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:75 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 . 

iii 
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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 an~ 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: 
ARRANGEMENT~TOOTHFORMS 

The function of 11 gearbox is to trnusmit ro lat.iona! motion rrom a driving prime 

mover !o a driven machine. The driving and driven equipment may opera le at 

different speeds, requiring a speed-increasing or speed-decreasing unil. The gear· 

box therefore allows bol.h machines to operate at thei r rnosL cffide11l speeds. 

Gearboxes are also used w change the sense of ro!alion 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. Sh art arrangements 

can be parallel offset, concentric, right angle, or skewed as ~110w11 in Figure 1.1. 

The material presented in this book focuses on pura\lcl offset and concentric 

designs. 

1 
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2 Gear Drive Systems 

LOW SPEED SHAFT \ 

0 
PARALLEL OFFSET CONCENTRIC 

LOW SPEED SHA:.:.F_,-_.c:,,..__ 

[]:1H SPEED SHAFT 

RIGHT ANGLE SKEWED 

Figure 1.1 Gearbox shaft arrangements. 

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 horizontally 

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 

3 
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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 

llpcrnlcd horizontally or be vertically mounted on a horizontal base. Vertically 

operating gearbox designs must have special lubrication provisions to provide 

lu bricant to tile 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 

PLAN VIEWS 
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Figure 1.4 Definition of shaft ex te.nsions. Parallel shaft-helical and herringbone 

gear reducers; single, double, and triple reduct ion. Code ; L =- left ; R = right; 

arrows indicate line of sight to dctenulne direction of shaft ex tensions; 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.) 

7 
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8 
Gear Drive Systems 

Figure 1.8 Flange-mounted gear unit. (Courtesy of American Lohmann Cor­

poration, Hillside, N.J.) 

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 

PLANET GEAR 

HIGH SPEED 
SUN GEAR 
SHAFT 

:1/,0'/ PLANET GEAR 

...-..·~ 

Gear Drive Systems 

STATIONARY RING GEAR ~ 

Figure 1.11 Basic planetary gear configurations. 

Ratio 
= ring gear pitch diameter 

sun gear pitch diameter 
for rotating ring gear 

Ratio = 1 + ring gear pitch diameter 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 pi.lnet meshes and the gear size can be reduced 

sign ificantly comparl!u !n rara!!cl shart (!c,igns. Pla netary stages c;an be linked 

together to achie:ve high ratios , as slwwu in l·igure I. 12. This is a three-stage 

planetary gear with a ratio of 630: I . The first-stage p\anel carril!r drives the 

secnud-slage su n gear and 1he ~ccond-stage carrier drives the third-stage sun gear. 
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Types of Gear Drives 11 

5 4 

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 as a 

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 of 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: 

Tooth load (lb) == 
torque (in.-lb) 

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: 

Input torque (in.-lb) 
63,025 (hp) 

input rpm 

63,025 (hp) 
Output torque (in.-lb) = •--- - -

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 illustration of 

this point, consider a high-speed unit transmitting 2000 hp at 20,000 rpm input. 

The input torque would be the same as a low-~peed unit operat ing at 2000 rpm 

input with a transmitted horsepower uf 200 . On u ~i111p!e stress b::isi.~, ifihe ratio 

of both gearboxes were the same. the same gearbox cou\J be used fur both appli­

cations; however, the high-speed design must differ from ll1L' 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 [I] . 

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

. . . 7T (pitch diameter, in.) (rpm) 

Pitch !me velocity (fpm) = -- - -- - -- -
12 

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 

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. 

13 

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 gc,irs have more face width iu con I act lhan do ~pur gears of the same 

size ; thcrel·orc, I.hey have greater load -carrying capabilily. 

Wilh conveutit, nal spur gearing the load is transmitted by either one or two tcdh 

at any inslaut; thus the el11stk 11exihility is continuously changing as load 

is tra!1Sfo rrcd from si ngle-Luo th lo dnuble-tooth con tact 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 helical gear, which necessitates the incorporation of a 

t.hrusi bearing on c,ich helica l gear shaft. 

To take advantage or the helical gearing benefits described above, yet not 

gcncralc uxi:il thrust loads , double helit:al gearing is used (Figure 1.14). The two 

halves genera re opposite thrust loads, which cancel uul. When Lhe two helices arc 

cul adjacent lo one another with no gap between, the gearing is termed l1erring­

bonc. Decause helical ge;1r thrus t is proportional Lo the tangent of the helix 

,Ingle, ~ing\e heHcal gears teml Ln have lower liclix angles than lkl lloublc hdical 

designs, where I.he thrnst loads ca ncel. Typica l single l1c li cal helix angles are 6 to 

15~. Doublt helkal gcarsets have helix angles ur up tu 35°. 

Another advantage uf double helical gears is Lhat the ratio or face width to 

pitch diameter in eaclt ha lf can be held to rensonab!c limits. When t\ie face 

widl h$ become longer than the pitch diameters in spll r or single hel ical gearing it 

is difficult lo achieve complete tooth contact since thermal clb;lortio11, load 

deflections, and m:u111foc1.Uring errors tend w load the gear teeth unevenly. A 

double hdical gear witli a race wi<lllt/pitch diameter ratio ul' l will have twice 

the face width ol' n spm nr si11~le helical gear wil11 the same I .(D ratio an<l thcrc• 

fore greater loatl-canying \_'.:1 pabili1y . 

D1mble helical gearing has lwu disadvantages. Because the lwo halves of 

each gear c;-1n1101 he perfectly matched, one 111c111ber llf lite gcars\.ll musl he free 

tll noat axially. This gcar wil! be cunti1111ally shil'tiug to achieve axia l force 

tiquilihri11111 since the th rust loads or each halfwHI rarely cancel exac tly . This 

sh il'li11~, can kad tn tlctri1nc11tal axbl vibrations if tooth gcol!lc try errors arc 

excessive. Another pote u1ial pr,11,lem with double helical gearing is ll1al ex lcrm1l 
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SPUR GEAR 

Double Tooth Contact 

Single Tooth Contact 

Axial 
Overlap 

Gear Drive Systems 

HELICAL GEAR 

Oblique Line 
of Contact 

Advantages of Helical Gears 

1. Greater load capacity 

2. Smoother operation 

3. Less sensitivity to tooth errors 

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 

signi1kanl foe tors in determin ing gearbox size, since the strength of a gc,n tooth 

is proportional lo the han..lness or the steel. Mo!;l gears arc in I.he hardness ranges 

of approximately Rc 30 to 38 or Re 55 lo 64. The rqiion from Re JO to 38 is 

usually termed "tltrough-lrnrdened," while the range Re 55 to 64 is almost 

always '"surface-hJrdencd," whe,e the toot.Ii has u hard surface case and a so1·1e1 

inner core. Through-hardened gears are cut by such processes as hobbing, 

,!· .. • ........ , .......... i),.-~--~ ~,·.. -':.- ~-- ~ -- .i: 

-- -- - -
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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 lb. 

A single helical hardened arid ground gcarset can reduce by up to one-half 

the envelope and weight of a through-han.lened dou ble 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 oflubricant, 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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A reasonable estimate of efficiency for industrial gear boxes is 1 to 2% 

power loss per mesh. A three-stage unit, therefore , might be expected to have 

an efficiency in the range 94 to 97%. The efficiency is qllo ted a( the design load 

and speed conditions. At full speeds and lower loads the effici ency 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 oil 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: 1 to 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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4 
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). 

Journal bearings are characterized by operating with a relatively thick oil 
film between the rotating and stationary elements, the oil film being sheared by 
relative sliding. Rolling element bearings include ball, roller, and needle bearings 
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. 
Let us look at various parameters as they relate to journal and rolling element 
bearings. 

I. Load capacity. As will be seen later in the chapter, rolling element 
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. Journal 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 rolling 
element life is considered insufficient. It is true that a journal bearing when 

145 

U.S. Wells - Exhibit 2002 
Liberty v. U.S. Wells - IPR2025-00066 

Page 37 of 71

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

Page 37 of 71



9 
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: 
l. 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. 

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 12 X 12 in. 
Gearbox weight: 650 lb 

293 
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294 Gear Drive Systems 

SUN GEAR 

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: 250 lb. 

Figure 9 .2 illustrates the gearbox size comparison. 

2. 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 SHAFT CONFIGURATION PLANETARY CONFIGURATION 

~ ~----- HIGH SPEED SHAFT 

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 PLANET ARY GEAR ARRANGEMENTS 

Planetary gears can be arranged in a multitude of configurations to achieve 

specilk ratios an<l power splits . This section presents a method or citlculating 

planetary speed ra tios and power flows. The method is applied lo several 

exlullples and by following the logic the reader can genera te equations descr ibing 

lll c rn echani\;s o l' any planetary configura tion. The fol!owing nomenclatu re will 

be used throughout. 

Symbols 
R gear pitch radius, in. 
W = gear angular velocity , rad/sec 

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

Page 40 of 71



296 

Wf = tangential load, lb 

n = gear rpm 

Subscripts 
= sun gear 
= planet gear 

p 
= ring gear 

r 
= carrier 

C 

= primary stage (high-speed stage) 

2 = secondary stage (low-speed stage) 

Gear Drive Systems 

For example, the symbol Rs 
1 

would be the pitch radius of the primary-stage sun 

gear. 

Simple Single-Stage Planetary 

Figure 9 .l shows the general case where the sun gear , ring gear, and planet 

carrier are all free to rotate. Directions of rota lion are assumed to he as shown in 

the figure. Witl1 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 rotatillg clements in each of the arrangements above have a distinct speed 

and torque relationship. ln order to define the angular velocity of all three 

clements in lhc 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 

WsRs· 
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, WpRp + WcR8 . 
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WRRR 

~G 

WpRp C WCRR 

PLANET I 

SUN 

Figure 9.3 Idealized planetary system. 

Figure 9.3 shows the planetary system idealized as frklion disks with a point A 

on the sun disk meshing with a point B on the planet disk ant! also ,hows their 

respective tangential velocities. Because the points are meshing they must !iave 

the same tangential velocities; therefore, 

W8R8 = WpRp + WcRs (9.1) 

3. At the ring gear mesh a similar equation may be written: 

WrRr = WpRp - WcRr 
(9.2) 

Note that at point C on the planet gear (Figure 9 .3) the components of the 

tangential velocity are in oppo.~ile directions and subtractive, whereas at point 

13 they are in the same direction and additive. The tangential velocity of the 

planet carrier is zero at ll1e cenlcr of tile system and equals WcR at any radius R. 

Combining Eqs. (9.1) an<l (9.2), the general speed ratio equation is 

W8R~ = WrRr + Wc(R8 + Rr) 

Let us apply this equation to the example shown earlier in this chapter: 

3 .5 

2 

3.5 

2 

R = 10.5 
r 2 

In this case the ring gear was stationary; therefore, 

(9.3) 

- - ----- -- - ____ _ . ___ _____ ..,,._ 
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. Ws Rs + Rr -
Ral10 "" -- - - - - 4 

W 1.: . Rs . (Rs ) 

In a simple gear tram the rpm ol t!te planet gear would be rpm sun • -- ; 
RP 

!lllwever, because u t' the epicyclic ac tion the planet rpm is redw.:cd and can be 

cakul<1 te<l from ei ther E4. (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 

PLV = 5400(3 •5)1T = 4948 fpm 
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 c = 0 

and Eq. (9 .3) becomes 

Ws Rr 
- --
Wr Rs 

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, W8 

= 0 and Eq. (9.3) becomes 

Wr Rr+Rs 
- - --

We Rr 

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 

(RS+ RR) /2 

,l..._----l---- -+ 

SUN 

Figure 9.4 Planetary tangential tooth loads. 

- - ----
Torque 

Component (in.-lb) Horsepower 
- ------ -

Sun WTRs 
WTRsns 
---
63,025 

Carrier 
Rs + Rr WT(R5 + RJnc 

2WT --·- --- --
2 63,025 

Ring WTRr 
WT~nr 
- - -
63,025 

- -·-- · 

It should be noted that the tangential load WT used in the table is the summa­

tion of the langential loads at each planet gear mesh. 

Let us assume tha t in th e previous example the 1800 rpm carrier with a 

1000 hp input drives a cnmpressor which is attached to the sun gear and also 

drives an oil pump which is attached lo the ring gear. The oil pump absorbs 
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SO ltp. The three horsepower equations in the previous table can be solved for 

lhe three unknowns WT, Ns, and R1 .
. Using the carrier horsepower equation with 

Rs"' 1.75, Rr = 5.25, and nc = l 800 the tangential load WT= 5002 lb. Knowing 

WT, the sun and ring horsepower equations yield 

n8 
= 6840 rpm 

nr = 120 rpm 

It should be noted that in this discussion no attempt was made to account for 

the power loss due tu fridiuu in the Lrain. 

The arrangement shown in Figure 9 .1 is capable of producing gear ratios 

in a range of approxinui.tely 2: l lo 10: I. The speed ratio derived ()arlier in this 

section is 1\/Rs for the stationary" carrier, rota! ing ring gear case. In this situa­

tion the input and output directions of rotation are reversed. With a stationary 

ring gear and rotating carrier, the speed ratio is 1 + (RJRs) and the input and 

output rotation directions arc lhe same. At low ratios the sun gear diameter 

approaches the ring gear diameter and U1erefore planet gear diameters become 

small and impractical. As one strives for the higher ratios in a single-stage 

planetary, the sun gear bernmcs smaller am! is stress limited. Alsu, at ratios 

ahllve approximately IO lhe ring gear becomes large and more eco.nomical 

arrangements are available. 

Compound Planetary 

For a ratio or approximately I 0: 1 to 16: 1, the compound planetary gear set 

(Figure 9 .5) provides a practical and economic configuration. The speed reduc­

tion equations for Lhis design follow: 

WSRS 

WrRr 

WPI 

= 

= 
= 

WPIRP! + WCRS 

Wp2Rp2 - WcRr 

Wp2 

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

W = W RrRp1 + W (1 + RrRp1) 
8 r RR c RR 

s P2 • s p2 

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 Ri:R 
R=~ = 1 +--P_I 

We RsRp2 

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 

R = Ws = RrRp1 

Wr RsRp2 

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 

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

Multistage Planetaries 

By combining stages or planetary gearing in various arrangements, large ratios 

can be achieved. For insta11ce, let us take two stages of simple planetary gearing 

as shown in Figure 9 .1 and combine them in two ways as sl10wn iu Figure 9 .7 A 

an_,d 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.q + R11 
- - ----

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

R
2 

= Ws2 = Rs2 + Rr2 

Wc2 Rs2 

and the total reduction is 

- --- -------------
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LOW SPEED SUN 

\ 
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HIGH SPEED SUN 
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Figure 9.6 Reverted compound planetary. (Courtesy of AVCO, Lycoming Division, Stratford, Conn.) 
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A 

B 

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 

R2 = Ws2 = Rr2 

Wr2 Rs2 

and the total reduction ratio is 

R = R1R2 = (1 + ~ -) Rrz 
Rs, Rs2 

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

I 
I 

... 
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SECONDARY STAGE -

SECONDARY STAGE OUTPUT 

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 con­

nected to the output shaft, thus enabling the power split. Pa rt of the input 

power is transmitted directly to the ou tput sl1aft through 1.he primary stage 

carrier, thereby bypassing the second stage of gearing. Following arc the speed 

and power equations describing the split power transmission: 

WSJ Rs1 = WP! Ri>1 + WCJ RS! 

WI!~! = WP! RI! - WC!~! 

WI! = WS2 
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Ws2Rs2 = Wp2Rp2 = Wr2Ro 

wr2 WCI 

where the subscripts s 1 , c 
1 

, P 1 , and r 1 refer to the primary-stage sun, carrier, 

planet, and ring and the subscripts s2, P2, and r2 refer to the second-stage sun, 

planet, and ring gears. 

Combining the equations above we arrive at the expression for the speed 

ratio: 

R = Ws2 = Ws1 = l + (Rr1) + (Rr2 Rrt ) 

WCI wr2 RSI Rs2 Rs, 

To determine the horsepower split between the primary and secondary stage, the 

following expressions are derived: 

WTRs1 ns1 
HP- = ----

m 63,025 

where n81 is the primary sun gear rpm. 

(Rs1 + Rr,)nc 
HP primary carrier = 2WT 

2(63,025) 

where nc is the carrier or output rpm. The percentage of power going out the 

carrier is 

HP primary carrier 
- - - ----

= (Rs, + Rr1)nc 

Rs1Ns1 
= 

R 

The exact percentage or total power transmitted directly by the primary carrier 

is dependent on the primaty• and secondary-stage ratio split bu t is approxi­

mately one-t hird of the total. The remaining two-thirds of Lhe power is trans­

mitted !hrnugh the secondary stage. The power splil-11p serves to reduce 

secon<lary-stagc loading and increases gear efficie ncy. The disadvantage of Lhe 

split power system is Lhat il is mechanically complex. 

Figure 9 _lJ shows a different split power variation which is used to achieve 

ratios in the range 24: 1 to 55: I . The application here is a wheehnotor which 

combines a hydraulic motor and the pla11etary gearing as a single unit in the 

wl1eel !tub. Wheelmotors are used in mobile constnretion and off-the-road 

cquiplllenl where a centrally located pump drives Lhe !tyt.lraulic motors at each 

wheel. 
Figure 9. IO illustra tcs a wheelmotor casing. In the arrangement u f Figure 

9 .9 the hydraulic motor drives through a sun gear. The output members arc the 

primary- and secondary-stage ring gears which :ire connected tu the whee! rim . 

The power split up is as follows: Part of th e input goes di rectly from the primary 
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Figure 9,9 Wheelmotor transmission. Key: I, 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; I 0, rim; 11, twin tires; 12, roller bearing. 

(Courtesy of American Lohmann Corporation, Hillside, N.J.) 

sun to the primary ring gear. The remainder goes directly 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 

such u nrnnner that the power transmilletl by some components is greater than 

the inpllt power. Although these arrangements generally achieve unusually large 

ratios, the component size must he sufficient to handle the recirculating power 

and this disadvantage may offset the large ratio obtained. 

Ifit 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 SECONDARY ST AGE 

INPUT 

Figure 9.11 Feedback system. 
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WS!Rgl = wr1 Rr1 = WP! ~1 

wr2 Rr2 = WP2~2 - wc2Rr2 

WS2Rg2 = Wp2~2 + Wc2Rg2 

WS2 = WSI 

wr2 = wrt 

Combining the equations above the speed ratio is 

R = Wsi = ~~ Rr2/Rs~ 

Rs1 Rc2 
I - ---·-

Rr1 Rs2 

Let us assume the following dimensions: 

RSI = 1 in. 

RS2 1.05 in. 

Rr1 8.3 in. 

Rr2 = 8.25 in. 

Gear Drive Systems 

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

where 

WTs 2 = secondary-stage sun tangential load, lb 

nc 2 = carrier rpm 

WTS2Rg2 Ns2 
hp secondary sun = 

63,025 

where N82 is the secondary sun in rpm. 

hp secondary sun =f- R82 ) R = 
18

_
74 

hp out \R82 + Rr 2 

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. 

1. 
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Figure 9.12 Planetary load distribution. A. Three planet system-load must be 

equally shared if sun is free to float. B. Four planet system ip. static equilibrium 

with unequal load distrib,ution. 
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For any specific applica,tion 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 illus­

trates this double helical configuration, which features flexibility not only in the 

sun gear but also in the ring gears, which arc 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 (he 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. 

Figure 9.13 Stoeckicht planetary system design. 
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Figure 9.14 Simple planetary gear assembly. 

Planetary Gear Assembly 

When dwosing the numbers of teeth in planetary gears, it must be understood 

that not every combination of gear teeth can be assembled. For ins tance, rigure 

9 .14 ~hows a three-planet set with a six-tooth sun gear and an l 8-!ooth ring gear. 

In this instance il is obvious lhal. planet gears can he placed irno mesh a! lhe 

0°, l 20° , and 140" posllinns <111d Ute re is no assembly problem. However, ii' the 

ring gear had 19 teeth !he gearsct would not be asscmbleable. For a simple 

pl.met set (sun, planet , ring) to be capable of being nsscmbled, the following 

equation must be satisfied: 

N~ + Nr 
1-1 = --- · 

K 
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(360/K)0 

Figure 9.15 Simple planetary gear assembly analysis. 

where 

H = a whole number (integer) 

N8 = number of sun gear teeth 

Nr = number of ring gear teeth 

K = number of planets 

313 

To understand this equation, refer to Figure 9. l S. Assume a three-planet system 

wil.h a planet gear localed at the 0° position as shown. In order to assemble a 

pla11ct al the 120° position, the centerline of a tooth or tooth space of the sun 

gear must arrive 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 tooth or spalce and the 120° Hn,i and S be the angle between that ring 

gear tooth or space and the l 20° mark. The following equation can be written 

for A: 

where 

360 
A= 

K 

K = number of planets 

Hs = whole number of sun gear teeth 

Ns = total number of sun gear teeth 

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

of planets. 
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A similar equation can be written for the ring gear angle S: 

S = (~~ Hr) _ 3~0 

where 

1 lr = whole nurnbcr of ring gear lccth 

Nr = total number of ring gear teeth 

Line ZZ on lhc planet (Figure 'l.1.'i) passes through either two tooth centers ur 

tooth spaces or one tooth .:enter and one tooth space, depending 1111 whether the 

planet has an even or od<l number ol' tectll. The planet rotates Lltrough an :mgle 

lJ al the same time the sun rotates through angle A an<l the ring gear ll1rnugh 

angle S. The relationship between these angles is 

when; NP is the total number of planet teetl1. Substituting fur A and S yields 

( 
-~60 _ 3 60Hs) N~ = (J-~)~ ~ 6~) ~ ~ 

K NS Np N[ K Np 

which simplifies to the assembly equation 

N· + Nr 
H = _s __ 

K 

The assembly equation for a compo1111d planet system is more complicated and 

can be un<lcrstoo<l by considering Figure 'l.16. Assume t!ial points M and N arc 

registry Leeth on the compound plaud . By this ts meanl that the centerliue of a 

ton lh 011 the primary ph1nct is aligned wi tit llrn centerl ine of .1 secondary planet 

tooth. The purpose of the registry marks is to enable ;ii! compoun<l p!an()IS lo be 

manufactured i<leniically. 

As was shown iu the an.ilysis 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 lhe same time as tl1e center of a ring gear space, which is shown rota_ted 

an angle S from the 120° tooth mark. 

360 360H8 

A=- - ---
K NS 

360Hr 360 
s = - --

Nr K 
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RING 

SUN 

A SECONDARY PLANET 

PRIMARY PLANET 

(360/K)O 

Figure 9.16 Compound planetary gear assembly analysis. 

The rrimary planet rotates through an angle B at the same time the sun rotates 

through A: 

B = ANS 

NPI 

where NP
1 

i~ tltc Iota! number of priimiry plane t teeth . Tl1e sei.:ondary planet 

rotate~ !!trough an a11:.lle C al the same time the ring gear rotates through S. 

GNr 
s =--

NP2 

where NP 2 
is the tot:il number of secondary planet teeth. 

The relationships between the registry teeth and the meshing teeth on the 

primary and secondary planets are: 

I "' 360Hp 1 

NPl 

0 = ~60Np2 

NP2 
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where 

HP 
1 

= whole number of primary planet teeth 

HP 2 = whole number of secondary planet teeth 

From Figure 9.16, 

I=G+O-B 

Substituting for I, G, 0, and B, we have 

360HP 1 = Nr (%0Hr _ 360) + 360HP 2 

NPl NP2 N[ K NP2 

and simplifying yields 

N 
-H)_El =H 

s N r 
Pl 

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

Gear Drive Systems 

is calculated and whole numbers are substituted for (I\, 1 
- 1\). If the left side 

of the equation works out to be a whole number, the gearsct can be assembled. 

In a compound planetary each of the planets must he identical not only 

for assembly purposes but also for proper load sharing. The registry teeth are 

used to safo,fy this requirement and a typical allowable tolerance for the varia­

tion of the centerline of lhe primary plane! tooth with the centerline of the 

secondary tooth is ±0.001 in. Figure 9.17 is a photograph of a 1.:umpounJ p!:1ne­

tary gear. Compou11Ll plal\ets can be either of two-piece or one-piece construc­

tion. The processing must be very precise lo achieve the registry dimension. In 

addition to the registry, the tooth thickness und stock removal must be closely 

controlled. The sequence of operations for a two-piece ha rdened and ground 

compound planet are as follows: 

1. Cut primary and secondary planet teeth 

2. Heat treat 

3. Finish grind secondary planet 

4. Press primary onto secondary using a fixture to align registry teeth 

5. Grind primary planet to final tooth size and registry dimension 

The reverted compound planetary gearset (Figure 9.6) with an input and output 

sun gear has the following assembly equation: 
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Figure 9.17 Compound planet being balanced. 

where 

N0 = total number of low-speed sun gear teeth 

H0 = whole number oflow-speed sun gear teeth 

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 

3. Achieving sequential mesh rather than simultaneous mesh 
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By hunting teet h it is mean I that the numbers of leelh in a gear mesh be such 

lhal each too th in tl1c pinion al ~ome point in time mesh with each tooth iu the 

gear. For instance wilh a 7. 0-t ool.h sun and 40-tDoth planet eucl1 sun ge:ir tooth 

woldd always mesh with the same 2 plane t teeth. By changing I.he number or 

plmieL Leeth to 41, a huntiug tooth mesh is achieved. 

The advantage of havin g u h un I ing tllo t.h is l'hat the gea rset has more of a 

len tle11cy lo wea r in. For instance, if one lolllh has a high spo t an<l meshes with 

all the ma ling gear teeth , there is a better chance that I.lie error will wear in and 

nol cause permanent damage than if the tl iscrcpa11( tooth kept maliu~ with the 

same l wo me~hing gear teeth. 

Scquen lial mesh occurs ill a sun-planet mesh wlten (he m1mbcr of teeth in 

t.he sun is not div i~i hlc by the number of planets. When the m1mher o!' teet h in 

the sun is divisible hy the m1111bcrs of plane(s the mesh is l:alled si mullaneous. [11 

this n1sc each sun-planet mesh i~ occurring a ( the same point on the gear al the 

same time. For instance , when the planet at tlte 0° point is in mesh at its pit.;h 

!irn:, lhc 120" and 240" p!a11cts in a lhree-pJanel system are also being loaded al 

lhc pitch line. This situation should b~ avoide<l, if possib le, since lhe load 

impubc tlt c simuha11co1ts J\lcsb gives to the mechanical system is stronger than 

that of the sequential rncsh. The sequen tial mesh, there fore, ia lcs, likely lo 

ge nerate harlllfu! vibralions. 

The mesh 1.·req 11 ency \1f a simp le ge::i rse l is the num ber of teeth times the 

speed. If a planetary gea r has seq t1en tial meshi!\g, the mesh frequency will he the 

number ul' plaucts times the 11 un 1her of Lee th times the speed. The higJier 

scque11 I ial mesh rreqULmcy is le~s likely t11 excite any natural frequencies in the 

upern ling equ ipmcn l. 

Although lwvi11g hunt ing teeth and scqttential mesh is desirah le , it is 1101 

always achieved and many gc.irsets operate st1ccessfu lly wilh oui flllflllin g these 

conditions. The most obviuus way of Je tcrmiu ing the ntnnbcr of plallet teeth is 

to subtract, the number uf sun tee t.11 rwrn I ltc numbe r of ring teeth and di ville 

by 2. Let us take an example : 

Ns = number of sun gear teeth 

Nr = number of ring gear teeth 

CD center distance, inches 

The planet gear geometry is 

Nr - Ns 
= - - - - - = 40 

2 

DP 
7i__::_Np 

2(CD) 

= 20 

= 100 

= 10 

3.0 
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where DP is the diametral pitch. 

N 
PDP = __p = 13.3333 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: 

NS = 20 

Nr = 103 

CD= 10 

NP = Nr - NS = 41.5 
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: 

DP 
= NS + Np = 

SP --~ 3.05 
- 2(CD) 

The planet pitch diameter is 

- NP 
PDp(s-p) - -- = 13.4426 

DPs-p 

At the planet-ring mesh: 

Nr - NP 
DP = --~ = 3.10 

p-r 2(CD) 

N 
= 13.2258 

DPp-r 

If the pressure angle <Pis chosen at 22.5° at the sun-planet mesh, the pressure 

angle at the planet-ring mesh is calculated as follows: 

cos <Ps-p • PDp(s-p) = cos <Pp-r • PDp(p-r) 

and <Pp-r = 20.1117°. The lead of the planet gear is 

rr • PD 
L=--

tan iJ; 

If the helix angle iJ; is chosen as l 0° at the sun-planet mesh, the helix angle at 

the planet-ring mesh is as follows: 
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PDp(p-r) 
tan VI (p-r) = tan VI (s-p) • 

PDp(p-s) 

Gear Drive Systems 

and Vlp-r = 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 

su11-plancl mesh is critical in terms of compressive stress and flash temperature 

rise; tlicrcfore, it is desirable to have a large pressure angle which reduces bolh 

these parameters. Because the ring-pl:uwl mesh is internal, compressive stress and 

flash temperature rise nre not usually a problem and the lower pressure angle can 

he tolerated. In fact, a lower pressure angle resu lts in lower scptHating fo rces on 

the ring gear and this is desirable to re<lu..::e ring distortion and stress under load. 

Even in the case where the number of ring gea1· teeth minus the number of sun 

gear teeth is an even number, ii can be advantageous to drop one or two Leeth 

from the planet in order lo achieve a larger pressure angle al the sua•planet mesh 

pitch diameter and a smaller pressure angle at the planet-ring mesh pitch 

diameter. 
The question may be asked: How many planets slwuld one use in a 

particular planetary set'/ 111ere is a physical llmil to the number or planets that 

can fit into any specific application. Figure 9 .18 plots the maximum number of 

plan el gears whidt can be assembled inlo a planet system versus the ratio of the 

sun gear diameter divided by the planet gear diameter. As the reduct ion rntio 

becomes smaller , tl1e sun gear becomes larger and more planets can he fit in. As 

shown earlier, in a three-planet system with a floating sun gear, the load between 

the planets lends to be equalized. As the number of planets is increased, load 

sharing may suffer and the full benctil of the additional planets rnay not be 

realized . The vasl majority of planetary gears use three plrrnets; however, systems 

with 4, 5, 7, and more planets have been successfully 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. 

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 points (Figure 9 .4), the planet bearings must react twice the 

tooth loads. 
In an epicyclic system where the planet carrier rotates about the center of 

the system, the centrifugal force o.n the planet gears must be reacted by the 

planet bearings. The centrifugal force on a planet gear fa cakulatcd as follows: 

Fe = mrW2 
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Figure 9.18 Maximum number of planets that can be assembled. 

where 

F c = centrifugal force, lb 
m planet mass, lb-sec2 /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. 

PDS = sun gear pitch diameter, in. = 3.5 

PDP = planet gear pitch diameter, in. = 3.5 

HP = transmitted horsepower = 1000 

ns = sun rpm = 7200 
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RESULT ANT BEARING 
RADIAL LOAD 

R-1667 ...,703-1809# 

703+ + 
1667+0 

RESULT ANT BEARING 

RADIAL LOAD 

R-1667 ...,908-1898-,. 

F •1611# 

-r---,o· 

WT -1667#@..,.......f 
-294# 

18-607# 

Figure 9.19 Planet bearit).gloading. 

nc = carrier rpm 

l/1 = helix angle, deg 

<p = pressure angle, deg 

= 1800 

= 10 

= 20 

Gear Drive Systems 

Figure 9 .19 illustrates the planet configuration and loading. Assume that the 

planet weighs 5 lb. The centrifugal force is 

F = _5_ (3 .5) (1800 • 2
7T ) 

2 
= 1611 lb 

C 386 60 

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

WT = _§,025~1000) (2) .!_ = 1667 lb 
7,200 3.5 3 

The separating load at each mesh is 

S = W tan <p = 607 lb 
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The thrust load at each mesh is 

T = WT tan iJ; = 294 lb 

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 parall~l 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 manufacture.d 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 become 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. 
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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 determine the sound level. 
Table 11.3 lists the common 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 sciurce. 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 ca·ses when it is determined that the noise generation of a system 
is excessive yet not an indication of some malfunction, the most piactical 
method 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 
ability of the gearbox and means must be provided to cool the unit properly. 

Efficiency Testing 

Gearboxes are an extremely efficient means of transmitting power. Depending 
on the operating conditions, design, and rrianufacturing techniques, the loss per 
mesh of spur, helical, or bevel gears will vary between approximately ½ 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 temperature rise 
rather than a mechanical limit. This is the reason geaibox 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 "Iequired. 

where 

The heat generation can be calculated as follows: 

Q = heat generated, Btu/min 
CP = specific heat, Btu/lb-°F 
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lt wm tena to cnange m amplltud.e with load or operating 
temperatures, when speed is held constant. 
6. Critical speeds: These occur through any given speed range 
and are points at which a rotating system likes to vibrate torsion­
ally or laterally at a particular frequency. Rotors characteristic­
ally show violent increase in amplitude at particular critical 
speeds but are fairly stable above and below these speeds. A crit­
ical speed may change frequency with load and temperatures. 

um1:s, :suo;,;n as rne vane-pass rrequency or a pump or compres­
sor (rotational speed times the number of vanes), and the 
beating of reciprocating engines which cause frequencies at one­
half and one-quarter rotational speed at various amplitudes. 
11. Windage: Couplings and other rotating parts generally 
create broadband noise, but can be at a bolt pass frequency or 
fan blade pass frequency. 

a All 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 difference, and multiple (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, only 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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358 Gear Drive Systems 

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-to-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 to.ta1 power loss. 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 20,000 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 E>y strategically 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 solutions 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 miniinizing churning; therefore, great care must be taken in the 
location and size of drain holes. Also, back pressure must be mi_nimized. 

INITIAL FIELD STARTUP 

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

Gear Unit Operation 

I. Check oil level and ensun 
2. Tighten all pipe connecti< 
3. Check all electrical conne 
4. Tighten all mounting and 
5. Check mounting of all gai 
6. Check all couplings for pr 
7. Check inspection cover in 

The following instructions pe 

1. The unit should be preoil, 
startup. 

2. The gearbox should be st 
Observe that the rotation 
pressure. 

3. After starting, when the o 
and sufficient oil added tc 
amount. 

4. As the unit.is brought up 
monitored _l~r excessive r 
occur, shU;t: down immedi 
action. Also check for oil 

5. If possible, operate at half 
of the gear tooth surfaces. 

6. After the initial 50 hr of o 
and the case flushed with , 
additives. Drain the flushi, 
proper level. 

7. After the initial 50 hr of 
retorque all bolts. Check a 

If starts are made in a cold em 
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 particlllar point in 
"infant mortality" period, wl 
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