset and concentric
designs.
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2

HIGH SPEED SHAFT

PARALLEL OFFSET

LOW SPEED SHAF

"

RIGHT ANGLE

Figure 1.1 Gearbox shaft arrangements.

HIGH SPEED SHAFT

Gear Drive Systems

LOW SPEED SHAFT\

CONCENTRIC

SKEWED

In the majority of parallel offset units in use, the input and output shafts
are horizontally offset; however, vertical offsets are used and any orientation of
input to output shaft is possible. Figure 1.2 illustrates a typical horizontaily
offset parallel shaft gearbox and Figure 1.3 presents a cutaway view of such a
unit. In this case there is one input shaft and one output shaft located on oppo-
site sides of the unit. There are many different options available as far as the
input and output shaft extensions are concerned. Figure 1.4 shows the various
possibilities and presents a system for defining the extensions desired on a gear-
box. There may be two inputs driving a single output, such as dual turbines
powering a large generator, or two outputs with a single input, such as an electric
motor driving a two-stage compressor. Often shaft extensions are used to drive

accessories such as pumps or starters.

The minimum amount of offset required is determined by gear tooth stress
considerations. The offset of a gearbox incorporating a single mesh, as shown in
Figure 1.3, is the sum of the pitch radii of the pinion and gear, otherwise known
as the center distance. The pitch radii must be sufficiently large to transmit the
system load. An offset greater than the minimum may be required to provide
enough space for the machinery incorporated in the system. Figure 1.5 illus-
trates an accessory drive where the input and output shafts are offset through
two meshes to separate the machinery located at these shafts.
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Types of Gear Drives

Figure 1.2 Parallel offset gearbox. (Courtesy of American Lohmann Corpora-
tion, Hillside, N.J.)

Figure 1.6 illustrates a gearbox with concentric input and output shafts.
The driving and driven machinery will therefore be in line. Planetary gearing
(described in the next section) has concentric shafts and is used to achieve high
ratios in minimum space. It is also possible to package parallel shaft gearing
such that the input and output shafts are in line when such a configuration is
desired. Figure 1.7 presents external and internal views of a right-angle gear
drive.

The gearboxes in Figures 1.3, 1.6, and 1.7 are foot mounted; that is, they
are meant to be bolted to a horizontal base through a flange at the bottom of
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4 Gear Drive Systems

Figure 1.3 Parallel offset gearbox sectional view. (Courtesy of American
Lohmann Corporation, Hillside, N.J.)

the gear casing. Although this is the most common design, gearboxes can be
mounted in many other configurations and operate in attitudes other than
horizontal. Figure 1.8 illustrates a flange-mounted unit. Such a gearbox can be
uperated horizontally or be verlically mounted on a horizontal base. Vertically
operating gearhox designs must have special lubrication provisions to provide
Julricant to the upper components in the unit and seal the lower end from oil
leakage. Figure 1.9 shows yet another mounting configuration. This unit is shaft
mounted with a support arm that is fixed to ground to react the gearbox housing
torque.
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Types of Gear Drives 5

PLAN VIEWS
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Figure 1.4 Definition of shafi extensions. Parallel shaft-helical and herringbone
gear reducers; single, double, and triple reduction. Code; L = left; R = right;
arrows indicate line of sight to determine direction of shafi extensions; letters
preceding the hyphen refer to number and direction of highspeed shaft exten-
sions; letters following the hyphen refer to number and direction of low speed
shaft extensions. (From Ref. 1.)

Figure 1.5 Parallel offset accessory drive gearbox. (Courtesy of American
Lohmann Corporation, Hillside, N.J.)
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6 Gear Drive Systems

Figure 1.6 Gearbox with concentric input and output shafts. (Courtesy of
American Lohmann Corporation, Hillside, N.J.)

GEAR RATIO

There is no limit to the reduction or speed increasing ratio that can be achieved
using gearing; however, for high ratios the arrangement of the components can be
quite complex. In a simple gear mesh a maximum ratio in the order of 8:1 to
10:1 can be achieved. The amount of speed reduction or increase is simply the
ratio of the pitch diameter of the larger gear to the smaller gear. The number of
teeth in a gear pair is related to the pitch diameters, so the speed ratio can also
be calculated by dividing the larger number of teeth by the smaller. The smaller
gear is often called the pinion. To attain a ratio of 10:1, therefore, the gear must
be 10 times larger than the pinion and there usually are stress or geometrical
limitations on the pinion when this ratio is exceeded. To achieve higher ratios
with parallel shaft gearing, stages of meshes are combined as shown in Figure 1 .10.
This unit has three stages of reduction and achieves ratios on the order of
100:1.

An efficient method of achieving high reduction ratios in minimum space
is the use of planetary gearing. This design, completely described in Chapter 9, is
illustrated in Figure 1.11. The high-speed sun gear meshes with a number of
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Figure 1.7 Right-angle gear drive. (Courtesy of American Lohmann Corpora-
tion, Hillside, N.J.)
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Gear Drive Systems

Figure 1.8 Flange-mounted gear unit. (Courtesy of American Lohmann Cor-
poration, Hillside, N.J D

Figure 1.9 Shaft-mounted gearbox. (Courtesy of American Lohmann Corpora-
tion, Hillside, N.J.)
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Types of Gear Drives 9

Figure 1.10 Multi-stage parallel shaft gearbox. (Courtesy of American Lohmann
Corporation, Hillside, N.J.)

planets, usually three, which in turn mesh with a ring gear. The ring gear has
internal teeth. Either the ring gear or the planet carrier rotate at the low speed
of the gear set. Occasionally, all three members are connected to rotating equip-
ment. When the low-speed shaft is either the ring gear or the planet carrier, the
ratios in a planetary gearset are:
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10 Gear Drive Systems

LOW SPEED RING
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STATIONARY
CARRIER

777714

L/PLANET GEAR
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| STATIONARY RING GEAR
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Figure 1.11 Basic planetary gear configurations.
ring gear pitch diameter

s L
Ratio jdsun goar pitch diameter for rotating ring gear

. i itch diamet . g
Ratio = 1 + M for rotating planet carrier

sun gear pitch diameter
Because of the multiple load path of planetary gearing the horsepower trans-
mitted is divided between several planet meshes and the gear size can be reduced
significantly compared 1o parallel shafl designs. Planetary stages can be linked
together Lo achieve high 1atios, as shown in Figure 1,12, This is a three-stage
planetary gear with o ratio of 630: 1. The first-stage planel carrier drives the
seennd-stape sun gear and the second-stage carrier drives the third-stage sun gear.
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Types of Gear Drives 11

5

Figure 1.12 Multistage planetary gearbox. High-speed shaft, 1; first planetary
stage, 2; second stage, 3; third stage, 4; low-speed shaft, 5; gear housing, 6.

In theory, any parallel shaft or planetary gearbox can be used either asa
speed reducer or increaser. There may be details within a gearbox, however, that
require modification il such a changeover is made. The same holds true if it is
desired to reverse the direction ol rotation for which the gearbox was initially
designed. For instance, one side of the teeth may have been favored in the finish-
ing process when the initial design was manufactured. If the gearbox is used in
such a manner that the initially unloaded face is now loaded, poor tooth per-
formance may result. The direction of rotation of the input shaft with respect to
the output shaft depends on the gear design chosen. For a simple parallel shaft
gear mesh the sense of rotation will change through the mesh. A planetary
arrangement with a stationary ring gear will not change the sense of rotation
between input and output, while a rotating ring gear will turn in the opposite
sense compared to the sun gear’s rotation.

TORQUE LOADING

The size of gearbox required for a given application is dependent primarily on
how large the gear pitch diameters and face widths are. These dimensions are
determined on the basis of tooth stresses which are imposed by the transmitted
tooth load. The tooth load is simply the torque on a given gear divided by the
gear pitch radius:

torque (in.-1b)

Tooth load (Ib) = —————
pitch radius (in.)
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12 Gear Drive Systems

Torque is calculated from the horsepower transmitted and the speed of the
rotating component in question:

63,025 (hp)

Input torque (in-b) = ————
input rpm

. 63,025 (hp)

Output torque (in-b) = —————
output rpm

When designing a gearset one cannot consider torque alone. The operating speed
of the gears has a significant effect on the design definition. As an iltustration of
this point, consider a high-speed unit transmitting 2000 hp at 20,000 rpm input.
The input torque would be the same as 3 low-speed nnit vperaling at 2000 rpm
input with a transmitted hotsepower of 200, On a simple stress basis, if the ratio
of both gearboxes were the same, the same gearbox could be used for hoth appli-
cations; however, the high-speed design must differ fruom the low-speed design in
the following respects:

At high speeds, component geometry discrepancies such as tooth spacing error,
shafting unbalance, and so on, generate significant dynamic loading, and
these dynamic effects must be taken into account in the design process.
Also, the components experience high numbers of load cycles and are
more prone than low-speed units to fatigue failures. For all of these
reasons, high-speed components must be of high accuracy to minimize
dynamic problems.

Heat generation within the unit is proportional to speed; therefore, high-speed
units usually require pressure jet lubrication systems and external cooling
systems. Low-speed units often operate with integral splash lubrication,
the heat being dissipated through the gear casing.

The bearing design is strongly dependent on shaft speeds. Low-speed units
generally incorporate antifriction bearings, while high-speed industrial
gearboxes typically use journal bearing designs.

There is no clear demarcation between low-speed and high-speed gearing. Units
with several gear meshes may have some of each. An arbitrary definition some-
times used is that units with pinion speeds exceeding 3600 rpm or pitch line
velocities exceeding 5000 fpm are considered high speed [1].

Pitch line velocity is a measure of the peripheral speed of a gear:

7 (pitch diameter, in.) (rpm)
Pitch line velocity (fpm) = " (pite —— in) ()

— Y

The pitch line velocity of a gear is a better index of speed than is rotational
velocity, since a large gear operating at a relatively low rpm may experience the
same velocity effects as a small gear operating at high rpm. Standard high-speed
gear units operate at pitch line velocities up to approximately 20,000 fpm.
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Types of Gear Drives 13

Applications exceeding this speed must be considered special and exceptional
care must be taken in their design and manufacture. Pitch line velocities of
40,000 fpm have been attained in practice.

Parallel offset or concentric shaft gearboxes incorporate gears with spur,
single helical, or double helical tooth forms. The face of a spur gear is parallel to
the axis of rotation, whereas a helical gear tooth face is at an angle, as shown in
Figure 1.13. The figure illustrates that helical gears have an overlap in the axial
direction, which results in the following advantages:

Helical gears have more face width in conlact than do spur gears of the same
size: (herefore, they have greater load-carrying capability.

With conventional spur gearing the load is transmitted by either one or two Leeth
at any instant; thus the elastic flexibility is continuously changing as load
is transferred from single-loath to double-tooth contact and back. With
helical gearing the load is shared between sufficient teeth to allow a
smoother transference and a more constant elastic flexibility; therefore,
helical gearing generates less noise and vibration than spur gearing.

The disadvantage of helical gearing in relation to spur gearing is that axial
thrust is generated in a helica! gear, which necessitates the incorporation of a
tlirust bearing on cach helical gear shall.

To take udvantape of the helical pearing benefits described above, yet not
generate axial thrust loads, double helica! gearing is used (Figure 1.14). The two
halves generale opposite thrust loads, which cancel out. When the twa helices are
cut adjacen! to one another with no gap between, the gearing is termed Lessing-
hone, Because helical gear thrust is proportional Lo the tangent of the helix
angle, single helical gears tend Lo have fower lelix angles than do double helical
designs, wlere {he tlirust loads cancel. Typical singte helical helix angles are 6 to
157, Double helical gearsets have helix angles of up to 35°.

Another advantage of double hielical gears is that the ratio of face width to
pitch dizmeter in cach half can be held to reasenable limits. When the face
widtlts beconte Tonger than the pitch diameters in spur or single lielical pearing it
is difficult to achieve complete tooth contact since thermal distortion, load
deflections, and manufacturing errors tend to load the gear teelh unevenly. A
double helical gear with « lace width/pitel dismeter ratio of t will have twice
e Face widih of & spur or single helical gear with the same 1./D ratic and there-
fore greater loat-carrying capability.

Double helical gearing has two disadvantuges. Because the two halves of
each gear caniol be perfecily matched, one member of e gearset must be free
to Maat axially. This gear will be continnaily shifting (o achieve uxial furce
equitibeunm sine the thest loads of each half will rarely cancel exactly, This
shifting can lead to detcimental axial vibrations il tooth geometry errors are
excessive. Another potential problam with double hrelical gearing is thal external
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14 Gear Drive Systems
SPUR GEAR HELICAL GEAR
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Double Tooth Contact
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Advantages of Helical Gears

1. Greater load capacity
2. Smootiher operation
3. Less sensitivity to tooth errors

Single Tooth Contact

Figure 1.13 Comparison of spur and helical gear teeth.

thrust loads will tend to overload one helix. For instance, if a double helical
gear is attached to a gear tooth type of coupling and the coupling locks up
axially due to tooth friction, axial loads transmitted through the coupling will
be reacted by the teeth of one-half of the gearset. With single helical gears

an external axial load will either add to or subtract from the gear tooth load and
be reacted by the thrust bearing.

Gear metallurgy, although not mentioned heretofore, is one of the most
significant fuctoes in determining pearbox size, since i strength of a gear tooih
is proporlional to the hardness ol the steel. Most gears are in the hardness ranges
of approximately Re 30 Lo 38 or Re 55 {o 64, The region from Re 30 to 38 is
usually termed “through-hardened,” while the range Re 55 to 64 s almost
always “surface-hardened,” where the tooth hus o hard surlace case and a safle
inner core. Through-hardened gears are cut by such processes as hobbing,
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Types of Gear Drives 15

Figure 1.14 Double helical gearing.

shaping, and shaving. Surface-hardened gears are cut and then hardened. They
may be used in this state, but the more accurate surface-hardened gears are
ground after heat treatment. Spur, single helical, and double helical gearing may
be produced by any of the methods noted above. Generally, double helical
gearing is through-hardened and cut. It is possible to harden and grind double
helical gearing; however, to grind a one-piece double helical gear a large central
gap is required between the two helices to allow runout of the grinding wheel.
Gears can be ground in halves and then assembled, but this presents serious
alignment and attachment problems.

To achieve minimum envelope and maximum reliability, the latest tech-
nology utilizes single helical, hardened, and precision ground gearing. With single
helical gears the thrust load axially locates the gear shaft against the thrust bear-
ing. Bearing design has progressed to the point where thrust loads are routinely
handled either by hydrodynamic tapered land or tilting pad configurations or
an antifriction thrust bearings. Because case-hardened gears have maximum
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16 Gear Drive Systems

Figure 1.15 High-speed single helical hardened and ground gearset. (Courtesy of
American Lohmann Corporation, Hillside, N.J.)

load-carrying capacity, gear size can be minimized; therefore, the ratio of face
width to diameter of a single helical gear can be held to reasonable limits. Pitch
line velocities are minimized, reducing dynamic effects. Also, the bearing span
with single helical gears is short, resulting in lower elastic deflection. Figure 1.15
illustrates a generator drive gearbox with two stages of single helical gearing. This
unit transmits 4500 hp at an input speed of 14,500 rpm. The high-speed mesh
pitch line velocity is 18,000 fpm. Gearbox weight is 3500 Ib.

A single helical hardened and ground gearsel can reduce by up to one-half
the envelope and weight of a through-hardened double helical gearbox with
equivalent capacity. The inherent precision of the grinding process results in
accurate tooth geometry, leading to minimum noise and vibration.

EFFICIENCY

Gearbox efficiency is a much discussed subject, but accurate values are very
difficult to determine. Analytical estimates must be confirmed by testing to gain
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Types of Gear Drives 17

a degree of confidence in the procedure. With good design and manufacturing
practice, efficiencies of 99% per mesh and better are possible. Often, lubrication
system development is required to attain the highest efficiency potential.

Power losses in a gearbox are divided between friction losses at the gear
and bearing contacts and windage losses as the rotating components churn the
oil and air. In high-speed units the churning losses may exceed the friction losses;
therefore, the type and amount of lubricant, and its introduction and evacua-
tion, are critical in terms of efficiency. Journal bearings require significantly
more oil flow than do antifriction bearings and generate higher power losses.

Figure 1.16 Compound planetary gearset. (Courtesy of American Lohmann

Corporation, Hillside, N.J.)
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18 Gear Drive Systems

A reasonabls estimate of efficiency for industrial gear boxes is 1 to 2%
power loss per mesh. A three-stage unit, therefare, might be expected to have
an efficiency in the range 94 to 97%. The efficiency is quoted al the design load
and speed conditions. At full speeds and lower loads the eltficiency will drop off
because the churning losses will remain constant.

SPACE AND WEIGHT LIMITATIONS

There are industrial applications where gearbox space and weight is limited. For
| instance, generator-drive gearboxes on offshore ol platforms or units used on
| mobile equipment must have minimum envelope. To achieve small gear units,
several techniques can be used:

To minimize gear size, the highest-quality steel, case carburized and precision
ground, is incorporated in the unit.

Planetary configurations are used to achieve high ratios in small envelopes.
Figure 1.16 illustrates a compound planetary gearset which demonstrates
a very efficient use of space, in the approximate range 9:1to 12:1.

Lightweight design techniques such as thin-wall casings and hollow shafts are
employed.

Lightweight materials such as aluminum housings are used.

Maximum application of these techniques can be found in the aerospace in-
dustry. An aircraft gearbox might handle the same design conditions as a con-
ventional unit but at one-fiftieth the weight [2].

PHYSICAL ENVIRONMENT

When specifying a gear drive, the physical environment must be addressed in the
design stage. Listed below are detrimental environments which can have an
adverse effect on lubricant, bearings, gears, or seals:

Dusty atmosphere

High ambient temperature
Wide temperature variation
High humidity
Chemical-laden atmosphere

Such environments require special consideration in the design of the gearbox
lubrication system and seals.
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BEARINGS AND SEALS

BEARINGS

One of the first questions to be asked when reviewing a gear box design is: “How
are the shafts supported”? Each shaft must be radially and axially located by
bearings and proper bearing design and application is at least as important to the
operation of the unit as the gears themselves. In fact, bearing problems are more
common in gear boxes than are gear failures. A basic choice when designing a
unit is which type of bearing to use. There are two general classes, one being
journal-type bearings (sometimes called fluid film or slider), the other being
rolling-element-type bearings (sometimes called antifriction).
Toumal bearings are characterized by operating with a relatively thick oil L

film between the rotating and stationary elements, the oil film being sheared by b
relative sliding. Rolling element bearings include ball, roller, and needle bearings o
with many design variations in each of these classes. The rolling elements are in
intimate contact with one another, the oil film being relatively thin compared to
journal bearings. In many applications it is not clear which configuration to use.

E Let us look at various parameters as they relate to journal and rolling element

. bearings. .

3 1. Load capacity. As will be seen later in the chapter, rolling element

i bearing fatigue life can be calculated on a statistical basis; therefore, in critical

applications where load is significant and/or speeds are high, finite lives are

predicted, Toumnal bearings are thought of as having infinite lives provided that

the loading is kept below a predetermined level. Therefore, in many applications

requiring long life, journal bearings are chosen since the calculated rofling

element life is considered insufficient. It is true that a journal bearing when

145
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PLANETARY GEAR TRAINS

A planetary gear train is one in which the power is transmitted through two or
more load paths rather than the single load path of a simple gear mesh. Figure
9.1 illustrates the components of the simplest type planetary, a sun gear, planet
gears, a ring gear, and the planet carrier. When the carrier rotates about the
center of the system a point on a planet gear not only rotates about the axis of
the planet gear but also about the center of the system and this type of drive is
called epicyclic.

In the United States, planetary gears are widely utilized in automotive
automatic transmissions and in aerospace drives such as turbine engine reduction
gears or helicopter transmissions but are not used extensively in industrial appli-
cations. There is a trend toward increasing utilization of planetary gears because
they offer the following advantages:

1. Because they share load between several meshes, planetaries are more
compact than parallel shaft drives and offer significant envelope and weight
savings. An example illustrates this point:

Let us take a 1000-hp electric motor at 1800 rpm driving a compressor at
7200 rpm. The required American Gear Manufacturers Association
(AGMA) service factor is 1.6. i

A hardened and ground, helical, parallel shaft gear set would have
the following dimensions:

Pinion pitch diameter: 4.0 in.

Gear pitch diameter: 16.0 in,

Face width: 4.0

Gearbox envelope: 24 X 12X 12 in.
Gearbox weight: 6501b

293
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RING GEAR

PLANET CARRIER

PLANET GEAR

Figure 9.1 Simple planetary gearset components.

The equivalent planetary gear set with a stationary ring gear and rotating carrier
would have the following dimensions:

Sun pitch diameter: 3.5 in.

Ring pitch diameter: 10.5 in.

Planet pitch diameter: 3.5 in.

Face width: 3.0 in.

Gearbox envelope: 15 in. diameter X 10 in. length
Gearbox weight: 2501b.

Figure 9.2 illustrates the gearbox size comparison.

5. In addition to achieving minimum weight and envelope, the relatively
smaller and stiffer components which result from the use of planetary gearing
lead to reduced noise and vibration and increased efficiency. Noise and effi-
ciency are strongly dependent on the speed of the components. In the example
above, the parallel shaft pitch line velocity is 7540 fpm compared to the plane-
tary gear pitch line velocity of 4948 fpm, a significant difference. The lower
planetary pitch line velocity is a result of the smaller sun gear and the epicyclic
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PARALLEL SHAFTCONFIGURATION PLANETARY CONFIGURATION

LOW SPEED SHAFT

L

-—
HIGH SPEED SHAFT i

Figure 9.2 Gearbox size comparison.

action of the gear mesh. Later in this chapter the method of calculating epicyclic
speeds is derived.

3. The input and output shaft axes in planetary gearing are concentric.
This can lead to space savings in some installations by allowing the driving and
driven equipment to be in-line. The coaxial feature is very important in auto-
matic transmissions since it makes rapid speed changes possible without the
necessity of taking gears out of mesh. The rotating components are controlled
by the use of clutches and brakes to achieve speed changes.

4. The resultant radial forces on the input and output shafts of planetary
gearboxes are zero since the arrangement cancels out all radial forces. In effect,
the planetary gearbox transmits only torque. This simplifies bearing design and
in some applications allows close coupling of the gearbox to the driving or driven
equipment.

ANALYSIS OF PLANETARY GEAR ARRANGEMENTS

Planetary gears can be arranged in a multitude of configurations to achieve
specilic ratios and power splits. This section presents a method of calculating
planctary speed ratios and power flows. The methad is applied Lo several
examples and by following the logic the reader can generate equations describing
ihe mechanics of any planetary configuration. The following nomenclature will
be used throughout.

Symbols
R = gear pitch radius, in.
W = gear angular velocity, rad/sec
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296 Gear Drive Systems
W; = tangential load, b
n = gear rpm
Subscripts
¢ = sungear
p = planet gear
. = ringgear
o = carer
, = primary stage (high-speed stage)
, = secondary stage (low-speed stage)

For example, the symbol Rg, would be the pitch radius of the primary-stage suf
gear.

Simple Single-Stage Planetary

Figure 9.1 shows the general case where the sun gear, ring gear, and planet
carrier are all frec to rotate. Directions of rotalion are assumed to be as shown in
the figure. With all members rotating this is termed a differential system and
there are potentially six different ways to connect prime movers and driven

equipment:

Inputs Outputs
Sun Carrier, ring
Carrier Sun, ring
Ring Carrier, sun
Sun, ring Carrier
Carrier, sun Ring

Ring, carrier Sun

The rotaling clements in each of the arrangements above have a distinct speed
and torque relationship. In order to define the angular velocity of all three
clements in the planetary gear train, the angular velocity of two elements must
be specified. Let us derive the generalized speed relationships of the gear train
in Figure 9.1.

1. A point on the pitch diameter of the sun gear has a tangential velocity of
W,R;.

2. The point on the sun gear pitch diameter is meshing with a point on the
planet gear pitch diameter which has a tangential velocity made up of two
components, WyR, + WeR,.
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Figure 9.3 Idealized planetary system.

Figure 9.3 shows the planetary system idealized as friction disks with a point A
on the sun disk meshing with a point B on the planet disk and also shows their
respective tangential velocities. Because the points are meshing they must have
the same tangential velocities; therefore,

W,R; = W,R, + WeR, 9.1)
3. At the ring gear mesh a similar equation may be written:
W, R, = WyR, - WeR; 9.2)

Note that at point C on the planet gear (Figure 9.3) the components of the
tangential veloeity are in opposile directions and subtractive, whereas at point

B they are in the same direction and additive. The tangential velocity of the
planct carrier is zero at the cenler of the system and equals W R at any radius R.
Combining Tigs. (9.1) and (9.2), the general speed ratio equation is

W,R, = W,R, + W(Ry+R)) ©3)
Let us apply this equation to the example shown earlier in this chapter:
3.5
R =22
L)
3.5
R
R - 108
2

In this case the ring gear was stationary; therefore,

w. =0

I
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W, R, tR
Ratio = .= = ——" =4
R

< B}

R

In a simple gear train the cpm of thie planet gear would be rpm sun (Ri)‘
i

hewever, because of the epicyclic action the planet rpm is reduced and can be

calculated from either Eq. (9.1) or (9.2) with
rpm sun = 7200
and
rpm carrier = 1800
the planet rpm = 5400 and the pitch line velocity of the sun planet mesh is

5400(3.5) 7
12

The rolling velocity of the sun with the planet is 5400 (3.5/3.5) = 5400 rpm and
its absolute velocity is 7200 rpm.

If, in the system shown in Figure 9.1, the carrier is held stationary, W,.=0
and Eq. (9.3) becomes

w R

s _ T

W, R,

I

PLV = = 4948 fpm

In this case, where there is no epicyclic action, the speed ratio is simply the ratio
of the sun and ring gear radii. This configuration is sometimes called a star
system.

If the sun gear is held stationary, Wg = 0 and Eq. (9.3) becomes

The negative sign indicates that the sense of rotation of one of the components
shown in Figure 9.1 was chosen opposite to the direction in which it actually
rotates. In this case, if the ring gear is driving, the carrier would rotate in the
same direction as the ring gear rather than the direction shown in Figure 9.1
(viewed from the sun gear end).

In the equations above rpm can be used in place of angular velocity and
number of teeth in place of pitch radius. Quite often, planetary gear equations
are presented in this manner.

If all components of a planetary gear set are free to rotate, the speed ratios
are dependent on the power split between the components. Figure 9.4 shows the
tangential tooth loads at the sun and ring gear mesh points. The torque and
horsepower of each component are as follows:
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RING

PLANET

Torque
Component (in.-b)
Sun WrRg
+ R
Carrier 2Wp % T =
2
Ring WrR,

299

Horsepower

wTRsns
63,025
Wr(Rs + Rong
63,025
WrRene
63,025

— E

It should be noted that the tangential load W used in the table is the summa- |

tion of the tangential loads at each planet gear mesh.
Eet us assume Lhat in the previous ¢
1000 hp input drives a compressor which is attached to th

xample the 1800 rpm carrier with a

e sun gear and also

drives an oil pump which is attached Lo the ring gear. The oil pump absorbs
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50 lip. The three horscpower equations in the previous table can be solved for
the (hree unknowns Wop, Ny, and R, Using the carrier horsepower equation with
R LB 5.25,and n, = 1800 the tangential load W = 5002 1b. Knowing
W, the sun and ring horsepower equations yield

n, = 6840 1pm
n, = 120 pm

It should be noted that in this discussion no attempt was made to account for
the power loss due to frictivn in the Lrain.

The arrangement shown in Figure 9.1 is capable of producing gear ratios
i u range ol approximately 2.1 10 10:1. The speed ratio derived carlier in this
section is RT}RR for the stationary carrier, rotaling ring gear case. In this situa-
tion the input and output directions of rotation are reversed. With u stationary

| fing gear and rotaling carrier, the speed ratio is 1 + (R, /R;)and the input and

oulput rotation directions are (he same. At low ratios the sun pear diameter
approaches the ring gear diameter and therefore planet gear diumeters becomse
small and impractical. As one strives for the higher ralios in a single-stage
planctary, the sun gear becomes smaller and is stress limited. Also, at ratios
sbove approximalely 10 {he ring gear becomes large and more economical
arrangements are available.

Compound Planetary

For a ratio of approximately 10:1 to 16:1, the compound planetary gear set
(Figure 9.5} provides a practical and economic configuration. The speed reduc-
tion equations for this design follow:

WR, = wp1Rp1 + WeR

WR, = W,,Rp, - WeR;

Figure 9.5 Compound planetary gear.
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Combining these equations, we have

R R
W, =W i TR W, (1 + R’_—‘”\)

r
RgRp, RRyp,

In the case of a stationary ring gear and rotating carrier the input and output
direction of rotation are the same and the speed ratio is
W R

s = 4 iRps

W, RRp,
In the case of a stationary carrier and rotating ring gear the input and output
directions of rotation are opposite and the speed ratio is

W, _ RiRp,

W, RRy,

For low ratios in the range 3:1 a reverted type of compound planetary is used as
shown in Figure 9.6. The speed ratio for this train is simply
Ws R R, Rp 1

WSZ RisPZ

In this case the input and output directions of rotation are reversed.

Multistage Planetaries

By combining stages of planetary gearing in various arrangements, large ratios
can be achieved, For instaitce, let us take two stages of simple planetary pearing
as showr in Figure 9.1 and combine them in two ways as shown in Figure 9.7A
and 9.7B. Figure 9.7 A presents a drive where the primary-stage carrier drives the
secondary-stage sun gear. The reduction ratio of the primary stage is

R; = VE’. = Egﬁl

wﬂl RS]

The reduction ratio of the second stage with a carrier output is

W R,

c2 52

and the total reduction is

R = R4R, = (1+§L‘) (1+RL)
- RS] RS‘Z

U.S. Wells - Exhibit 2002

Liberty v. U.S. Wells - IPR2025-00105

Page 46 of 71



PRIMARY PLANET

coming Division, Stratford, Conn.)

Figure 9.6 Reverted compound planetary. (Courtesy of AVCO, Ly

_ U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00066
Page 47 of 71



Planetary Gear Trains 303
/7 L1ty

\

Figure 9.7 Two-stage planetary gearing,

The input and output rotation are in the same direction. Figure 9.7B shows a
ring gear output from the second stage and in this case the second-stage reduc-
tion ratio is

and the total reduction ratio is

R\ R
R = RR; = (1 + L‘) =2, |
RSI RS2

The input and output directions of rotation are opposite in sense.
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SECONDARY STAGE

SECONDARY STAGE OUTPUT

PRIMARY STAGE

—_— - - .

SHAFT

SHAFT

Figure 9.8 Split power transmission.

Split Power Transmissions

An interesting planetary arrangement which results in a very compact design is
the split power transmission. Figure 9.8 illustrates one version which is most
useful in a ratio range of approximately 15:1. As shown in the figure the
primary planetary stage is driven by the sun gear and has both a rotating carrier
and ring gear. The primary ring gear drives the sun gear of the second stage
which through the stationary second-stage planets drives the second-stage ring
gear. Both the second-stage ring gear and the primary stage carrier are ¢on-
nected to the output shaft, thus enabling the power split, Part of the input
power is transmitted directly to the output shall thiough the primary stage
carrier, thereby bypassing the second stage of gearing. Following are the speed
and power equations describing the split power transmission:

Ws,Rg, = Wp Ry, + We Ry,
W, R, = Wy Ry - We Ry

\ =W

Il 52
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Wsstz . WPZRPZ = wr'an
W =W

I2 C1
where the subscripts ¢ , ¢y, pys and [, refer to the primary-stage sun, carrier,
planet, and ring and the subscripts g, , py» and ., refer to the second-stage sun,
planet, and ring gears.
Combining the equations above we arrive at the expression for the speed
ratio: |

f Ve Wy 1(R) (R Ru
WC] WIZ RSI RS’Z RSl

To determine the horsepower split between the primary and secondary stage, the
following expressions are derived:

WrRe, sy
63,025

HPi]‘l =

where ng, is the primary sun gear rpm.

R, + R, )n
HP primary carrier = 2We (L——“—)—c

2(63,025)
where ng is the carrier or output rpm. The percentage of power going out the
carrier is
HP primary cartier _ (Ryy * Ryt _ 1 (1 3 ‘L)
HP;, Rslex R Ry,

The exuct percentage ol total power transmitted directly by the primary carrier
is dependent on the primary- and secondary-stage ratio split but is approxi-
malely one-third of the total. The remaining (wo-thirds of the power is trans-
mitted through the secondary stage. The power splil-up serves to reduce
secondary-stage loading and increascs gear effictency. The disadvantage of Lhe
split power system is Lhat il is mechanically complex.

Figure 9.9 shows a different split pawer variation which is used to achieve
ratios in the range 24:1 to 55:1, The application here is a wheelmotor which
combines a hiydraulic motor and the planetary gearing as a single unit in the
wheel b, Wheelmotors are used in mobile consteuetion and ofl-the-road
equipment where a centrally tocated pump drives the hydraulic motors at each
wheel.

Figure 9.10 illustrates a wheelmotor casing. In the arrangement af Figure
9 9 the hydraulic motor drives through a sun gear. The output members are the
primary- and secondary-stage ring gears which are connccted to the wheet rim.
The power split up is as follows: Part of the input goes directly from the primary
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T e

Figure 9.9 Wheelmotor transmission. Key: 1, casing; 2, vehicle chasis; 3, road
brake; 4, hydraulic motor; 5, drive shaft; 6, first planetary stage; 7, second plan-
etary stage; 8, axle journal; 9, hub; 10, rim; 11, twin tires; 12, roller bearing.
(Courtesy of American Lohmann Corporation, Hillside, N.J.)

sun to the primary ring gear. The remainder goes direc:tly from the primary
carrier to the secondary sun gear and then to the secondary ring gear.

Power Feedback Systems

When working with complicated gear systems it is possible to arrange the gears in
sucls a manner that the power transmiited by some components is greater than
the input power. Although ihese arrangements generally achieve unusually large
ratios, the component size must be sufficient to handle the recirculating power
and this disadvantage may offset the large ratio obtained.

If it is not recognized that a system has recirculating power, failures may
occur, Figure 9.11 illustrates a feedback system. The input is to the primary-
stage sun gear, which is connected to the secondary-stage sun gear. The output is
the secondary-stage carrier. Following are the speed equations for this system:
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Figure 9.10 Wheelmotor casing. (Courtesy of American Lohmann Corporation,
Hillside, N.J.)

PRIMARY STAGE

11

INPUT

/ SECONDARY STAGE

i ouTPUT ]
& - - TJ_

Figure 9.11 Feedback system.
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W, Rg = WriRey = W51 Rpy
Wrerz = WPsz - We,Rpy
Wi, R, = szsz + We,Rgy

W
A\

S2

12

=W
=W

S1

Il

Combining the equations above the speed ratio is

Ryl
W

w, 1+t R;,/Rq,
R I

2 ] M 5

Rl'] RSZ

Let us assume the following dimensions:

R

$1

R

82

R

I

Ry,

= lin.
1.05 in.
8.3 in.
8.25 in.

1]

The reduction ratio R = 166:1. Let us determine the horsepower transmitted:

hp out = 2Wrg,

where

Wrs,

Mg,

hp secondary sun =

where N,

R, * Ry, Oy

2 63,025

secondary-stage sun tangential load, 1b
carrier rpm

WT S2 Rsz st
63,025

is the secondary sun in rpm.

hp secondary sun R
_p_,’g,_=(ﬁ_ﬁ_> R = 18.74

hp out s T Ry

The power circulating in the gear train is 18.74 times the output power.

Planetary Gear Design Considerations

Although

the basic gear tooth design of planetary gear configurations is no

different from parallel shaft gearing, there are several points that must be
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considered when rating planetary gears and defining the detail geometry. This
section discusses load sharing, assembly, and choice of numbers of teeth and
numbers of planets.

Load Sharing

The main advantage of planetary gearing, of course, is transmittal of load
through two or more parallel paths. Ideally, the load should be shared equally
by each planet gear, but due to manufacturing errors this is never the case. Some
of the factors affecting load sharing are:

Inaccurate carrier bore location

Inaccurate gear tooth spacing

Variation in planet tooth thickness
Eccentricities between sun, ring, and carrier

Figure 9.12A shows the load distribution of a three-planet system. The situation
is such that in order for the sun gear to be in static equilibrium the planets must
share load equally. If the sun gear is free to move and one planet is overloaded,
the sun gear will shift to equalize the planet loads. Figure 9.12B shows static
equilibrium; however, the load is not equally shared between planets.

In general, there are three methods of attacking the problem of load
sharing between planets:

1. A completely rigid system which relies on precise component tolerances

2. A system with flexibility built in by floating one or more of the members

3. Systems that rely on mechanical means to adjust the planets to provide load
equalization

The most straightforward approach is a combination of 1 and 2, where toler-
ances are closely held and the sun or ring or both are flexible to adjust to load
maldistributions. This technique is used in high-speed planetaries such as those in
gas turbine engines. Strain gage studies have shown that load sharing within 10%
can be practically achieved.

AGMA Standard 420.04, Practice for Enclosed Speed Reducers or
Increasers Using Spur, Helical, Herringbone and Spiral Bevel Gears, states the
following:

To compensate for unequal loading of multiple planet pinions, the total
power capacity of all pinions should be the calculated capacity of one
pinion plus a maximum of 0.9 times the calculated capacity for each
additional pinion. For two planet pinions multiply the calculated capacity
of one pinion by 1.9; for three pinions multiply by 2.8. If a load balancing
device is used which insures equal loading of all planets, the capacity
modifying factors need not be used.
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For any specific application the gear designer must determine what degree of
load sharing is anticipated and rate the gearset accordingly. This estimate may be
based on analysis, test, or experience, but it is important to understand that
perfectly equal load sharing will not be achieved.

STOECKICHT DESIGN

A planetary configuration, extensively used in Europe for many years, is com-
monly called the Stoeckicht design, named after the inventor. Figure 9.13 iltus-
trates this double helical configuration, which features flexibility not only in the
sun gear but also in the ring gears, which are connected to the housing by a series
of splines. The purpose of the splines is to achieve load equalization not only
between the planets but also between each of the two helical gears. This system
has been very successful in the past since the many degrees of freedom tend to
compensate for tooth errors. There are disadvantages to the Stoeckicht design:

1. Use of through-hardened double helical gearing does not achieve as small an
envelope as hardened and ground single helical gearing.

2. The design is mechanically complex.

3. The design does not lend itself to compounding to achieve higher ratios.

SPLINED CONNECTIONS

ING GEA ING GEA

- Lﬂ
PLANET

LOW J{PEED S AFTL

Figure 9.13 Stoeckicht planetary system design.
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240°
120

Figure 9.14 Simple planetary gear assembly.

Planetary Gear Assembly

When chousing the numbers of teeth in planetary gears, it must be understood
ihat not every combiaation of gear tecth can be assembled. For instance, Pigure
914 shows a three-plinet set with a six-tooth sun gear and an 18-looth ring gear.
In this instance it is obvious thak planet gears can be placed into mesh al the

0°, 1207, and 240° positions and there is no assembly problem. However, if the
ting gear had 19 teeth (he gearsel would not be assembleable. For a simple
planet set {sun, planct, ring) Lo be capable of being assembled, the following
equation must be satisfied:

4NS+NT

K
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(3680/K)°

Figure 9.15 Simple planetary gear assembly analysis.

where
H = awhole number (integer)
N, = number of sun gear teeth
N, = number of ring gear teeth
K = number of planets

T'o understand this equation, refer to ffigure 9.15. Assume a three-planet system

with & planet gear localed al the 0° position as shown. In order to assemble a

planet at the 120° position, the centerline of a tooth or tooth space of the sun

gear must acrive at the 120° point at the same time as the centerline of a tooth |
or tooth space of the ring gear. Let A be the angle between the center of that '
sun gear {ooth or space and the 120° line and S be the angle between that ring |
gear tooth or space and the 120° mark. The following equation can be written

for A:

360 360H,
A= — - —_—
K Ng
where
K = number of planets
H, = whole number of sun gear teeth
N. = total number of sun gear teeth

Note that the equation is general and can be applied to systems with any number
of planets.

P SRR RS |
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|
s A similar equation can be written for the ring gear angle S:
36 360

oo (30 u) -39
‘ N, K
I where
L By = whole numbes of ring gear leeth

N, = totul numiber of ring gear teeth

Line ZZ on the planet (Figure 9.15) passes through cither two Loolh centers or
{ooth spaces or one tooth center and one tooth space, depemding on whether the
planet has an even of odd number ol teeth. The planet rotates thirough an angle
B al the same time the sun rotates {hrough angle A and the ring gear through
angle S, The relationship between these angles is

AN, SN,

B - [ =
Ny Np

where N is the total number of planet teeth. Substituting for Aand 5 yields

360 360H,\ N, _[3e0H, 360\ N
K N, / N N, K/ N

I P
which simplifies to the assembly equation

B Ny + N;
K

The assembly equation for 4 compound planct system is mare complicated and

can be understood by considering Tigire 9 16, Assume thal peints M and Nare

registry teeth on the compound plavel. By (his is meant that the centesine of u

toolll on the primary planet i alipned witlt the centerline of a secondary planet

tooth. The purpose of the registry marks is to enable all compound planets Lo be
manufactured identically.

As was shown in the analysis of the simple planet system, the center of a
sun gear space rotated an angle A from the 120° mark must arrive at the 120°
mark at the same time us the center of a ring gear space, which is shown rotated
an angle S from the 120° tooth mark.

360 360H,

K N

S

§ 3608, 360
N. K

T
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s

SECONDARY PLANET

PRIMARY PLANET

(360/K)°

Figure 9.16 Compound planetary gear assembly analysis.

The primary planet rotates through an angle B at the same time the sun rotates
through A:

13}

whete Np, i {lie total number of primary planet teeth. ‘The secondary planet
rotates Uirough an angle G at the same time the ring gear rotates through S.

S = .(_;_}IL

NPz

where N, is the total number of secondary planet teeth.

The relationships between the registry teeth and the meshing teeth on the
primary and secondary planets are:

_ 360Hp,
Npl

_ 360N,
N

P2

e e R s |
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where

le

p2
From Figure 9.16,

I1=G+0-B

whole number of primary planet teeth
= whole number of secondary planet teeth

1

Substituting for I, G, O, and B, we have

360H,, _ _I_\I_r_ 360, ) ﬂ \ 360Hp, B &_ 3&) B E6gHj
N Ny K N

Ny, Ny, N, K p2 i 8
and simplifying yields
N, + NN, /N N
‘I—’_;ﬁ/ B+ (Hy, - HY) ﬁp—% = H + B,

P1
In order to solve this equation the term on the left,

N + NoNp, Np,
K

is calculated and whole numbers ate substituted for (M, - LY. I the left side
of the equation works out to be 1 whole number, the gearsel can he assembled.
In a compound planetary each of the planets must be identical not only
f for assenbly purposes but also for proper load sharing. The registry teeth are
used to satisly this requirement and a typica! allowabie jolerance for the varia-
tion of the centerling of the primary planet tooth with the centerline of the
secondary tootli is x0.001 in. Figure 9.17 isa photograph of a compound plane-
tary gear. Compound planefs can be either of two-piece or one-piece construe-
tion. The processing must be very precise to achieve the registry dimension. In
addition to the registry, the toolh thickness and stock removal must be closely
controlled. The sequence of operations for a two-picce hardened and ground
compound planet are as follows:

Cut primary and secondary planet teeth

Heat treat

Finish grind secondary planet

Press primary onto secondary using a fixture to align registry teeth
Grind primary planet to final tooth size and registry dimension

wv B W~

The reverted compound planetary gearset (Figure 9.6) with an input and output
sun gear has the following assembly equation:

No - Ng Ny, /N N
0 _ﬂ_i’iﬁ + (H + Hp) P2 =Y + Hg

P2
K NP!

T ST ST S|
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N, = total number of low-speed sun gear teeth
= whole number of low-speed sun gear teeth

jus
<
|

It should be noted that it may be physically possible to assemble a gearset that
does not satisfy the assembly equations or has mistimed registry markings. If
there is sufficient backlash it may be possible to force the components into
mesh; however, the gears at some point in the rotation will tend to bind and
will have poor load sharing.

Choice of Tooth Numbers

There are three considerations in choosing the numbers of teeth of a planetary in
addition to the basic problem of achieving the correct ratio:

1. Assembly considerations as discussed in the preceding section
2. Choosing hunting teeth p !
3. Achieving sequential mesh rather than simultaneous mesh
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By hunting teeth it is meanl Uiat the numbers of teelly in a gear mesh be such
that each tooth in the pinion at some point in fime mesh with each toolh in the
gear, For instunce with a 20-tooth sun and 40-tooth planet each sun gear tooth
would always mesh with the same 2 plapet teeth. By changing ihe number of
planel eoth to 41, a hunting tooth mesh is achiceved.

The advantage of having & hunling oot is that the gearset has more ol a
tendency to wear in. For instance, il one tootli has » high spot and meshes with
all the mating gear tecth, there is a batter chance that the error will wear in and
nol cause permanent damage than il the discrepant tooth kept mating with the
same (wo meshing pear teeth,

Sequentiul mesh oceurs i a sun-planet mesh whes the nutmber of teeth in
it sun is nol divisible by the number of planets. When the number of teetl in
the sun is divisible by {he mumbers of planets the mesh iy called simultaneous. [
this case cach sus-planet mesh s oceurring al the same point on the gear al the
sume Lime. For instance, when the planet at the (° point is in mesh at its pitch
line, the 120° and 240" planets in a three-planel systcm are also being loaded at
the pitch line. This situation should be avoided, if possible, since the load
impulse the simultancous mesh gives to Lhe mechanical system is stronger than
lhat of the sequential ntesh. The sequential mesh, therefore, is less lilely (o
penerate harinful vibrations,

The mesh [requency of a simple geaysel is the number of tecth times the
speed. [T a planetary gear has sequential meshing, the mesh frequency will be the
number af planets times the number of Leeth limes the speed. The higher
sequenlial mesh frequency is less likely ta excite any natural frequencies in the
aperaling equipinent.

Although having tiunting testh and sequential mesh is desirable, it is 1101
always achieved and many gearsels operale successully without [ilfiting these
conditions. The most obvivus way of determining the number of planet teetivis
to sublract the mimber of sun teeth from the number of ring tecth and divide
by 2. Let us take an example:

N, = number of sun gear teeth = 20
N, = number of ring gear teeth = 100
CD = center distance, inches = 10

The planet gear geometry is

N, - N
N, = ——— =40

3|

Np+NS:IL_N

pP = - I Pe=1310
2(CD) 2(CD)
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where DP is the diametral pitch. ‘
Np
PD, = — = 133333 in. \
DP

What if the number of ring gear teeth minus the number of sun gear teeth
is not even? Let us assume the following case:

N, = 20
N, = 103
CD= 10
N - N
Np=_‘——i =415
2

If we make the number of planet teeth 41 there is no problem in achieving a
practical gear set, but the operating conditions are different at the sun-planet
mesh from the planet-ring mesh. At the sun-planet mesh:

N + Np
DP,, = ———=L =305
2(CD)
The planet pitch diameter is
PD - Mo y34406
p(s-p) =2
DP,,
At the planet-ring mesh:
N, - N
pP, = ——F =310
P 2(CD)
N
PD = —— = 132258
p(p-1)
DP,.,

If the pressure angle ¢ is chosen at 22.5° at the sun-planet mesh, the pressure
angle at the planet-ring mesh is calculated as follows: |

cos ¢s_p . PDp(s_p) = cos (bp_r . PDp(p_I)
and ¢, = 20.11 17°. The lead of the planet gear is |
m + PD
tan ¢

If the helix angle ¥ is chosen as 10° at the sun-planet mesh, the helix angle at
the planet-ring mesh is as follows:
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PDp(p-r)

tan Yoy = A0 V(sp) * o

p(p-s)

and Y, = 9.8419°. The fact that the operating conditions at the sun-planet
mesh are different from those at the planet-ring mesh is advantageous. The
sun-planet mesh is critical in terns of compressive stress and flash temperature
rise: therefore, it is desirable to huve a large pressure angle which reduces both
these paramelers, Because the ring-planet mesh is internal, compressive stress and
flash temperature rise are not usually a problem and the lower pressure angle can
he tolerated. In tact, o lower pressure angle results in lower separating forces on
the ring gear and this is desirable Lo reduce ring distortion and stress under load.
Even in the case where the number of ring gear teeth minus the nunber of sun
gear teeth is an even number, it can be advantageous to drop one or two leeth
from the planet in order Lo achieve a lurger pressure antgle al the sun-planet mesh
pitch diameter and a smaller pressure angle at the ptanet-ring mesh pitch
diameter.

The question may be asked: How many planets should one use in a
particular planetary set? There is 4 physical limit o the number ol planets that
can fit into any specific application, Figure 9.18 plots the maxinmum number of
plancl gears which can be assembled into a plantet system versus the ratio of the
sun gear dizmeter divided by the planet gear diameter. As the reduclion ratio
becomes smaller, the sun gear becames larger and mare planets can be fit tn, As
shown earlier, in a three-planet system with a floating sun gear, the load hetween
the planets tends to be equalized. As the number of planets is increased, load
sharing may suffer and the full benefit of ihe additional plagets may not be
realized . The vast mejority of planetary gears use three planets; lrowever, systems
with 4, 5, 7, and more planets have been successfuily developed.

A point that must be considered when planet gears are idlers meshing with
both the sun and ring gear is that the planet teeth experience complete reversal
of stress. Allowable bending stresses must be multiplied by 0.7 to compensate
for this loading condition.

———————————

S ——

Planetary Bearing Loads

Quite often the critical components from a life point of view in a planetary
system are the bearings. Because the planet gears are loaded both at the sun and
ring gear meshing peints (Figure 9.4), the planet bearings must react twice the
tooth leads.

In an epicyclic system where the planet carrier rotutes about the center of
the system, the centrifugal force on the planet gears must be reacted by the
planet bearings. The centrifugal force on a planet gear is calewlated as follows:

F. = mrW?

Cc

T T —

. U.S. Wells - Exhibit 2002
Liberty v. U.S. Wells - IPR2025-00105
Page 65 of 71



Planetary Gear Trains 321

10

MAXIMUM NUMBER -OF PLANETS

1 2 3
SUN GEAR DIA. / PLANET GEAR DIA.
Figure 9.18 Maximum number of planets that can be assembled.

where
F, = centrifugal force, b
m = planet mass, Ib-sec?/in.
r = radius to planet center, in.
W = carrier angular velocity, rad/sec

Let us work through an example of a helical epicyclic planetary gear set
and calculate the planet bearing loads.

PD, = sungear pitch diameter,in. = 3.5
PD, = planet gear pitch diameter, in. = 3.5
HP = transmitted horsepower = 1000
ng = sunrpm = 7200
= e L e e R e LS SIE TRy e St |
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RESULTANT BEARING RESULTANT BEARING
RADIAL LOAD RADIAL LOAD
R=1667 +703=1809¢ R=1667 +908=1898+

$S-807#

703#* T-z‘sgﬁ@)%gws" Jeoe+

16674 (© - ®1667#
@ KX

1Fc-1s114

W, =1667% -
T ® T=204#

S=-607¥#

Figure 9.19 Planet bearing loading.

n, = carrier rpm = 1800
Y = helix angle, deg =10
¢ = pressure angle, deg =20

Figure 9.19 illustrates the planet configuration and loading. Assume that the
planet weighs 5 Ib. The centrifugal force is

. 2

F,= > 35 (B2 20) ° - 611
386 60

The tangential load per planet with a three-planet system is

_ 63,025(1000) (2.
7200  \35

1
. ) J - 166710

The separating load at each mesh is

S =Wtan¢ = 6071b
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The thrust load at each mesh is
T = Wrtany = 2941b

For the planet to be in static equilibrium the bearing loads are as shown in
Figure 9.19. It can be seen that the centrifugal load is significant. The limiting
factor in an epicyclic system quite often is the carrier speed, which, if excessive,
results in overloading of the planet bearings due to centrifugal force.

Planetary Gear Economics

At first glance it would appear that a planetary gearset must be more expensive
than a parallel shaft configuration. There is the added complication of a carrier
and two or more additional planet gears plus more bearings. Ring gears are
usually expensive items.

In fact, the reduced size of planetary components offsets the cost of addi-
tional parts and the determination of which design is less costly is not so
obvious. An important factor is the quantity to be manufactured and as the
quantity of units increases, the savings in material and advantages of handling
and machining smaller components begin to outweigh the disadvantages of
mechanical complexity.

Also, when high ratios are required (over 15:1) planetaries tend to be more
economical, even in relatively small quantities.

In very high horsepower units, the components in parallel shaft boxes tend
to becorne so large that there may be an economic advantage to planetaries even
in the ratio range 2:1 to 15:1.

In any case, the technical advantages of planetary gearing are sufficient
such that this type of gearing should be considered, especially since the
economic penalty may be small or nonexistent.

- PR, =i
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Gear Unit Operation 355

It must be realized that detail gear tooth geometry changes can only account for
changes in sound level of up to approximately 4 dBA. Also, no matter how
optimum the design, the quality of the gearing will determire the sound level.
Table 11.3 lists the comnion sources of sound in'a gear drive system.

Sound can be transmitted through the air or be structure borne. Struc-
ture-borne noise may travel through the support structures and radiate at some
point other than its sdurce. Because of this the noise measurements near a
gearbox in an operating system may be quite different from those measured
during a bench test, Also, when connected to the prime mover and load, the -
torsional response of the system may be different from the bench test and result
in different noise measurements.

In many cases when it is determined that the noise generation of a'system
is excessive yei not an indication of some malfunction, the most practical
meihod of noise reduction is the use of an acoustical enclosure. The effective-
ness of such an enclosure is very dependent on eliminating all openings. Such an
enclosure will also affect the ambient temperature and housing heat dissipation
abitity of the gearbox and means must be provided to cool the uxnit properly.

Efficiency Testing

Gearboxes are an extremely efficient means of transmitting power. Depending
on the operating conditions, design, and manufacturing techniques, the loss per
mesh of spur, helical, or bevel gears will vary between approximately % to 3%.
Analytical means are available to calculate gearbox efficiency; but in order to be
confident that an accurate measure of a unit’s efficiency is known, the value
must be arrived at by testing.

Obviously, the efficiency of the gearbox affects the total system efficiency
and the rating of the prime mover required. The power lost in the gearbox, how-
ever, also has a large impact on system design since it must be dissipated as heat.

Many low-speed gearboxes have a self-contained splash lubrication system
and the power rating of the unit may be limited by the oil terhperature rise
rather than a mechanical limit. This is the reason gearbox catalogs list a thermal
rating in addition to a mechanical rating. When the heat generated in a unit is
greater than can be dissipated through the casing an external lubrication system
including a cooler is required. The heat generation or efficiency of the gearbox
will determine the size of cooler required.

The heat generation can be calculated as follows:

Q= MCP AT
where:
Q = heat generated, Btu/min

C, = specific heat, Btu/IbF
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temperatures, when speed is held constant, sor (rotational speed times the number of vanes), and the

6. Critical speeds: These occur through any given speed range beating of reciprocating quhxes which cause frequenc@es at one-

and are points at which a rotating system Iikes to vibrate torsion- - D2if and one-quarter rotational speed at various amplitudes.

ally or laterally at a particular frequency. Rotors characteristic- 11. Windage: Couplings and other rotating parts generally -
ally show violent increase in amplitude at particular critical create broadband noise, but can be at a bolt pass frequency or

speeds but are fairly stable above and below these speeds. A crii- fan blade pass frequency.

ical speed may change frequency with load and temperatures.

24l of these types of vibrations and noise frequencies can be generated in a gear drive. Major frequencies can interact and cause frequency modula-
tion and phase shifts. Any combination, sum diffesence, and muitiple (harmonics) of prime frequencies can occur if the forcing magnitude and
system freedoms are such that they will cause and allow the generated vibration to become predominant. Generally, ofily the prime frequencies will

present themselves as problem modes. However, sometimes very elusive frequencies appear, such as periodic cutting machine error appearing on one
of the gears. -

Source: Ref, 3.
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The heat balance is the most widely used method of measuring gear unit
efficiency. A more direct way is to measure input-and output torque, but this
method requires exact and expensive instrumentation, In the case of a regener-
ative or back-fo-back test, only input torque need be measured and this will
monitor the torque required to drive the two locked-up gear trains. Since the
prime mover supplies only enough power to make up the losses in the system,
the torque lost in each gearbox is one-half the input torque,

Power losses in the gearbox can be divided in two categories, friction losses
in the gear mesh and at the bearing interfaces and windage or churning losses.

In high-speed boxes, windage and churning losses can be considerable amounting
to up to half the total power Ioss, An easy way to determine these losses is to
operate the gearbox at full speed, no load, and then perform a heat balance.

A high-speed box is considered to be one with pitch line velocity ranging
from 5000 to 2,000 fpm. Above 20,000 fpm windage and churning can be a
limiting factor to the success of the design. For instance, some wide-face-width
helical gearboxes operating at pitch line velocities above 20,000 fpm have
experienced severe heat generation problems due to pumping of oil and air along
the face width. In high-speed double helical gears the hands of helix should
always be selected so as to pump oil away from the apex.

When it is determined that a gearbox has excessive windage and churning
losses, the situation can be relieved by strategicaily placing baffles or screens in
the unit. In low-speed units using splash lubrication it is beneficial to shroud the
gears dipping into the sump oil, With high-speed units the sump oil level should
be below the gears and the sump should be separated from the gear meshes by a
baffle plate or screen. Minimizing windage and churning losses is more an art
than a science and can require trial-and-error sofutions verified only by testing. -

Lubrication system parameters can have a profound effect on gearbox
efficiency. For instance, efficiency will increase with reduced oil flow; obvi-
ously, this is due to reduced churning. The limit to this technique is the increase
in temperature rise across the box and in the individual components as oil flow
is reduced. Increasing oil in temperature will increase efficiency since the oil
viscosity will decrease and therefore reduce churning. Changing to a lower-

. viscosity oil will have the same effect. Proper scavenging of the unit is extremely

important in minimizing churning; therefore, great cate must be taken in the
location and size of drain holes. Also, back pressure must be minimized.

INITIAL FIELD STARTUP

Prior to starting the equipment, the following preliminary checks should be
performed: ' )

Crear Unit Operation

Novswn -

Check oil fevel and ensur
Tighten all pipe connectic
Check all electrical conne
Tighten all mounting and
Check mounting of all gar
Check all couplings for pr
Check inspection cover in

The following instructions pe

q,

2.

The unit should be preoil
startup.

The gearbox should be st
Observe that the rotation
pressure.

_ After starting, when the ¢

and sufficient oil added tc
amount.

As the unit;is brought up
monjtored.:f‘()r excessive r
occur, shut down immedi
action. Also check for oil
If possible, operate at half
of the gear tooth surfaces.

. After the initial 50 hr of o

and the case flushed with ,
additives. Drain the flushis
proper level,

After the initial 50 hr of
retorque all bolts. Check :

If starts are made in a cold eny
heating the lubricant. Load sh
operating temperature,

CONDITION MONITORING

On an operational gearbox the
condition of the unit and whe
replace internal components. I
traditionally called the “batht
unit at any particular point in
“infant mortality” period, wl

]
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