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CHAPTER 2

GEAR TYPES
AND NOMENCLATURE

Raymond J. Drago
Associate Technical Fellow, Boeing Helicopters
Philadelphia, Pennsylvania

Chief Engineer
Drive Systems Technology, Inc.
Glen Mills, Pennsylvania

Before we can discuss the different types of gears, we would do well to define just what
we mean by a “gear.” Perhaps the most succinct definition I have ever heard was
provided by a loading dock worker who asked where he should deliver the “wheels with
notches in them.” In more technically correct terms, a gear is a toothed wheel that is
usually, but not necessarily, round. The teeth may have any of an almost infinite variety
of profiles. The purpose of gearing is to transmit motion and/or power from one shaft
to another. This motion transfer may or may not be uniform, and may also be accompa-
nied by changes in direction, speed, and shaft torque.

Unfortunately, even among gear specialists there is some ambiguity in the terms
used to describe gears and gear-related parameters. In our treatment herein, to the
extent possible, we follow the conventions recommended by the American Gear Manu-
facturers Association. !

2.1 TYPES OF GEARS

The first part of this chapter covers the types of gears in common use. The basic
nomenclature and formulas for each type of gear are covered in the second part of this
chapter.

The text material for each type of gear gives some comments on where the gears
are used, how the gears may be made, the possible efficiency, and occasional comments
on lubrication of the gears. These comments should all be considered introductory.
Much more specific information is given in the following chapters of this book. Also,

2.1



2.2 CHAPTER TWO

the references given in this book show the reader where more comprehensive data can
be obtained.

2.1.1 Classifications

In general, gears may be divided into several broad classifications based on the arrange-
ment of the axes of the gear pair. The most general type of gearing consists of a gear
pair whose axes are neither perpendicular nor parallel and do not intersect (that is, they
do not lie in the same plane). All other types are special cases of this basic form. In
the ensuing sections we discuss most of the major gear types, generally in order of
increasing complexity, We limit our discussion to specific gear types and do not include
arrangements of these types.

Our discussions consider, qualitatively, the various aspects of many different types
of gears. In order to provide an easy basis for comparing these many and varied gear
types, Table 2.1 provides a broad-based comparison. It is by no means an exhaustive
comparison, but it serves to provide a reasonable basis for preliminary design. In using
this table, the reader must keep clearly in mind the fact that the data are “typical” or
“nominal.” Surely, any experienced gear technologist can point out specific cases that
vary substantially in virtually every category.

Within each type of gear classification there exist many variations in actual tooth
form. The involute or involute-based form is, at least for parallel axis gears, the most
common tooth form; however, many other special forms exist. We do not discuss tooth
forms, per se, in this section.

2.1.2 Parallel Axis Gears

The simplest types of gears are those that connect parallel shafts. They are generally
relatively easy to manufacture and are capable of transmitting large amounts of power
with high efficiency. Parallel axis gears transmit power with greater efficiency than any
other type or form of gearing.

Spur Gears. The spur gear has teeth on the outside of a cylinder and the teeth are
parallel to the axis of the cylinder. This simple type of gear is the most common type.
Its volume of usage is the largest of all types.

The shape of the tooth is that of an involute form. There are, however, some notable
exceptions. Precision mechanical clocks very often use cycloidal teeth since they have
lower separating loads and generally operate more smoothly than involute gears and
have less tendency to bind. The cycloidal form is not used for power gearing because
such gears are difficult to manufacture, sensitive to small changes in center distance,
and not as strong or as durable as their involute brothers.

Figure 2.1 shows a close-up view of the teeth on a set of spur gears having about
a 5:1 ratio. The teeth are 20° involute tooth form. The pinion is made with more than
a standard addendum and the gear addendum is shorter than standard. The whole
depth is standard for high-strength gears. Note the large radius of curvature in the root
fillet region. This reduces the bending stress due to a lower stress concentration factor.
Also note that the pinion teeth look very sturdy. This is an effect of the long- and
short-addendum design just mentioned. (Details of specific design strategy are covered
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FIGURE 2.1 16-tooth spur pinion driving a gear with about 75 teeth. This is a special design of 20°
involute teeth for high load-carrying capacity.

in later chapters of this book.)* Figure 2.2 shows a set of spur gears in an accessory
gear box.

The most common pressure angles used for spur gears are 1442, 20, and 25°. In
general, the 141%° pressure angle is not used for new designs (and has, in fact, been
withdrawn as an AGMA standard tooth form); however, it is used for special designs
and for some replacement gears. Lower pressure angles have the advantage of smoother
and quieter tooth action because of the large profile contact ratio. In addition, lower
loads are imposed on the support bearings because of a decreased radial load compo-
nent; however, the tangential load component remains unchanged with pressure angle.
The problem of undercutting associated with small numbers of pinion teeth is more
severe with the lower pressure angle. Lower pressure angle gears also have lower
bending strength and surface durability ratings and operate with higher sliding veloci-
ties (which contributes to their relatively poor scoring and wear performance character-
istics) than their higher pressure angle counterparts.

Higher pressure angles have the advantage of better load-carrying capacity, with
respect to both strength and durability, and lower sliding velocities (thus better scoring
and wear performance characteristics). In some cases, very high pressure angles, 28,
30, and, in a few cases, as high as 45°, are employed in some special slow-speed gears
for very high load capacity where noise is not the predominant consideration.

A minimum of equipment is required to produce this type of gear; thus it is usually
the least expensive of all forms of gearing. While the most common tooth form for spur

*Drag()] and Dudley* (specific books on gear design) give design strategy details beyond the scope of this
book.
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2.6 CHAPTER TWO

FIGURE 2.2 With the cover removed, a set of high-speed spur gears can be
seen in an accessory box. Courtesy of the Gleason Works, Rochester, N.Y.

gears is the involute, other tooth forms are possible as long as they provide conjugate
motion.

Helical Gears. When gear teeth are cut on a spiral that wraps around a cylinder, they
are designated as helical. Helical teeth enter the meshing zone progressively and,
therefore, have a smoother action than spur gear teeth and tend to be quieter. In
addition, the load transmitted may be somewhat larger, or the life of the gears may be
greater for the same loading, than with an equivalent pair of spur gears. Conversely,
in some cases smaller-size helical gears (compared with spur gears) may be used to
transmit the same loading. Helical gears produce an end thrust along the axis of the
shafts in addition to separating and tangential (driving) loads of spur gears. Where
suitable means can be provided to take this thrust, such as thrust collars or ball or
tapered roller bearings, it is no great disadvantage. The efficiency of a helical gear set,
which is dependent on the total normal tooth load (as well as the sliding velocity and
friction coefficient, etc.), will usually be slightly lower than for an equivalent spur gear
set.
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Conceptually, helical gears may be thought of as stepped spur gears in which the
size of the step becomes infinitely smaller. For external parallel axis helical gears to
mesh, they must have the same helix angle but be of different hand. Just the opposite
is true for an internal helical mesh; that is, the external pinion and the internal gear
must have the same hand of helix. For crossed axis helical gears (discussed later in this
section), the helix angles on the pinion and gear may or may not be of the same hand,
depending on the direction of rotation desired and the magnitude of their individual
helix angles.

Involute profiles are usually employed for helical gears and the same comments
made earlier about spur gears hold true for helicals.

In order to provide significant improvement in noise over spur gears, the face
overlap must be at least unity. That is, one end of the gear face must be advanced at
least one circular pitch from the other. If the face overlap (also called face contact ratio)
is less than unity, the helical gear, for most analytical purposes (that is, stress calcula-
tions) is treated as if it were a spur gear with no advantage taken of the fact that it is
helical.

Helix angles from only a few degrees up to about 45° are practical. As the helix angle
increases from zero, in general, the noise level is reduced and the load capacity is
increased. At angles much above 15 to 20°, however, the tooth bending capacity
generally begins to drop off. This is due to the fact that the transverse tooth thickness
decreases rapidly.

Double-helical or herringbone gears are frequently used to obtain the noise benefits
of single-helical gears without the disadvantage of thrust loading. The common types
of helical gears are shown in Fig. 2.3, while Fig. 2.4 shows a typical single-helical set.
The terms double helical and herringbone are sometimes used interchangeably. Actu-

Center «_ Center
distance

_ —_—
distance

(a) | (b

Conventional Staggered Continuous
(herringbone)

(e

FIGURE 2.3 Types of helical-gear teeth. (a) Single helical; (b) double helical; (¢} types of double
helical.
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FIGURE 2.4 Single-helical-gear set designed for high speed and high horsepower. Courtesy of Maag
Gear Wheel Company, Zurich, Switzerland.

ally, herringbone is more correctly used to describe double-helical teeth that are cut
continuously into a solid blank, as shown in Fig. 2.3c. Double-helical gears may be cut
integral with the blank, either in line or staggered, or two separate parts may be
assembled to form the double.

While double-helical or herringbone gears do eliminate the net thrust load on the
shaft, it is important to note that the two halves of the gear must internally react to
the full thrust load. This being the case, the design of the gear blank for one-piece gears,
or the construction of the assembly, must be carefully evaluated to insure that it is
strong enough to take the thrust loads and to provide enough rigidity so that the
deflections are not excessive.

The efficiency of helical gears is quite good though not quite equal to that of simple
spurs. This is due to the fact that all other things being equal, the normal (or total)
tooth load on a helical gear is higher than that on a spur for an equivalent tangential
load.

Internal Gears. The internal gear has teeth on the inside of a cylinder. The teeth may
be made either spur or helical. The teeth of an involute form internal gear have a
concave shape rather than a convex shape. Internal gears are generally more efficient
since the sliding velocity along the profile is lower than for an equivalent external set.
Because of the concave nature of the internal tooth profile, its base is thicker than an
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equivalent external gear tooth (either spur or helical). The tooth strength of an internal
gear is greater than that of an equivalent external gear.

The internal gear has other advantages. It operates at a closer center distance with
its mating pinion than do external gears of the same size. This permits a more compact
design. The internal gear eliminates the use of an idler gear when it is necessary to have
two parallel shafts rotate in the same direction. The internal gear forms its own guard
over the meshing gear teeth. This is highly desirable for preventing accidents in some
kinds of machines.

Internal gears cannot be used where the number of teeth in the pinion is almost the
same as that of the gear. When this occurs, the tips of the pinion teeth interfere with
the tips of the gear teeth. While a good guide is to maintain a ratio of 2:1 between the
number of teeth on the internal gear and its mating pinion, lower ratios may be practical
in some cases, particularly if the tooth utilizes shifted involute design characteristics.
For full-depth 20°-pressure-angle teeth, for example, the internal gear pitch diameter
must be at least one and one-half times that of the external gear; smaller ratios require
considerable modification of the tooth shape to prevent interference as the teeth enter
and leave the mating gear. Internal gears also have the disadvantage that few machine
tools can produce them.

It may be more difficult to support a pinion in mesh with an internal gear because
the pinion must usually be overhung mounted. Internal gears tend to find their greatest
application in various forms of epicyclic gear systems and in large slewing-type drives,
generally with integral bearings. In such configurations, the internal gear is frequently
much larger than its mating external pinion, and thus it is usually possible to build a
carrier structure inside the internal gear so that the pinion can be straddle mounted.

A typical internal gear arrangement is shown in Fig. 2.5, while Fig. 2.6 shows a large
internal spur gear. In the case of an internal helical gear, its hand of helix must be the
same as its mating pinion; that is, both the external helical pinion and its mating helical
internal gear must be either right- or left-handed.

2.1.3 Nonparallel, Coplanar Gears (Intersecting Axes)

While the involute is the tooth form of almost universal choice for parallel axis gears,
most gears that operate on nonparallel, coplanar axes do not employ involute profiles.
A wide variety of gear types fall into this category. The most obvious use for gears of

FIGURE 2.5 Typical internal-gear arrangement.
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FIGURE 2.6 90-inch-diameter-internal-ring gear for an epicyclic speed reducer being measured on a
200-inch-diameter Maag gear checker. (Courtesy of Philadelphia Gear Corp., King of Prussia, Pa.)

this type is the redirection of power flow around a corner, such as might be required,
for example, when connecting a horizontally mounted turbine engine to the vertically
mounted rotor shaft on a helicopter. In fact, while power flow is a frequent reason for
choosing one of these gear types, other features unique to a particular type of gear, such
as the ability of straight bevel gears to be used in a differential arrangement for a
rear-wheel-drive automobile, might well be the determining factor in making the deci-
sion to use one of these gear types. Descriptions of the major, and some interesting
minor, ones follow.

Bevel Gears. There are four basic types of bevel gears: straight, Zerol,* spiral, and
skew tooth. In addition, there are three different manufacturing methods (face milling,
face hobbing, and tapered hobbing) that are employed to produce true curved tooth
bevel gears, each of which produces a different tooth geometry. In our discussion herein
we address the overall generic attributes of the different types of bevel gears without
addressing the manufacturing variations.

All bevel gears impose both thrust and radial loads in addition to the transmitted
tangential loads on their support bearings. The thrust is a result of the tapered nature
of the gear blank, regardless of the tooth form employed (that is, even straight bevel
gears produce an axial thrust). The diametral pitch for all bevel gears is conventionally
measured at the heel of the tooth, while the pressure and spiral angles are convention-
ally measured at the mean section (tooth midface). In all cases, the pitch apex of the
pinion and that of its mating gear must intersect at the point at which the axes of the

*Zerol is a registered trademark of the Gleason Works, Rochester, New York.
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FIGURE 2.7 Basic bevel-gear configuration. Teeth may be tapered
in depth or they may be made with a parallel depth, depending on
manufacturing system used.

pinion and gear shafts intersect. Figure 2.7 shows the basic bevel gear configuration that
is common to all types of bevel gears. By convention, the direction of rotation of a bevel
gear is specified as clockwise or counterclockwise as viewed from the heel end of the
gear looking toward the pitch apex.

Straight.  The simplest form of the bevel gear is the straight bevel gear. Except for
the thrust load produced by the blank taper, straight bevel gear teeth are a three-
dimensional analogy to spur gear teeth. One very common use for straight bevel gears
is in a bevel gear differential. Extensions of the straight teeth intersect at the axis of
the gear. The tooth profile in a section normal to the tooth approximates that of an
involute spur gear having a number of teeth equal to the actual number of teeth in the
bevel gear divided by the cosine of the pitch angle (equivalent number of teeth). The
teeth are always tapered in thickness and may have either constant or tapering height.
The outer or heel part of the tooth is larger than the inner part called the toe. See Fig.
2.8. Although straight bevel gears have instantaneous line contact, they are often
manufactured to have localized contact to permit more tolerance in mounting. One
method of achieving this type of contact is the Coniflex* system, employed by Gleason
Works.

Zerol.  An improvement over straight bevel gears in terms of contact conditions,
noise level, and power capacity is the Zerol bevel gear (Fig. 2.9). This gear is similar
to a straight bevel except that the teeth are curved along their axis; however, the mean
spiral angle is zero,T thus the bearing reaction loads (particularly the thrust loads) are
the same as for straight bevels. Zerol gears are manufactured with the same type of
cutters and on the same machines as spiral bevel gears. This is economically important
as it eliminates the need for more than one type of bevel gear cutting equipment.

*Coniflex is a registered trademark of the Gleason Works, Rochester, New York.
tActually, the term Zerol applies to any “‘spiral” bevel gear with a spiral angle of 10° or less, but most often
Zerol bevels have a zero mean spiral angle.
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FIGURE 2.8 Straight-bevel gears. (Courtesy of the Gleason Works, Roches-
ter, N.Y.)

FIGURE 2.9 Zerol-bevel gears. (Courtesy of the Gleason Works, Rochester,
NY.)
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Localized tooth bearing of Zerol gears is accomplished by lengthwise mismatch (face
curvature mismatch) and profile modification. The face width of a Zerol bevel gear is
restricted to specific values due to cutter limitations. Zerol bevel gears are very fre-
quently used in turbine éngine, helicopter, and other high-speed devices such as acces-
sory drives.

Zerol bevel gears may be compared to double helical or herringbone parallel axis
gear teeth in that they have no more thrust load than their straight counterparts but
provide advantages related to the improved contact ratio due to their lengthwise
curvature. A pressure angle of 20° is the most common; however, Zerols may be
manufactured with 1415, 2215, or 25° as well. Because Zerols are not generally used
in very-high-load applications, the use of high pressure angles, which tend to reduce
contact ratio and thus increase noise, should be carefully considered.

Spiral.  The most complex form of bevel gear is the spiral bevel. It is commonly
used in applications that require high load capacity at higher operating speeds than are
typically possible with either straight or Zerol bevel gears. The relationship between
spiral and straight bevel gears is comparable to that between helical and spur gears.
By convention, the hand of spiral is defined as either left- or right-hand as determined
by viewing the gear from the apex end looking toward the heel end.

The teeth of spiral bevel gears are curved and oblique (Fig. 2.10), and as a result
they have a considerable amount of overlap. This insures more than one tooth in
contact at all times and results in gradual engagement and disengagement with continu-
ous multiple-tooth contact. This results in higher overall contact ratios than are possi-
ble with either straight or Zerol bevel gears. Because of this improved contact ratio and
the resultant load sharing, spiral bevels have better load-carrying capacity and run
more smoothly and quietly than either straight or Zerol bevel gears of the same size.
The improved load capacity of spiral bevels also allows them to be smaller in size for
a given load capacity than an equivalent straight or Zerol bevel gear.

FIGURE 2.10 Spiral-bevel gears. (Courtesy of the Gleason
Works, Rochester, N.Y.)
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Spiral bevel gears impose significantly more thrust load on their support bearings
than do either Zerol or straight bevel gears. While plain thrust bearings have been used
successfully, a rolling element thrust bearing is usually required with spiral bevel gears.
By comparison, plain bearings are quite often used with straight or Zerol bevel gears.
The more common pressure angles for spiral bevel gears are 16 and 20°, with the latter
now being almost standard. The most common spiral angle in use is 35°. In more highly
loaded applications, particularly those that operate at high speeds as well, such as
aircraft or helicopter transmissions, a higher pressure angle (typically 20%4 to 25°) and
lower spiral angles (typically 15 to 25°) are more often used.

The profile contact ratio on all bevel gears is usually substantially lower than
equivalent spur gears; thus they tend to be somewhat noisier. In addition, due to their
higher total load for a given tangential load and the higher sliding that accompanies
the localized contact, they are less efficient than either spur or helical gears. Still, the
efficiency of a well made set of bevel gears is generally better than 98 percent, and that
of hardened and ground sets is usually above 99.2 percent.

Spiral bevel gears can be made by any of three generic methods. Each of these three
methods produces a unique lengthwise tooth curvature and profile. In general, while
gears within one system may be interchangeable, and gear sets made by each system
are setwise interchangeable, pinions and gears are not interchangeable between systems,
despite the fact that the basic configuration (that is, diametral pitch, spiral angle,
pressure angle, etc.) may be identical.

1. Circular lengthwise tooth curvature: For this system, developed in the United
States, face-milling cutters with multiple blades are used. While several methods of
implementing this process exist, they are all somewhat similar in their basic motions.
The blank executes a rolling motion relative to the cutter, which simulates one tooth
of the imaginary crown gear. This is repeated for every tooth space, the cutter being
withdrawn and turned back into starting position every time while the job is indexed
for the next gap. This process is known as single indexing.

All tooth spaces have first to undergo a roughing operation and are finished by a
subsequent operation. In general, the root lines of the teeth are not parallel to the pitch
line, but set at a specific root angle. The cutters must be set parallel to the root lines
while producing the gears; that is, they must be tilted relative to the pitch line. This
causes the normal pressure angle to change, so that the pressure angles of the cutters
must be corrected accordingly. This correction depends on the root angle and on the
spiral angle and is different for either tooth side. In operation, the concave tooth
surfaces of one member are always in mesh with the convex tooth side of the other.
This system is used by Gleason machines and is the only one for which grinding
machines have been developed.

2. Involute lengthwise tooth curvature: This system was originally developed in
Germany. The tooth is a tapered hob, usually single-thread, with a constant pitch
determined in accordance with the normal diametral pitch. The machining process is
by continuous indexing: Tool and job rotate continuously and uniformly, the relation-
ship between the two rotary motions being established by change gears as a function
of the number of teeth being cut. The job is adjusted with its cone surface tangential
to the surface of the imaginary flat gear.

This system is utilized by some Klingelnberg machines but is rapidly being replaced
by the more versatile face-milling and face-hobbing processes.

3. Epicycloidal lengthwise tooth curvature: This system, originally evolved in Italy
and England but still not free from some shortcomings, has been further developed in
Switzerland and Germany. The machines available for producing this type of spiral
bevel gear, also known as cyclo-palloid tooth form bevels, are similar to the one for the
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production of circular tooth length curves in that the tool is also a face-type milling
cutter with inserted blades, which can be of the inside-cutting, outside-cutting, and
gashing type, alternatively. The indexing is now, however, not intermittent but continu-
ous. The cutter and the blank rotate continuously and uniformly, so that not only is
one tooth space generated at a time, but all tooth spaces consecutively. Accordingly,
the blades are not evenly distributed over the periphery of the cutter, but combined in
groups (that is, the cutter has multiple starts). One group generally comprises one
roughing, one outside-cutting, and one inside-cutting blade, and allows simultaneous
machining of the tooth bottom and both tooth sides. The number of blade groups
depends on the size of the cutter and usually varies from 3 to 11. This basic system
is utilized by both Oerlikon and Klingelnberg, with some variation on each.

Skew.  The final type of bevel gear is the skew tooth. This is similar to a spiral bevel
gear and is quite often also referred to (incorrectly) as a spiral bevel gear. Actually, the
skew tooth has no lengthwise curvature; rather the teeth are simply cut straight but
at an angle to the shaft centerline (as shown in Fig. 2.11) so that some face overlap may
occur. This provides an improvement in load capacity (Fig. 2.12) when compared with
a straight bevel gear, but not to the level possible with a true spiral (curved tooth) bevel
gear. Skew tooth gears are used primarily in large (over 30-in. gear pitch diameter) sizes
only. They are produced on planing generator machines.

Until the late 1980s, because of limitations in the size of the face-milling machines
available, most “'spiral” bevel gears over 30 to 40 in. in diameter were planed; thus they
were actually skew tooth, not true spiral bevel gears. Since pinion and gear must be
conjugate, the pinions that mate with these large gears must also be planed. Relatively
recent advances in spiral bevel gear manufacturing have led to the development of large
machines of both the face-milling and face-hobbing type that can cut true spiral bevel
gear teeth on gears over 100 in. in pitch diameter.

Face Gears (On-Center). A face gear set is actually composed of a spur or helical
pinion that is in mesh with a “face™ gear. The pinions are really not any different from
their parallel axis counterparts except for the fact that they are in mesh with a face gear.
Face gears have teeth cut into the blank such that the axis of the teeth lie in a plane

FIGURE 2.11 Skew-bevel gear.
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FIGURE 2.12 Comparison of large-straight skew
and spiral-bevel-gear capacities. (Data supplied by
Philadelphia Gear Corp., King of Prussia, Pa.)

that is perpendicular to the shaft axis. The mating pinion is either a spur or a helical
gear. The pinion and gear axes are coplanar for on-center face gears. The pinion and
face gear axes most often form a 90° shaft angle; however, small deviations from 90°
are possible. In operation, this type of gear is similar to an equivalent set of straight
bevel gears.

The face gear tooth changes shape from one end of the tooth to the other. The load
capacity of face gears, compared with that of bevel gears, is rather small; thus they are
used mostly for motion transmission rather than as power gears. Face gears are, relative
to bevel gears, easy to make and somewhat less expensive as well. A typical arrange-
ment is shown in Fig. 2.13. Toys and games make extensive use of face gears.

Conical Involute Gearing. Conical involute gearing is a completely generalized form
of involute gear. It is an involute gear (as shown in Fig. 2.14) with tapered tooth
thickness, root, and outside diameter. Commonly known as Beveloid* gears, they are
useful primarily for precision instrument drives where the combination of high preci-
sion and limited load-carrying ability fits the application. Like other involute gears,
Beveloids are relatively insensitive to positional errors although shaft angles must be
quite accurate. They will mate conjugately with all other involute gears (spurs, worms,
helicals, and racks). Like crossed axis helicals (see later discussion), however, the area

*Beveloid is a registered trademark of the Invincible Gear Co., Livonia, Michigan.
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FIGURE 2.13 Face-gear arrangement.

of contact between these gears and Bevel-
oids is limited; thus load capacity is low.
For small tooth numbers and large cone
angles, undercutting is quite severe.
This type of gear is not in widespread
use at this time, but may be used to advan-
tage in some circumstances, especially for
precision motion-transmission applica-
tions in which the gear shafts must be
located at varying orientations in space.

2.1.4 Nonparallel, Noncoplanar
Gears (Nonintersecting Axes)

Gears in this classification are generally
the most complex, both in terms of geom-

FIGURE 2,14 Beveloid-gear arrangement.




2.18 CHAPTER TWO

etry and manufacture. The simpler types, discussed first in the following discussion, are,
however, quite easy to manufacture and are reasonably inexpensive, but they do not
carry large loads. The more complex types are generally more expensive but provide
better load capacity and other features that make them especially suited for a wide
variety of special applications.

Crossed Axis Helicals. Crossed helical gears are satisfactory for the normal range of
ratios used for single reduction helical gears. They provide both speed reduction and
extreme versatility of shaft positioning at a relatively low initial cost. At higher ratios,
or for anything above moderate loads, however, worm, Spiroid, or Helicon gears are
generally preferable. (See Fig. 2.15 for typical crossed axis helical gears.)

Crossed axis helical gears are usually cut in the same manner as conventional helical
gears using identical tooling, since they are, until mounted on their crossed axes,
actually nothing more than conventional helical gears! Since crossed helical gears have
a great deal of sliding action, special attention must be given to the selection of gear
materials and their lubricants to reduce friction to a minimum and eliminate any
possibility of seizing between mating gears. Experience has indicated that iron on iron
functions satisfactorily. However, a hardened steel pinion driving a bronze gear will
also work quite well.

Figure 2.16 shows some of the special relations that must exist for this type of
gearing to function properly. It is interesting to note that, while mating parallel axis
external helical gears must have opposite hands of helix, crossed axis helicals can have

FIGURE 2,15 Crossed-axis-helical-gear set, driving a pump and governor
for a steam turbine application. (Courtesy of the General Electric Co., Lynn,
Mass.)
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either the same or opposite hands of helix, depending on the shaft angle and the relative
directions of rotation of the driver and driven gears. Additionally, the reduction ratio
between the pinion and the gear is a function of their relative numbers of teeth but not
directly of their pitch diameters. This provides a great deal of flexibility in choosing
the ratio, center distance, and diameters of the gears.

Finally, because the relative contact between the mating gears is the theoretical
intersection of two cylinders, the load capacity of the gears is not directly influenced
by the face width; that is, once the face width is extended such that it covers the full
cylindrical intersection, extending either or both face widths farther is of no practical
value since the extra face width will not be in contact.

Cylindrical Worm Gearing. The most basic form of worm gearing is a straight cylin-
drical worm in mesh with a simple helical gear. In reality, this is really an extreme case
of crossed axis helical gearing. Such gears can provide considerably higher reduction
ratios than simple crossed axis gear sets, but their load capacity is low, and the wear
rate is high. For light loads, however, this configuration can be an economical alterna-
tive.

Single-Enveloping Worm Gearing. Better load capacity can be achieved if the simple
helical gear is modified such that it is throated to allow the worm to fit down farther
into the gear to achieve greater tooth contact area and thus smoother operation and
improved load capacity. This common worm gear set is often referred to as single-
enveloping since the gear envelops the worm but the worm remains straight. While
many variations of this configuration are used, in the most common case the worm is
essentially straight-sided while the gear or wheel is generally involute in form. The
contact point is theoretically a line varying in length up to full face width of the gear
with different tooth designs. Under load, this line becomes a thin elliptical band of
contact. See Fig. 2.17 for a two-stage worm gear drive.

Basic arrangement views are shown in Fig. 2.18. The hand of helix for both members
is the same. While the worm is generally made of steel, the wheel is usually made of
either cast iron or, more frequently, one of several types of bronze. The worm teeth
may be through hardened, but they are often, especially in higher-load and higher-speed
applications, case hardened and ground. In some cases, however, to improve accuracy
and efficiency, the worm teeth are ground even though they are not hardened after
cutting. The wheel, due to the high sliding conditions that exist in this type of gearing,
is usually made of cast iron or bronze, as noted in the foregoing; however, in some
high-temperature environments it is necessary to make the wheel from steel as well.
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FIGURE 2.17 Two stages of cylindrical-worm gears. (Courtesy of Hamilton Gear and Ma-
chine Co., Ltd., Hamilton, Canada)

7 Circular pitch

FIGURE 2.18 Schematic of cylindrical-worm gears.
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By virtue of their inherent high contact ratio, the mechanical power rating of worm
gears is quite high; however, in practice, their actual continuous-duty rating is substan-
tially lower. This is due to high heat generation that can raise the lubricant temperature
to unacceptable levels when the box is operated continuously. Fan-cooled worm boxes
are quite common, and higher-power-capacity worm housings are almost always finned
to aid heat dissipation. This large difference between the thermal and mechanical
ratings of the typical worm gear drive gives rise to a peculiar property associated with
worm drives: that is, their apparent ability to sustain relatively high short-term over-
loads without experiencing any damage. In reality, worm gears do not have a particu-
larly good overload capability; rather, their thermal limitations cause them to be
operated at loads below their mechanical limits. When operated for short periods of
time at “overload,” they are actually operating above their continuous-duty thermal
limits but below their mechanical (stress-related) ratings; thus, since it takes an appre-
ciable period of time for the temperature to rise, they sustain these short-term “over-
loads™ quite well.

The advent of synthetic fluids has been a boon for worm drives of all types for two
reasons. First, synthetic fluids have the ability to operate at higher bulk temperatures
than the compounded mineral-based fluids that are commonly used for worm gears.
Second, the friction coefficient associated with the use of synthetic fluids tends to be
somewhat lower than that associated with compounded worm gear oils; thus less
heating is produced. These factors combine to decrease the margin between the thermal
and mechanical limits of newer work gear sets designed and rated to run with synthetic
fluids; thus their apparent overload capability is reduced.

Worm gear efficiency is quite dependent on operating speed. The same set may show
an efficiency of, say, 75 percent at a low speed and 85 percent at a higher speed. Ratio,
material, accuracy, and geometric design all affect worm gear efficiency. Typical effi-
ciencies run from 35 to 90 percent, with higher or lower values occurring in special
cases.

A worm set can be used where irreversibility is desired, since, if the lead angle is
less than the friction angle, the wheel cannot drive the worm. Usually, worms with lead
angles less than 5% are self-locking. Care should be exercised when designing self-locking
worms, since this feature is a static one. Vibration can cause the set to slip under
dynamic conditions (that is, during a cutoff of power under load, the wheel, due to the
inertia of the driving load, may overdrive the worm for a considerable time). Similarly,
a worm set that, when stationary, cannot be driven through the gear shaft, may well
begin to rotate if the unit is subjected to vibrations. The property of self-locking or
irreversibility is better thought of as anti-back-driving rather than positive irreversibil-
ity. In critical applications, a brake on the worm should also be provided to insure that
the system will positively not back-drive.

When the gears are assembled into their housing, the position of the gear along its
axis must be adjusted such that an acceptable contact pattern is obtained on the bench.
This contact pattern should favor the leaving side of the mesh so that a wedge is formed
at the entering side of the mesh. This wedge at the entering side will cause lubricant
to be drawn into the contact zone and thus minimize wear.

Double-Enveloping Worm Gearing. The capacity of a single-enveloping worm gear set
as described in the foregoing discussion is improved by allowing the gear or wheel to
envelop the worm. A further improvement in capacity may be achieved by allowing
the worm to envelop the wheel as well. Such drives are known as double-enveloping.
Double-enveloping worm gear drives, by getting more teeth into contact, tend to
provide higher load capacity than do cylindrical or single-enveloping worm sets. This




2.22 CHAPTER TWO

is accomplished by changing the shape of the worm (as shown in Fig. 2.19) from a
cylinder to an hourglass.

All of the comments made earlier pertaining to cylindrical worms also apply to
double-enveloping worms. Because of the shape of the worm, clearly shown in Fig. 2.20,
this type of worm gearing is more expensive to produce; but where weight or size are
considerations, the cost differential is relatively small.

The forms of the worm and the gear in the double-enveloping drive design are
regenerative; that is, the worm and gear tend to reproduce each other in use. This is
true of no other worm and gear design. This condition aids proper break-in and contact
pattern development. Since the worm and wheel envelop each other, assembly is not
as straightforward with double-enveloping gear sets as it is with a single-enveloping set.
In general, the worm and wheel must be assembled obliquely, and thus provisions must
be made in the design of the housing to accommodate this requirement. This can often
be accomplished by splitting the housing such that the worm is one part and the wheel
is the other half. In addition, the position of the worm along its axis and the position
of the gear along its axis must be adjusted simultaneously such that an acceptable
pattern is obtained. This bench patterning procedure is in contrast to the simpler
procedure required of a single-enveloping set in which only the position of the gear
along its axis need be adjusted at assembly to obtain an acceptable contact pattern at
assembly.

Hypoid Gears. Hypoid gears (Fig. 2.21) resemble spiral bevel gears except that the
teeth are asymmetrical; that is, the pressure angle on each side of the tooth is different.
Many of the same machines used to manufacture spiral bevel gears can also be used
to manufacture hypoids.

The pitch surfaces of hypoid gears are hyperboloids of revolution. The teeth in mesh
have line contact; however, under load, these lines spread to become elliptical regions
of contact inclined across the face width of the teeth. One condition that must exist
if a hypoid gear set is to have conjugate action is that the normal pitch of both members
must be the same. The number of teeth in a gear and pinion are not, however, directly
proportional to the ratio of their pitch diameters. This makes it possible to make large
pinions while minimizing the size of the driven gear. This is one of the most attractive
features of hypoid gearing. High reduction ratios with small offsets must usually utilize
an overhung-mounted pinion. Frequently, however, the pinion must be straddle
mounted (Fig. 2.22) if sufficient offset exists. Aside from space considerations, the
tradeoff usually centers on efficiency, since efficiency generally decreases with increas-
ing offset.

In operation, hypoid gears are usually smoother and quieter than spiral bevel gears
due to their inherent higher total contact ratio. However, as in all cases of nonintersect-
ing gear sets, high sliding takes place across the face of the teeth. The efficiency of
hypoid gears is thus much less than that of a similar set of spiral bevel gears, typically
90 to 95 percent as compared with over 99 percent for many spiral bevel gears. Hypoids
do, however, generally have greater tolerance to shock loading and can frequently be
used at much higher single-stage ratios than spiral bevel gears.

Spiroid and Helicon Gearing.* Like most other skew axis concepts, Spiroid and
Helicon are primarily screw action gears while, by comparison, spur, helical, and bevel
gears are primarily rolling action gears.

*#Spiroid and Helicon are registered trademarks of Illinois Tool Works, Chicago, Illinois.
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Circular pitch

FIGURE 2.19 Schematic of double-enveloping-worm gears.

FIGURE 2.20 Double-enveloping-worm-gear set.
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FIGURE 2.21 Hypoid-gear data. (1) Hypoid tooth profile showing unequal
pressure angles and unequal profile curvatures on the two sides of the tooth, 2)
Hypoid gears and pinions (@) and (b) are referenced to having an offset below
center, while those in (c) and (d) have an offset above center. In determining the
direction of offset, it is customary to look at the gear with the pinion at the right.
For below-center offset, the pinion has a left-hand spiral, and for above-center
offset the pinion has a right-hand spiral.
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FIGURE 2.22 Hypoid-gear set. Both pinion and gear are straddle mounted. (Cour-
tesy of the Gleason Works, Rochester, N.Y.)

The gear member of either a Spiroid (Fig. 2.23), or Helicon (Fig. 2.24), set resembles
a high-pitch-angle bevel gear, while the pinions are more akin to worms. Both forms
have more teeth in contact than an equivalent size worm set. The primary difference
between Spiroid and Helicon gears is their minimum ratio capabilities [about 10:1 for
Spiroid and 4:1 for Helicon (although lower ratios are practical if powdered metal
fabrication is employed)] and the range of acceptable offsets. Spiroid pinions (Fig. 2.23)
are typically tapered by about 5 or 10° on a side, while Helicon pinions (Fig. 2.24) are
cylindrical. Pinions of both types, used in lower ratio designs (that is, less than 30:1),
typically utilize multiple threads so that the number of teeth in the gear may be
maintained at least at 30.

This type of gearing fits in between bevel and worm gears (Fig. 2.25) in terms of
ratio, and generally provides better performance than do worms. They can, like worms,
be designed to be anti-back-driving, but, again like worms, they cannot be designed to
be entirely self-locking under all operating conditions, particularly where significant
vibrations are present. They can also incorporate accurate control of backlash since the
contact pattern is largely controlled by adjusting the pinion position, while the backlash
is largely controlled by adjusting the position of the gear along its axis at assembly.
These features make them a good choice for positioning drives such as radar or other
antenna. These gear types are relatively insensitive to small position shifts; thus, in
precision position-control applications, they are usually shimmed into intimate double
flank contact to eliminate backlash.

The contact conditions are line, again like worm and hypoid gears, but the contact
line is essentially radial; thus, the flow of oil into the contact zone is good, and efficiency
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FIGURE 2.23 Spiroid-gear set. (Courtesy of Il- FIGURE 2.24 Helicon-gear set. (Courtesy of
linois Tool Works, Spiroid Division, Chicago, 111.) 1llinois Tool Works, Spiroid Division, Chicago,
1)

is improved over worms—usually about as
good as hypoids. As with worms, the effi-
ciency of a Spiroid or Helicon set varies with
speed, but not to the large extent that occurs
with worms.

One feature of Spiroids and Helicons that
X~ Aypoid  makes them both quiet and capable of great
positional accuracy is the relatively high
— number of teeth in contact. The multiplicity
E— - of teeth in contact (for a typical design per-
: “Spiral haps 10 percent of the gear teeth are in theo-
beve/ retical contact) provides an error averaging
FIGURE 2.25 Schematic comparisons of function so that individual tooth errors are
worm gears, Spiroid gears, Helicon gears, hyp- ~ not significant in terms of gear position.
oid gears, and spiral-bevel gears. Although generally less efficient than spur

or helical gears, Spiroid or Helicon gears are
usually superior to worm drives particularly
at ratios less than 40:1, when compared on
the basis of constant pinion size.

The offset required for a typical Spiroid gear set is about one-third the gear diameter,
but small variations can also be accommodated. Similarly, the shaft angle is usually
limited to 80 to 100°, with 90° being the standard in the vast majority of cases. In some
special applications, shaft angles as low as 70° or as high as 120° are possible, but each
case is a special design.

In general, the gears may be cut on standard hobbing machines. For a given
configuration, a Spiroid gear set will have a greater load capacity than a Helicon set,
but the Helicon position is somewhat easier to manufacture due to the cylindrical
nature of its pinion as compared with the tapered shape of the Spiroid pinion.

Spirofld

Face Gears (Off-Center). If the pinion of a face gear set is offset such that its axis and
that of the gear do not intersect, it is termed off-center. The discussion provided earlier
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for on-center face gears applies equally well here. Such gear sets are not ordinarily used
to transmit significant amounts of power; rather they are generally used in motion-
transmission applications where uniformity of motion is not a critical factor.

2.1.5 Special Gear Types

Our discussion to this point would lead the reader to believe that all gears are in the
form of surfaces of revolution (that is, cylinders and cones). Such is not the case. There
are many applications in which gears are used to transmit motions that are intentionally
nonuniform. There are few areas in which man’s mechanical ingenuity can be employed
more effectively than in the design of special-motion gears. The varicty is almost
endless, limited only by application and imagination. In order to provide some insight
into the subject, we discuss some representative cases.

Square or Rectangular Gears. Consider the case in which a constant input speed is
to be converted into a varying output speed. Gears that are square or rectangular,
depending on the actual output required, can be used to produce such motion (as shown
in Fig. 2.26). While the gears are in the position shown, the greatest radius of the driver
mates with the smallest radius of the driven gear; the speed of the driven gear is,
therefore, then at its maximum. As the gears revolve in the directions indicated by the
arrows, the radius of the driver gradually decreases, and that of the driven gear
gradually increases, until the points b and &' are in contact. The speed of the driven
gear, therefore, gradually decreases during this eighth of a revolution. From the mo-
ment of contact between the points b and #', the reverse action takes place, and the
speed of the driven gear gradually increases until the points ¢ and ¢’ are in contact.
Thus, during the entire revolution, the driven gear continues to alternate from a
gradually decreasing to a gradually increasing speed, and vice versa.

For rectangular gears to work properly together, it is necessary first that the pitch
peripheries of the two gears be equal in length, and, second, that the sum of the radii
of each pair of points (points that come into contact with each other) on the two pitch
peripheries be equal to the distance between the centers of the gears.

Triangular Gears. Figure 2.27 represents a pair of triangular gears, the object of
which is to obtain an alternating, varying speed from the uniformly rotating driver, as
in rectangular gears. Triangular gears give fewer changes of speed per revolution than
do rectangular gears. In Fig. 2.27, the speed of the driven gear is at its minimum when

Speed ratio

Driver Driven

{ One driver revolution |

FIGURE 2.26 Square-gear characteristics.
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Speed ratio

Driver Driven

| One driver revolution

I~

FIGURE 2.27 Triangular-gear characteristics.

il

the gears are in the positions shown in the figure. Since, from the positions, the radius
of the driver gradually increases, and that of the driven gear decreases, as far as the
points b and &', the speed of the driven gear will gradually increase until the points
b and b’ are in contact—or for one-sixth of an entire revolution. The reverse action
will then take place until the points ¢ and ¢’ are in contact, and so on. Thus, while in
rectangular gears each gradually increasing or decreasing period takes place during
one-eighth of a revolution, in triangular gears each of these periods occupies one-sixth
of a revolution; that is, in rectangular gears there are eight alternatively increasing and
decreasing periods in one entire revolution of the driven gear, and in triangular gearing
there are but six.

Elliptical Gears. With elliptical gears (Fig. 2.28), we have still another means of
obtaining the same result, with the difference that in elliptical gears each period of
gradually increasing and decreasing speed takes place during one-fourth of a revolution.
In other words, there are but four periods of increasing and decreasing speed during
an entire revolution of the driver.

Scroll Gears. Figure 2.29 shows a pair of scroll gears. From the positions shown in
the figure (in which the greatest radius of the driver meshes with the smallest radius
of the driven gear), as the gears revolve in the directions indicated by the arrows, the
radius of the driver gradually and uniformly decreases, while that of the driven gear
gradually and uniformly increases. The speed of the driven gear is, therefore, at its

Speed ratio

Driven
One driver revolution

FIGURE 2.28 Elliptical-gear characteristics.
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Driver @ . Driven

Speed ratio

One driver | One driver
l X revolution [ revolution »

FIGURE 2.29 Scroll-gear characteristics.

maximum when the gears are in the positions shown, and gradually and uniformly
decreases during the entire revolution. The moment before the positions shown in the
figure are reached, the smallest radius of the driver gears with the greatest radius of
the driven gear, the speed of the latter is at its minimum and suddenly (as the gears
assume the positions in the figure) changes to its maximum.

Multiple-Sector Gears. The mechanism represented in Fig. 2.30 is a pair of multiple-
sector gears, and the object is to obtain a series of discrete, different uniform speeds.
In the figure, as long as the arcs ¢b and a’b’ are in mesh, the speed of the driven gear
1s the same. When the arcs ¢d and ¢'d" come into mesh, the speed of the driven gear
becomes slower, but remains the same throughout the meshing of these two arcs.
Similarly, when the arcs ¢f and e’f" come into mesh, the speed of the driven gear
becomes still slower, but remains uniform during the meshing of these arcs. Thus,
during each revolution, the driven gear has three periods of uniform speed, each
differing from the others. For sector gears to work properly together, it is necessary
that the arcs that mesh together be equal in length (ab = a'b’, cd = ¢'d’, etc.) and that
the sum of the arc lengths on one gear be equal to the sum of the arc lengths on the
other (ab + ¢d + ef = a'b’ 4+ c'd’ + €'f’). Also, the sum of the radii of each two
arcs together must be equal to the distance between the centers of the gears. Sector gears
are somewhat difficult to construct because considerable care must be taken to insure
that no two sectors of the driver gear mesh at the same time with the driven gear. To
illustrate, suppose that the arcs @b and a'#’ mesh together at the same time as do the
arcs ef and e’f"; that is, that the last few teeth of ab mesh with the driven gear at the
moment when the first few teeth of ¢f do the same. The driven gear will then strive
to drive the driven gear at its maximum and minimum speeds at the same time, an
attempt that must obviously result in a fracture. In the figure, the arc ¢f ceases to mesh
with the driven gear at the moment when the arc ab begins to gear. Thus, each arc of
the driver must escape engagement just in time for its successor to begin engagement,
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Driver

Speed ratio

i - One driver revolution |

[ |

FIGURE 2.30 Multiple-sector-gear characteristics.

and yet leave between these events no appreciable interval to disturb the uniformity of
motion.

In actuality, a discontinuous condition will exist for all sector-type gears at the time
when different sectors exchange control of the speed of the driven member. These
seemingly instantaneous periods of acceleration and deceleration limit the application
of such gears to very low speeds lest the acceleration forces become exceedingly large.

2.2 NOMENCLATURE OF GEARS”

In this part of Chap. 2 the technical nomenclature of the various types of gears is given.
Table 2.2 shows metric system symbols and English system symbols. The following
tables (due to space limitations) show nomenclature tables in English symbols only.

2.2.1 Spur Gear Nomenclature and Basic Formulas

Figure 2.31 shows tooth elements that apply directly to spur gears. The same elements
apply to other gear types.

Table 2.3 shows spur gear formulas. Note that the value of 7 may need to be used
as 3.14159265 when very precise calculations are needed. Also, the determination of
tooth thickness has complications of what backlash is needed and effects of long or
short addendum. (These matters are covered later in this book.)

*Most of the material for this part of Chap. 2 was furnished by Darle W. Dudley, President of the Dudley
Engineering Co., Inc., San Diego, California.




i TABLE 2.2 Gear Terms, Symbols, and Units Used in the Calculation of Gear
Dimensional Data
Metric English

Term Symbol Units Symbol Units
Number of teeth, pinion 7 — Nporn =
Number of teeth, gear z, — Ngor N o
Number of threads, worm z) — Ny —
Number of crown teeth z — N, —
Tooth ratio u — meg —
Addendum, pinion i mm ap in
Addendum, gear hao mm ag in
Addendum, chordal h, mm a, in.
Rise of arc — mm = in.
Dedendum h mm b in.
Working depth h' mm hy, in
Whole depth h mm h, in.
Clearance & mm c in.
Tooth thickness 5 mm t in
Arc tooth thickness, pinion 5 mm tp in.
Arc tooth thickness, gear Sy mm te in.
Tooth thickness, chordal 5 mm 158 in.
Backlash, transverse j mm B in.
Backlash, normal I mm B, in.
Pitch diameter, pinion dy mm d in.
Pitch diameter, gear dyy mm D in.
Pitch diameter, cutter dpo mm d, in.
Base diameter, pinion dy mm dy in
Base diameter, gear dys mm D, in.
Qutside diameter, pinion d, mm d, in.
Outside diameter, gear dgy mm D, in.
Inside diameter, face gear d;y mm D; in.
Root diameter, pinion or worm dp mm dp in.
Root diameter, gear a‘ﬂ mm Dy in.
Form diameter dy mm dy in.
Limit diameter dy mm dy in.
Excess involute allowance Ad , mm Ad in.
Ratio of diameters € — m —
Center distance a mm C in.
Face width b mm I in.
Net face width b’ mm I in.
Module, transverse m or m, mm — —
Module, normal m, mm == —
Diametral pitch, transverse — — P, or P, in. !
Diametral pitch, normal = _— P, in. !
Circular pitch p mm P in.
Circular pitch, transverse Dt mm 2, in.
Circular pitch, normal Pn mm Pn in.
Base pitch 2y mm Ph in.
Axial pitch Px mm Px in.
Lead (length) P mm L in.

2.31




TABLE 2.2 Gear Terms, Symbols, and Units (Continued)

Metric English
Term Symbol Units Symbol Units
Pressure angle a or a, deg ¢ or ¢, deg
Pressure angle, normal a, deg b, deg
Pressure angle, axial a, deg s deg
Pressure angle of cutter ap deg b, deg
Helix angle B deg s deg
Lead angle b% deg A deg
Shaft angle = deg z deg
Roll angle 9, deg €, deg
Pitch angle, pinion &' deg Y deg
Pitch angle, gear 6 deg T deg
Pi T — ™ —
Contact ratio €, — m, —
Zone of action g4 mm z in.
Edge radius, tool Lo mm rr in.
Radius of curvature, root fillet py mm Pr in.
Circular thickness factor k — k —
Cone distance R mm A in.
Outer cone distance vl mm A, in.
Mean cone distance R mm Ay in.
Inner cone distance Ry mm A; in.
NOTE: Abbreviations for units: mm = millimeters, in. = inches, deg = degrees.

addendum

Circular thickness
Chordol thickness
Base circulor Hhickness

%05¢ rocgys \I/

FIGURE 2.31 Spur-gear nomenclature.

8
O Addendvm

@
Dedenduvm

2.32
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TABLE 2.3 Spur Gear Formulas

To find Having Formula
Diametral pitch................ Number of teeth and P N
pitch diameter =D
3.1416%
Diametral pitch................ Circular pitch P = »
Pitch diameter................. Number of teeth and P N
diametral pitch =P
Qutside diameter............... Pitch diameter and D, =D 4+ 2a
addendum
Root-diasteterivie v ovans ws suw Qutside diameter and | Dgp = D, — 2k
whole depth
Root diameter..................| Pitch diameter and Dr=D —2b
dedendum
Number of teeth................| Pitch diameter and N=DXP
diametral pitch
Base-circle diameter.............| Pitch diameter and Dy =D X cos ¢
pressure angle
Clircular piteh. . ....ocovnvaiives Pitch diameter and _ 8.1416D
number of teeth P= "N
. . 3.1416
Cireular pitel . oo o0 svamens aus Diametral pitch p = P
Center distance................. Number of gear teeth _Ne¢+ Np _ Dg+ Dp
and number of pinion ¢= 2P . 2
teeth and diametral
pitch
i . 1 v I 1.5708 (see design formu-
Approximate thickness of tooth. .| Diametral pitch fy = P las, Chap. 5)

*Exact value of  is 3.14159265.

2.2.2 Helical Gear Nomenclature and Basic Formulas

Helical gear teeth spiral around a “base” cylinder. The angle of this spiral with respect
to the axis is the helix angle. The advance of the spiral in going 360° around the base
cylinder is a fixed quantity called the lead.

The spur gear tooth is parallel to the axis. This means that a spur gear can be thought
of as a special case of a helical gear in which the numerical value of the lead is infinity!

Figure 2.32 shows the nomenclature of helical gear teeth. View a shows a section
through the teeth that is perpendicular to the gear axis. This is known as the transverse
section. View b shows how a “normal” section can be taken through a tooth perpendic-
ular to a point on the pitch helix.

Both the transverse section and the normal section data must be used in helical gear
calculations. Table 2.4 shows the formulas needed to calculate data for both of these
sections.

A rack is a gear part in which the number of teeth in a 360° circle is infinite. Circular
gears, of course, become straight when the radius of curvature is infinite.

Involute teeth become straight-sided for the rack tooth form. Figure 2.33 shows rack
tooth parts for spur, helical, and straight bevel teeth. The helical rack shows very
clearly the difference between the normal plane and the front plane (which corresponds
to the transverse plane of circular gears).
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FIGURE 2.32 Helical-gear nomenclature.
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FIGURE 2.33 Spur-, helical-, and bevel-gear
racks.
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2.2.3 Internal Gear Nomenclature
and Formulas

The internal gear has teeth on the inside of
a ring rather than on the outside. An inter-
nal gear must mesh with a pinion having
external teeth. (Two internal gears cannot
mesh with each other.)

The nomenclature for the transverse sec-
tion of an internal gear drive is shown in
Fig. 2.34. Note that the internal tooth tends
to have concave curves rather than convex
curves. Also note that the tips of the teeth
tend almost to hit each other as they enter
and leave the meshing zone.

Formulas for internal gear dimensions
are given in Table 2.5. Note that some of
these formulas are similar to formulas in
Table 2.3 except for a minus sign.
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TABLE 2.4 Helical Gear Formulas
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To find Having Formula
Normal diametral pitch............. Number of teeth, pitch P N
diameter, and helix angle | “» = D cos ¢
) : . . 3.1416%
Normal diametral piteh............. Normal circular pitch P, = T
Normal diametral pitech. ............ Transverse diametral pitch P - P
and helix angle A= m
. . . . 3.1416
Normal cireular pitch............... Normal diametral pitch Pn = P
Normal circular piteh. .. .......... .. Transverse circular pitch | p, = p cos ¢
Pitch diameter.................. ... Number of teeth, normal D=
diametral piteh, and helix = m
angle
Center distance..................... Pinion and gear pitch o= Dp + Dqg
diameter - 2
Outside diameter................... Pitech diameter and D, =D 4+ 2a
addendum
1. i
Approximate normal tooth thickness. .| Normal diametral pitch tn = —;71 giilgfasélgn
Chap. 5)
Transverse tooth thickness........... Normal tooth thickness _
and helix angle L "
Normal pressure angle...............| Transverse pressure angle | tan ¢, = tan ¢ cos ¢
and helix angle
*Exact value of 7 is 3.14159265.
TABLE 2.5 Internal Spur Gear Formulas
To find Having Formula
Pitch diameter:
Of gear.................. Number of teeth in gear and diametral D Na
pitch =7
Of pinion................ Number of teeth in pinion and diametral _Np
pitch i
Internal diameter (gear)..... Pitch diameter and addendum Di=D — 2a
Center distance.............| Number of teeth in gear and pinion; diam- N¢ — Np
etral pitch o a2p
: 2 . D —4d
Pitch diameter of gear and pinion C o= 2
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FIGURE 2.34 Internal-gear and pinion nomenclature.

Internal gears may be either spur or helical. If the teeth are helical, data for the teeth
in the normal section may be determined by formulas in Table 2.4.

2.2.4 Crossed Helical Gear Nomenclature and Formulas

Since the axes of crossed helical gears are not parallel to each other and do not intersect,
the two meshing gears tend to have different helix angles. (If the numerical amount of
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each helix angle is the same, then the two gears | Driven
cannot have opposite helix angles—because  gpgrt Helix angle
this would make the axes parallel instead of angle /"’l"‘\_ ~y of driver
crossed.) Figure 2.35 shows standard nomen- z l !
clature for the crossed axis situation with heli- L AT Helix angle of driven
cal gears. The basic formulas are given in Table

I
| ¥ e o ;.
L b s of driven

pog
2.6 - % ~~~Driver

I'H‘A'n's of driver
2.2.5 Bevel Gear Nomenclature and i

Formulas I

FIGURE 2.35 Crossed-helical-shaft angle
and helix.

Section 2.1.3 gave general information on gear
types in the bevel gear family of gears. Nomen-
clature and formulas will now be given for
three of these types that are in rather common
usage.

Straight. Figure 2.36 shows section through of a pair of straight bevel gears in
mesh. Note how the teeth are on the outside of cones. Dimensions are measured to a
“crown point” that exists in space but may not exist in metal! (Usually this sharp corner
is rounded off in the process of actual manufacture.)

The formulas for the straight bevel are given in Table 2.7. By tradition, the pitch
diameters are taken at the large end of the tooth. This end also goes by names such
as the back face or the heel end. (The other end of the tooth is termed the front face
or foe end.)

Spiral. The spiral bevel gear has a curved shape (lengthwise). This curved shape
is positioned at an angle to a pitch cone element. The angle is specified at the center
of the face width (not the large end of the tooth where the pitch diameter is specified).
Figure 2.37 shows the spiral angle. i

The formulas for conventional spiral bevel gears are given in Table 2.8. Spiral bevel
gears are often made to pressure angles other than 20°. They can also be made for shaft
angles other than 90°. Beyond this, there is more than one system for the design and
manufacture of bevel gears. Chapter 20 gives considerably more bevel gear data. The

TABLE 2.6 Crossed Helical Gear (Nonparallel Shaft, Helicals)

To find Having Formula
BRARALEB o oo ammus Helix angle of pinion and helix angle of | Z = yp + ¢
ear
Pitch diameter of pinion. ... Ngumber of teeth in pinion, normal diam- Np
’ etral pitch, and helix angle of pinion Dp = P, X cos yp
Pitch diameter of gear...... Number of teeth in gear, normal diam- Ng
etral pitch and helix angle of gear Dg = P, X cos ¥
Center distance............| Pitch diameter of pinion, and pitch Dp + Dg
diameter of gear = 2
EBEBATEREIG o o s 1 ¢ Number of teeth in gear and number of Ng
teeth in pinion me = Ny
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FIGURE 2.37 Spiral-bevel-gear nomencla-
ture.




TABLE 2.7 Straight Bevel Gear Formulas (20° pressure angle, 90° shaft angle)

To find

Having

Pitch diameter of pinion......
Pitch diameter of gear........

Pitch angle of pinion.........

Pitch angle of gear...........

Quter cone distance of pinion
and gear

Circular pitch of pinion and
gear

Dedendum angle of pinion. ...

Dedendum angle of gear......

Face angle of pinion blank. . ..
Face angle of gear blank......

Root angle of pinion.........

Root angle of gear...........

Qutside diameter of pinion. ...

Qutside diameter of gear......

Pitch apex to crown of pinion. .

Pitch apex to crown of gear. . .

Circular thickness of pinion. . .

Chordal thickness of pinion. ..

Chordal thickness of gear. .. ..

Chordal addendum of pinion. .

Chordal addendum of gear. ...

Tooth angle of pinion........

Number of pinion teeth
and diametral pitch

Number of gear teeth
and diametral pitch

Number of pinion teeth
and number of gear
teeth g

Pitch angle of pinion

Gear pitch diameter and
pitch angle of gear

Diametral pitch

Dedendum of pinion
and outer cone distance

Dedendum of gear and
outer cone distance

Pinion pitch angle and
dedendum engle of gear

Gear pitch angle and
dedendum angle of gear
Pitch angle of pinion
and dedendum angle of
pinion

Pitch angle of gear and
dedendum angle of gear

Pinion pitch diameter,
pinion addendum and
pitch angle of pinion

Pitch diameter of gear,
addendum, and pitch
angle of gear

Pitch diameter of gear,
addendum, and pitch
angle of pinion

Pitch diameter of pinion,
addendum, and pitch
angle of gear

Circular pitch and gear
circular tooth thickness

Circular tooth thickness,
pitch diameter of
pinion, and backlash

Gear circular tooth
thickness, pitch diam-
eter of gear, and backlash

Addendum angle, circu-
lar tooth thickness,
pitch diameter, and
pitch angle of pinion

Addendum angle, circu-
lar tooth thickness,
pitch angle, and pitch
diameter of gear

Outer cone distance,
tooth thickness, deden-
dum of pinion, and
pressure angle

Formula
n
&=
N
=
Y = tan™! =
I'=090° —«
D
A i T
_ 3.1416%
P=—F
6p = tan™! M
Ao
boe
= s ey
é¢ = tan e
Yo = v + 8¢
Tyo=T + ép

YR =7y = dp

Tea=T — é¢
d, = d + 2a,p cos v
D, = D + 2a,6 cos T’
x—l—)-—a sin
o"2 oP Y
d
Xo=: —awsinT
2
t=p—-T
¢ 6dz 2
T3 B
Te=T %D "2
2 cos
acp = GoP + céd"Y
N T?cos I’
AeG = QoG 4D
3,438

T (% + bop tan d:) minutes
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TABLE 2.7 (Continued)

To find Having Formula

Tooth angle of gear.......... Quter cone distance, cir- | 3,438 /T i
cular tooth thickness, 4, \z + bog tan 4’) minutes
dedendum of gear, and
pressure angle

NOTE: tan — ! means “the angle whose tangent is.”
*Exact value of m is 3.14159265.

references at the end of this chapter give further information—beyond the scope of this
book.

Zerol. The Zerol bevel gear tooth has lengthwise curvature like the spiral bevel
gear tooth. At the center of the face width, though, the spiral angle is 0°.

Figure 2.38 shows how the hand of a Zerol bevel is designated. Note that a right-
hand spiral bevel pinion has to have left-hand spiral bevel gear to mesh with it, and
vice versa. This same rule applies to spiral bevel gears.

Table 2.9 shows formulas for Zerol bevel gears. Both Zerol and spiral bevel gears
have the pitch diameters specified at the large end of the tooth.

2.2.6 Worm Gear Nomenclature and Formulas

When the word worm is used in connection with gear types, the implication is that there
is some “enveloping.” A single-enveloping set of worm gears has a cylindrical worm

X

Zerol bevel gears

A
S

Right-hond Left-hand

Zerol bevel gears
4= —< T
Left-band Right-hand

Zerol bevel pinions

FIGURE 2.38 Zerol-bevel-gear
nomenclature.




TABLE 2.8 Spiral Bevel Gear Formulas (20° pressure angle, 90° shaft angle)

To find Having Formula
Pitch diameter of pinion................ Number of pinion teeth i=>2
and diametral pitch T Py
Fitch diameter of gear.................. Number of gear teeth - N
and diametral pitch - Pa

Pitch angle of pinion...................

Pitch angleof gear.....................
Quter cone distance of pinion and gear. . ..

Circular pitch of pinion and gear........

Dedendum angle of pinion..............

Dedendum angle of gear................

Face angle of pinion blank..............

Face angle of gear blank................

Root angle of pinion...................

Root angle of gear..............ccc.....

Qutside diameter of pinion..............

QOutside diameter of gear................

Pitch apex to crown of pinion...........

Pitch apex to crown of gear.............

Circular thickness of pinion.............

Number of pinion teeth
and number of gear
teeth

Pitch angle of pinion

Pitch diameter of gear
and piteh angle of
gear

Diametral pitch

Dedendum of pinion
and outer cone dis-
tance

Dedendum of gear and
outer cone distance

Pitch angle of pinion
and dedendum angle
of gear

Pitch angle of gear and
dedendum angle of
gear

Pitch angle of pinion
and dedendum angle
of pinion

Pitch angle of gear and
dedendum angle of
gear

Pitch diameter, adden-
dum, and pitch angle
of pinion

Pitch diameter, pitch
angle, and addendum
of gear

Pitch diameter of gear,
pitch angle, and ad-
dendum of pinion

Pitch diameter of
pinion, pitch angle,
and addendum of gear

Circular pitch of
pinion and circular
thickness of gear

n
= tan™! —
% N

I'=90° — 4
D
A o T
_ 3.1416*
P Pa
bo
ép = tan~! i
bog
§¢ = tan~1 -2
G an Ao
Yo =7 + 8a
To=T +3dp

YR= v — ép

Tr=T - 8¢

d, = d + 2a,p cos v

Ny =D + 2a,gcos T

z, 2—0 sin

o 3 oP :
d

Xo == —aegsinT
2

t=p—-T

*Exact value of o is 3.14159265.
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TABLE 2.9 Zerol Bevel Gear Formulas (20° pressure angle, 90° shaft angle)

To find Having Formula
Pitch diameter of pinion............ Number of pinion teeth n
and diametral pitch d P
Pitch diameter of gear.............. Number of gear teeth N
and diametral pitch Pa
Pitch angle of pinion...............| Number of pinion teeth _
and number of gear = tan™' =
teeth
Pitch angle of gear.. . .| Pitch angle of pinion |I' = 90° —
Quter cone distance of plmon a.nd Pitch diameter of gear D
gear and pitch angle of A, = Sein T
gear
. . .. i z 3 1416%
Circular pitch of pinion and gear. . . .| Diametral pitch g
il
Face angle of pinion blank.......... Pitch angle of pinion |, = v + ¢
and dedendum angle
of gear
Face angle of gear blank............ Pitch angle of gear and | T, = T + 6p

Root angle of pinion...............

Root angle of gear.................

Qutside diameter of pinion..........

Outside diameter of gear...........,

Pitch apex to erown of pinion.......

Pitch apex to crown of gear.........

Circular thickness of pinion.........

Circular thickness of gear...........

dedendum angle of
pinion

Pitch angle of pinion
and degendum angle
of pinion

Pitch angle of gear and
dedendum angle of
gear

Pitch diameter, pitch
angle, and addendum
of pinion

Pitch diameter, pitch
angle, and addendum
of gear

Pitch diameter of gear,
pitech angle, and ad-
dendum of pinion

Pitch diameter of
pinion, pitch angle,
and addendum of gear

Circular pitch of pinion
and eircular thickness
of gear

Circular pitch, pressure
angle, and addendum
of pinion and gear

YR Siyi—ulp
I'o =T — &g
dy = d + 2ap cos v

D, =D + 2ag cos T

D .
T =3 — ap sin y

Xuzé—agsin'.[‘

2
=p —T
T=§—(ar—ac}tan¢

NOTE: tan ~!
*Exact value of o is 3.14159265.

means “the angle whose tangent is.”
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- Quiside diameterie—
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FIGURE 2.39 Cylindrical-worm-gear nomenclature.

in mesh with a gear that is throated to tend to wrap around the worm. Figure 2.39
shows a typical arrangement.

When both the worm and the gear wrap around each other, the combination
is designated as double-enveloping. Figure 2.40 shows a typical arrangement of this
kind.

Cylindrical Worm Gears. 'The worm thread (or tooth) may be dimensioned in both
a normal section and an axial section. The transverse section is normally not used.
Figure 2.39 shows the nomenclature that is used.

The special formulas for worm gearing are given in Table 2.10. The pitch diameter
of the throated gear changes as you go across the face width. Standard practice is to
take the pitch diameter at the center of the throat. Note the details of how this is done
in Fig. 2.39.

Double-Enveloping Worm Gears. The typical style of design and the normal no-
menclature for this kind of gearing is shown in Fig. 2.40. The pitch diameters are
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TABLE 2.10 Worm Gear Formulas

To find Having Formula
Worm
S 70T PR Number of threads in worm | L = Ny X p,
and axial pitch
. (0.875 (0.875
Pitch diameter............ Center distance d = 17 to 3
Root diameter............. Outside diameter of pinion | dg = d, — 2k,
and whole depth of tooth
Qutside diameter.......... Pitch diameter and adden-|d, = d + 2a
dum )
Minimum face............ Throat diameter, pitch D2 D 2
diameter, and addendum |f = 2 (—2') = (E . G-)
: ; L
Lead a.nglej ............... Lead and pitch diameter tan A = T
Norial Pitehivoms cuseas o o Axial pitch and lead angle | p, = p, X cos A
Gear:
Nominal pitch diameter. .. .| Number of teeth in gear and D= Ng X v
axial pitch ©3.1416*
Throat diameter........... Nominal pitch diameter and | D; = D + 2a
addendum
Effective face. ... ......... Pitch diameter and working | F, = ‘\/ (d + hp)2 — d2
depth
Center distance............| Pitch diameter of gear and _D+d
piteh diameter of worm = 2

*Exact value of 7 is 3.14159265.

specified at the center of the throat on the worm and the center of the throat on the
gear.
The formulas for double-enveloping worm gears are given in Table 2.11.

2.2.7 Face Gears

The gear member of a face gear set has teeth cut on the end of a cylindrical-shaped
blank. Figure 2.41 shows a typical face gear arrangement and the nomenclature
used.
The formulas for an on-center 90°-shaft-angle set of face gears are given in Table
2.12. Additional design data (for a standard design) are given in Tables 2.13 and
2.14,
There are other possible face gear designs with shaft angles that are not 90° or
! conditions of not being on-center. These can be thought of as special designs beyond
the scope of this book.
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TABLE 2.11 Double-Enveloping Worm Gear Formulas
To find Having Formula
Worm root diameter®............ Pitch diameter of pinion and |dr =d — 2bag
dedendum of gear; center C0:876
distance dr = 3 (approx.)
'0.875
Worm pitch diameter®........... Center distance d= 53 (approx.)
Gear pitch diameter.............. Center distance and worm D=2C-d
pitch diameter
Axial circular piteh........ ... Gear pitch diameter and num- _ =D
ber of teeth in gear Pz = Na

Axial circular pitch and pitch
cone angle of pinion

Normal circular pitch...........-

Whole depth of tooth*........... Normal circular pitch " Dn
¢ = =
2
Working depth of tooth*......... Whole depth of tooth hx = 0.9k
Dedendum®. ....vvveevericnee-n Working depth of tooth bg = 0.611h;
Normal pressure angle®. .. .......| cooreiiiaaiaie e ¢n = 20°
Axial pressure angle.............. Normal pressure angle and lead I tan ¢n
angle, deg S =aAnT
Lead angle at center of worm. .... Pitch diameter, gear ratio, and K RIS
worm pitch diameter = tan a
Lead angle average®............. Pitch diameter, gear ratio, and A = tan—} 0.87D
worm pitch diameter = A0 e d

*Proportions given in these formulas represent recommendations for Cone-drive gears. Cone-drive is a
registered trademark of Cone-Drive Textron, Traverse City, Michigan.

2.2.8 Spiroid Gear Nomenclature and Formulas

There is a family of gears that is generally described by the name Spiroid. The members
of this family are Spiroid and Helicon. The gear member of each of these kinds of gear
sets has teeth cut on the end of a blank. The pinion member does not mesh on center
but instead meshes with a considerable offset from the central position. Figure 2.42
shows a standard Spiroid arrangement. The dimension A is the offset.

The Spiroid pinion is tapered. The teeth spiral around the pinion somewhat like
threads on a worm, but they are on the surface of a cone rather than on a cylinder.
The Helicon pinion differs from the Spiroid pinion by being cylindrical. This makes it
quite comparable to a cylindrical worm.

 Table 2.16 gives some formulas for Spiroid gear sets. Other dimensions needed to
make a standard design are given as part of Fig. 2.42. Specific data for Helicon gear
sets are not given. The Spiroid Division of the Illinois Tool Works in Chicago, Illinois
should be consulted for additional data.

2.2.9 Beveloid Gears

This special type of gear is patented by the Vinco Corporation. The Vinco Corporation
went out of business about twenty years ago, but this type of gear is still in use. The
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FIGURE 2.41 On-center-face-gear nomenclature.

TABLE 2.12 Face Gears—On Center 90° Shaft Angle*

To find Having Formula
Gear ratio. .o vv v ie e Number of pinion and Ng
| gear teeth mg = N_P (from 1.5 to 12.5)
Inside diameter.................| Diametral pitch, num-

ber of gear-and pinion | D;g = 1 \/m
teeth, pressure angle P

Outside diameter (pointed teeth).| Diametral pitch, num- Ng cos ¢ sec ¢,

ber of gear teeth, pres- | D¢ = P (see
sure angle, and tan-
gency pressure angle Table 2.13 )

Max. face width................ Face-gear inside and Fg = D, — D;
outside diameters 2

Face to pinion axis..............| Pinion outside diam- do
eter and working Face to pinion axis = T b
depth of tooth

Face to mounting surface....... Mounting distance and | Face to mounting surface =
face to pinion axis mounting distance — face to

pinion axis
Man. numbers of teeth . oo v covi] s v v seviin oy See Table 2.14

*Based upon AGMA standard 203.03, “Fine-Pitch On-Center Face Gears for 20-degree Involute Spur

Pinions.”

TABLE 2.13 Tangency Pressure Angle at Face Gear Outside Diameter

Np Po sec ¢, Np $o sec o Np bo sec ¢,

12 40.765 1.32031 25 34.596 1.21481 38 32,837 1,19016
13 39.669 1.29913 26 34.429 1.21237 39 32,730 1.18874
14 38.692 1.28120 27 34.268 1.21005 40 32.627 1.18736
15 37.815 1.26583 28 34.113 1.20783 41 32.525 1.18602
16 37.022 1.25249 29 33.965 1.20572 42 32.427 1.18473
17 36.300 1.24081 30 33.821 1.20369 43 32.332 1.18352
18 36.012 1.23626 31 33.683 1.20176 44 32.240 1.18228
19 35.778 1.23261 32 33.550 1.19990 45 32.150 1.18111
20 35.557 1.22919 33 33.421 1.19812 46 32.061 1.17996
21 35.346 1.22598 34 33.297 1.19640 47 31.976 1.17887
22 35.145 1.22295 35 33.176 1.19475 48 31.893 1.17781
23 34.954 1.22009 36 33.059 1.19317 49 31.810 1.17675
24 34.771 1.21738 37 32.946 1.19164 50 31.734 1.17578
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TABLE 2.14 Minimum Numbers of Teeth in Pinion and Face Gear

Min. numbers Min. numbers
Diametral of teeth Diametral of testis
pitch range |—— pitch range
Pinion Gear Pinion Gear
20-48 12 18 73-76 19 29
49-52 13 20 77-80 20 30
53-56 14 21 81-84 21 32
57-60 15 23 85-88 22 33
61-64 16 24 89-92 23 35
65-68 17 26 93-96 24 36
69-72 18 27 97-100 25 38

TABLE 2.15 Spiroid Gear Dimensions

A B c D E F a H K
0.500 | 0.625 1.500 0.129 0.596 0.2969 0.365 1.101 | 0.2031
0.750 1.000 2.250 0.176 0.894 0.4219 0.548 1.651 | 0.2812
1..000 1.375 3.000 | 0.248 1.192 | 0.5938 0.731 2.202 | 0.3750
1.250 1.625 3.750 0.295 1.490 | 0.7031 0.914 2.752 | 0.4531
1.500 | 2.000 4.500 | 0.338 1.788 0.8281 1.086 3.303 | 0.5312
1.875 2.625 5.0625 0.402 2,236 1.0156 1.370 4.129 | 0.64006
2.250 | 3.187 6.750 | 0.461 2.0683 1.1562 1.644 4.954 | 0,7500
2.750 | 4.000 8.250 | 0.530 3.279 1.3594 2.010 6.055 | 0.8750
3.250 | 4.750 9.750 0.608 3.875 1.5625 | 2.375 7.156 | 1.0156
3.750 5.625 | 11.250 | 0.677 4.471 1.7656 | 2.741 8.257 | 1.1406
4.375 6.750 | 13.125 0.757 5.216 2.0000 [ 3.197 9.633 | 1.2960
5.125 | 8.000 | 15.375 | 0.851 6.111 12,2812 3.745 11.285 | 1.4844

2.48
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[ TABLE 2.16 Spiroid Gear Formulas
\

To find Having Formula
Batit s susmaeses wawmssivi Number of teeth in gear, number of Ng
threads in pinion me = Nr
Pinion spiral angle...... Theoretical lead, pinion OD cone 4 _Lsecr
angle, pinion pitch radius AR S
Gear spiral angle....... Ratio, pinion pitch radius, gear . _ r i
pitch radius, pinion spiral angle 8ilag = Mg Fe Sin ap
Pinion pitch point...... Length of pinion primary pitch cone | = 14 axial length primary
piteh cone from small
end

FIGURE 2,42 Beveloid-tooth and gear nomenclature.

Invincible Gear Company in Livonia, Michigan now holds the patent rights on this gear

¢ type and still manufactures Beveloid gears.
—_ Figure 2.42 shows a Beveloid gear and its features. Beveloid gears can be engaged
031 with spur gears, helical gears, cylindrical worms, racks, and other Beveloid gears. They
812 can be used with intersecting, parallel, or skew shafts. They are relatively insensitive
750 to mounting errors.
531
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CHAPTER 3

GEAR ARRANGEMENTS

Paul F. Fox
Product Engineer,
Auburn Gear
Auburn, Indiana

Gears may be arranged in a great variety of ways. In complex pieces of machinery, the
problem of fitting a gear arrangement into the available space is one of the major gear
design problems. Even for relatively simple designs, the task of designing an optimum
arrangement is very important. In these situations, factors such as the cost and manu-
facturability of a design must be optimized.

This chapter discusses various gear arrangements that can be found in industry
today. It should be understood that there are an infinite number of arrangement
possibilities for complex machinery drives. As a result, the arrangements shown in this
chapter represent just a few possibilities for designs rather than a complete listing of
all combinations.

Chapter 3 can be best understood if the reader is already familiar with the theory
of gearing given in Chap. 1 and the kinds of gear teeth given in Chap. 2.

3.1 POSSIBILITIES IN GEAR ARRANGEMENTS

In general terms, a gear drive implies one toothed member that engages another toothed
member and transmits motion and/or torque between the two. The second toothed
member may be externally toothed or internally toothed, or it may be a section of a
rack (a rack is a gear of infinite pitch diameter). A spur or helical pinion can be used
to mesh with any of these three gear types. Many of the other gear types cannot mesh
with the gear member if it is anything other than externally toothed. In some cases it
is the geometry of the gear part that is limiting. In most cases, though, the gear part
might be made in theory, but the available machinery may not have the capability to
make the part.

Some types of gear teeth are interchangeable and some are not. In an inter-
changeable gear system, toothed gear wheels @, b, ¢, and d might be made. These
gears may mesh in sequence with @ meshing with 4, b meshing with ¢, and ¢

3.1




3.2 CHAPTER THREE

meshing with ¢. If these gears were interchangeable, they could be taken apart and
reassembled and run properly with @ meshing with ¢ or # meshing with d. Gener-
ally speaking, involute profile gears have the property of interchangeability, and
other types of gears do not. Spur and helical gears are normally made with invo-
lute teeth and are interchangeable. An exception to this is the single-enveloping
worm gear, where interchangeability does not exist even when the worm member is
made to an involute profile.

In some gear types, it is geometrically impractical to make the pinion member
with as little as one tooth. A spur pinion with only one tooth would not be capable
of continuous, or conjugate, gear action. On the other hand, a worm with one
thread is very practical and is often used. Some gear types can be made with the
pinion member having as few as five teeth. Most gear types can have pinions with
over 16 teeth. A single-enveloping worm, however, is impractical to manufacture at
16 threads, and there is seldom a good reason to use this many threads on a
worm.

Table 3.1 shows in tabular form the meshing possibilities of all the major types of
gear teeth. This table is based on normal practices and should not be considered an
absolute rule. For instance, an internal bevel gear is theoretically possible and has been
used in a few special cases. However, normal bevel gear machines will not make such
a gear.

TABLE 3.1 Gear Meshing Possibilities

Pinion Pinion
Pinion Pinion and Inter- One  Pinion of 16 or
and and  Internal change- Tooth  of 5 More
Type of Gear Teeth Gear  Rack Gear ability  Pinion Teeth  Teeth
Spur Yes Yes Yes Yes No No* Yes
Helical Yes Yes Yes No No* No* Yes
Straight bevel Yes No* No No* No No* Yes
Zerol bevel Yes No No No ° No No* Yes
Spiral bevel Yes No No No No* No* Yes
Hypoid Yes No No No Yes Yes Yes
Face gear Yes No No No No No* Yes
Crossed helical Yes Yes No Yes Yes Yes Yes
Single-enveloping worm Yes No* No* No Yes Yes No*
Double-enveloping worm Yes No No No Yes Yes No*
Beveloid Yes Yes No Yes No No* Yes
Spiroid Yes No No No Yes Yes No*
‘Planoid Yes No No No No* Yes Yes
Helicon Yes No No No Yes Yes Yes

*Items with an asterisk indicate that it is mechanically possible to have this design but that the design is
not normally used in the gear trade.

Trademarks: Zerol, registered trademark of Gleason Works, Rochester, N.Y.; Beveloid, registered trade-
mark of Vinco Corp., Detroit, Mich.; Spiroid, Planoid, Helicon, registered trademarks of Illinois Tool Works,
Chicago, Tl
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3.2 HOW THE ARRANGEMENT MAY
DRASTICALLY AFFECT RATIO, POWER,
EFFICIENCY, AND GEARBOX VOLUME

The arrangement of the gear drive can play a very important part in determining how
easy or hard it is to achieve things like high ratio, high power capacity, high efficiency,
or a very compact unit.

In ordinary spur or helical design practice, it is reasonable to handle ratios from
1:1 to about 8:1 in a single reduction. Ratios of even 10:1 are possible. Suppose a ratio
of 120:1 was needed. This would require a triple-reduction unit of spur or helical
gears. It would also take a triple-reduction bevel gear unit. A triple-reduction unit
has three sets of pinions and gears, or a total of six toothed parts. With a worm gear
set, it is possible to handle this much ratio in just a single reduction (only two
toothed parts).

For each toothed part in a gear set, a shaft and generally two bearings are required.
Where large ratios are needed, the choice of gear arrangement is often determined
by finding the arrangement with the least number of parts that will do the job ade-
quately.

Table 3.2 gives some general information about how different ratios can be achieved
and the number of gear parts required.

The power-transmitting capacity of different gear arrangements is quite variable.
For instance, there has never been a worm gear set that would handle 3750 kW (5000
hp) as a continuous-duty rating. On the other hand, many helical gear sets are in regular
service carrying more than 7500 kW (10,000 hp). Defining precisely the upper limit of
power for a particular gear arrangement is about as difficult as defining the altitude at

TABLE 3.2 How to Obtain Ratios

Minimum Number Raitio Range

of Toothed
Kind of Arrangement Parts 5:1 50:1 100:1
Single reduction:
Spur 2 Yes No No
Helical 2 Yes No No
Bevel 2 Yes No No
Hypoid 2 Yes Yes Yes
Face 2 Yes No No
Worm 2 Yes Yes Yes
Spiroid 2 No Yes Yes
Planoid 2 Yes No No
Simple planetary 3 Yes No No
Fixed differential 5 No Yes Yes
Planocentric 2 No Yes Yes
Harmonic drive 2 No Yes Yes
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which the earth’s atmosphere ceases. The upper limit of a gear’s capacity is determined
by such factors as:

1. How large a gear can be made by available gear manufacturing equipment?

2. What is the upper limit on tooth surface loading and pitch line velocity for the best
material available?

3. Are the job requirements of ratio, input speed, life expectancy, and lubrication
favorable for a maximum power level?

Table 3.3 shows some nominal maximum power capacities for different gear ar-
rangements. These should be used only as a general guide. In all cases there are a few
gear sets in use (or that could be put in use) at considerably higher power ratings.
Conversely, the job requirements of many applications make it completely impractical
to achieve the ratings shown for the specific application. No power limits are shown
for the fixed differential, the planocentric, or the Harmonic Drive. These kinds of units
have been used mostly at low power levels (less than 40 kW), but they can probably
be extended up into fairly high power ranges.

For specific data on load rating for a given gear design, Chap. 11 should be con-
sulted.

TABLE 3.3 General Survey of Power and Efficiency

Nominal Maximum Typical Bilicioncy; %

Kind of Arrangement kW (hp) 5:1 Ratio 50:1 Ratio  100:1 Ratio
Single reduction:
Spur 2,240 (3,000) 98
Helical 22,400 (30,000) 98
Straight bevel 370 (500) 98
Zerol bevel 745 (1,000) 98
Spiral bevel 3,730 (5,000) 98
Hypoid 745 (1,000) 95 80 60
Crossed helical 75 (100) 95 80 60
Cylindrical worm 560 (750) 95 80 60
Double-enveloping worm 745 (1,000) 95 80 60
Spiroid 370 (500) 95 80 60
Planoid 745 (1,000) 95
Helicon 75 (100) 95 80 60
Double reduction:
Spur 2,240 (3,000) 97 96 94
Helical 22,400 (30,000) 97 96 94
Spiral bevel 3,730 (5,000) 97 96
Simple planetary 7,460 (10,000) 97
Fixed differential 80 60
Planocentric 90 85

Harmonic drive 90 85
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The efficiency that can be achieved in a gear set is quite variable. The kind of oil,
the amount of pitch line velocity, and the kind of bearings enter quite directly into the
efficiency. In a spur gear set, the best designs made under favorable conditions will
achieve as much as 99-percent efficiency. Some spur sets under poor conditions may
not achieve even 90-percent efficiency.

Table 3.3 shows the nominal order-of-magnitude efficiencies for different gear ar-
rangements. These represent general trade experience with good designs but are not the
best possible efficiency that can be achieved with an optimum design and a favorable
application.

Table 3.3 also shows that the efficiency drops off rather quickly as the ratio increases.
Generally this is caused by the fact that the sliding velocity increases as the ratio
increases. A worm, for instance, at high ratio has a very large amount of sliding.

The fixed differential gear is capable of high ratio, but it too has a drop off in
efficiency. This is caused by the fact that a large amount of tooth meshing occurs at
high torque (see Sec. 3.6).

Suppose a 100:1 ratio is needed. So far as arrangement goes, the double-reduction
approach using either spur, helical, or bevel gears is the easiest way to achieve high
efficiency. With a favorable application and a good design, an efficiency of 96 percent
can be achieved with helical gears. It is nearly impossible to obtain this kind of efficiency
with any of the single-reduction gears that can reach a 100:1 ratio.

Chapter 12 covers the general subject of gear efficiency and shows curves for many
gear types. This chapter should be consulted for more detailed information on gear
efficiency.

The volume or weight of a gearbox is also considerably affected by the arrangement.
The weight of a gearbox for a given job may vary as much as 50:1! For instance, a
single-reduction helical gear unit made of low-hardness material in industrial practice
might weigh 4500 kg (10,000 Ib). A planetary gear set made of fully hardened gears
for an aircraft application might handle the same power level, for the same design life,
with the same degree of reliability as the industrial gear, and weigh only 90 kg (200
1b). ;
In general terms, a 50:1 spread in gear weight can be broken down as follows:

* Weight ratio for low tooth loads on low-hardness material vs. high loads on high-
hardness material—7:1

¢ Weight ratio for heavy construction using thick walls and solid shafts vs. thin walls
and hollow shafts—3:1

e Weight ratio of best arrangement to save weight vs. normal arrangement—2%5:1

The opportunity to save weight in gear designs depends somewhat on the ratio
required. For instance, a worm gear set is not particularly lightweight at a low ratio
of 5:1. At a high ratio of 50:1, the worm gear becomes rather light because it can still
do the job with just two toothed parts, whereas a spur or helical set would take at least
twice as many parts to do the job.

Table 3.4 shows a general picture of what arrangements might be small for different
gear ratios. In using this table, it should be kept in mind that intensity of tooth loading
is often more important than arrangement in reducing weight. For instance, a case-
hardened gear set used in a nominal arrangement might result in a lighter unit than
a set of low-hardness cut gears used in the most weight-saving arrangement.

In using Table 3.4 it should also be kept in mind that the desired power rating must
be favorable for the design. Some designs cannot handle high torque. These designs are
small in weight only in comparison with other designs when their required torque levels
are well within their capability.
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TABLE 3.4 Gearbox Relative Size and Weight

Ratio Range

Kind of Arrangement = | 20:1 50:1 100:1
Single reduction:
Spur, helical, bevel Small
Worm Small Small Small
Hypoid Small Small Small Small
Spiroid Small Small Small
Planoid Small
Double reduction:
Single power path, helical gears Medium size
Multiple power path, helical gears Small Very small
Epicyclic gears:
Simple planetary Very small
Compound planetary Very small
Double-reduction planetary Very small Very small
Fixed differential Small Very small Very small

Generally speaking, the volume of the gearbox is proportional to the weight—
provided that the type of construction is the same. Aircraft gearboxes with magnesium
casings will have more volume for their weight than industrial boxes with cast-iron
casings.

3.3 PARALLEL AXIS ARRANGEMENTS

Perhaps the most common gear arrangements are those consisting of a pinion and gear
meshing on parallel axes. The teeth for these kinds of arrangements may be either spur,
helical, or herringbone. (Chapter 2 defines the kinds of gear teeth and defines and
explains gear nomenclature.)

Figure 3.1 shows the basic forms of the parallel axis arrangements discussed in this
section.

3.3.1 Simple Gear Train

"A single pinion and gear is an example of a simple gear train. The ratio for such a unit

is figured quite simply:

2

where z, is the number of gear teeth, and z; is the number of pinion teeth.
A simple gear train is one that consists of an input pinion and an output gear with
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Output

Countershaft

{g) (d)

FIGURE 3.1 Parallel axis gear arrangements. (a) Simple gear train; (b) compound gear train; (c)
reverted gear train; (d) internal gear train

any number of idlers in between. With a simple gear train the following relationships
hold true:

1. Regardless of the number of idlers, the speed ratio is always the number of teeth
in the output gear divided by the number of teeth in the input pinion.

2. An idler does not change the ratio of the gear train, but it does change the direction
of rotation of the output gear.

3. The ratio of the output torque to the input torque is equal to the inverse of the speed
ratio. -

Figure 3.2 shows a simple gear train with four idlers. The ratio for this arrange-
ment is calculated simply by dividing the number of teeth in the gear at the lower
left corner of the picture by the number of teeth in the pinion at the upper right
corner.

Figure 3.3 shows a helical pinion meshing with a gear of infinite pitch diameter, also
known as a rack.
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FIGURE 3.2 Simple gear train with three idlers

FIGURE 3.3 Helical pinion and rack

3.3.2 Compound Gear Train

A compound gear train is considered to be a set of simple gear trains mounted in series
with each other. The ratio for this type of gear train is calculated by:

u = uyuyuy (etc)

or
2321 222 223
= — — — (etc.) (3.2)
Z1] Z12 213
where | = ratio of the first reduction
U

ratio of the second reduction

Il
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zy1; = number of pinion teeth, first reduction
zj; = number of pinion teeth, second reduction
zy; = number of gear teeth, first reduction

zy; = number of gear teeth, second reduction

A wide variety of arrangements are possi-
ble with parallel axes using simple and
compound gear trains. In addition to
compound reductions, there may be mul-
tiple power inputs or multiple power out-
puts. There may also be multiple power
paths through the unit. This would be
analogous to parallel circuits in electrical
wiring.

Figure 3.4 shows a compound gear
train using helical gears.

Figure 3.5 shows a three-speed power
shift transmission with multiple com-
pound reductions.

3.3.3 Articulated Gear Unit

In a double-reduction design, the first-
FIGURE 3.4 Compound helical gear train reduction gear may be solidly mounted on

the second-reduction pinion shaft with

only two bearings supporting the assem-

bly. Or the pinion and gear may each be
mounted on a pair of bearings, and the two connected by a flexible quill shaft. The latter
arrangement is called an articulated design. The articulated design is quite popular for
the higher-speed, higher-horsepower gear units. It has advantages in that it provides
flexibility between a first-reduction gear and a second reduction, which reduces dy-
namic tooth loading; and in the fact that both the gear and pinion have their own
separate pair of bearings, making it possible to provide better control on the contact
across the face width at each mesh.

Figure 3.6 shows a schematic arrangement for an articulated MDT unit. Fur-
ther details of an articulated design are shown in Fig. 3.7. Figure 3.8 shows an
MDT unit of articulated design that was used as a main drive on a super aircraft
carrier.

3.3.4 Reverted Gear Train (Countershaft)

A special form of compound gear train is the reverted, or countershaft, arrangement.
These gear trains enable multiple speed ratios to be achieved with a minimum number
of shafts and bearings.

The significant characteristics of a reverted gear train are that the gear pairs have
a common center distance with the input and output shafts being on the same center
line, and both the input and output shafts rotate in the same direction. The ratio
calculation for these arrangements is the same as for compound gear trains [Eq.

(3.2)].
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FIGURE 3.5 Three-speed power shift transmission with multiple compound reductions
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High-speed gear —low pressure
2 alike

Low-speed pinion
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FIGURE 3.6 Schematic arrangement of articulated MDT unit
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FIGURE 3.7 Detail of articulated design of high-speed and low-speed pinion. Note intermediate shaft
passing through hollow pinion and gear, and the fact that both pinion and gear have their own separate
bearings
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L
FIGURE 3.8 Side view of MDT unit of type used on super aircraft carrier Saratoga. Note
articulated design. Rating in excess of 50,000 hp. (Courtesy of U.S. Navy and General Electric Co.)

Figure 3.9 shows a six-speed transmission of the type used in trucks. Note the two
countershafts in this design.

3.3.5 Internal Gear Train

The internal gear train is a special type of simple gear train. In an internal arrangement,
the speed ratio is calculated in a manner similar to that for a simple gear train [Eq.
(3.1)], with the exception that the rotation of the output member is in the same direction
as the input.

With an internal gear train, a larger ratio reduction is possible when compared with
an external mesh design.

However, because manufacturing difficulties are greater in producing internal gears
than for external gears of similar size, internal mesh arrangements are seldom used for
simple ratio reductions.

3.3.6 Parallel Axis Gears Combined with Right-Angle Gears

In many cases taking a basic parallel-axis gear unit and adding a first or last reduction
of right-angle gearing works well. Doing so permits the drive to turn a right-angle
corner, and it may make the drive more compact and result in the use of fewer bearings
and other parts.

Figure 3.10 shows a multiple-reduction unit with a combination of spur and helical
gear reductions and a bevel reduction.
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FIGURE 3.9 Six-speed truck transmission

FIGURE 3.10 Double-reduction differential drive and transmission gearing

3.3.7 Design Problems with Parallel Axis Gears

There are several problems in parallel axis gear design that should be addressed if a

design is to be successful. In picking an arrangement, designers should be alert to the

design problems and satisfy themselves that they can design the arrangement selected

S0 as to obtain a practical design to manufacture and a reliable design in the field.
Some of the problems that may show up are how to:

1. Obtain uniform tooth loading across the face width
2. Compensate for excessive windup of long, skinny pinions or long shafts
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3. Obtain equal torque through each power path in a multiple-power-path design

4. Choose numbers of teeth, gear locations, and gear-shaft connections so that multi-
ple-power-path gearing will assemble

5. Position idlers so that the resultant bearing loads on the shafts are minimized
6. Select helix angles and hands-on helical gearing to minimize axial thrusts

The length-to-diameter ratios of helical and spur gears can be fairly large. In most
other gear types, the pinion does not have a face width more than about one-third the
pinion pitch diameter. In spur gearing the L/D ratio may be as great as 1, while in
double helical gearing it may approach 2. Needless to say, high accuracy is needed in
boring the casings and machining the teeth when a relatively large face width is used.
Low-hardness gearing of about 200 BHN exhibits some tendency to wear in and
improve contact. As much as 0.001 in. may be worn off the high ends of the teeth to
equalize the contact without too serious a result. Medium- to high-hardness gears have
but slight tendency to wear in. If the contact across the face width is not good at full
load, the teeth may break before any equalizing wear occurs. (See Chap. 11 for data
on how to handle misalignment when load-rating gears.)

Large pinions with an L/D ratio of 1 or more will, under load, twist elastically
a significant amount. It may be necessary to provide helix modifications to compen-
sate for this on large gears where the material is fairly hard and the horsepower is
high.

In multiple-power-path units, each power path must be able to have the teeth engage
simultaneously when a slight torque is applied. In addition, errors in tooth spacing and
runout must be slight enough in the gears so that the flexibility of the connecting shafts
can keep a uniform load on each path. If the connections are too stiff or the teeth not
precise enough, the load will shift rapidly from one power path to another as the gear
rotates.

3.4 PARALLEL AXIS EPICYCLIC GEARING

A large family of gear arrangements goes under the name of “epicyclic,” or “plane-
tary,” gearing. Generally speaking, the epicyclic train has a central “sun” gear, several
“planets” meshing with the sun and spaced uniformly around the sun, and an “annu-
lus,” or ring gear, meshing with the planets. The sun and planets are externally toothed
while the ring is internally toothed. The name epicyclic comes from the fact that points
on the planets trace epicycloidal curves in space.

The name planetary gear is often used interchangeably with epicyclic to denote the
whole family of gears. In a stricter sense, the planetary is but one type of epicyclic gear
arrangement.

There are a large number of possible epicyclic arrangements. These may be divided
into three general groups:

1. Simple epicyclic trains
2. Compound epicyclic trains
3. Coupled epicyclic trains

Figure 3.11 shows schematic arrangements of the two most common types of
epicyclic gear trains, the simple epicyclic train, and the compound epicyclic train.
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3.4.1 Simple Epicyclic Trains

The simple epicyclic train consists only of
the elements of sun, planet, and ring gear.
The arrangement is often called a “sim-
ple” epicyclic gear or “simple” planetary
gear to distinguish it from the more com-
plicated arrangements.

Figure 3.12 shows a simple epicyclic
gear arrangement. The figure shows only
three planets. The number of planets var-
ies considerably in actual practice. With
some ratios it has been possible to squeeze
in as many as twenty planets. Sometimes
as few as one is used for light load applica-
tions.

Figure 3.13 shows schematic arrange-
ments of the three types of simple epicy-
clic gears. These are the planetary, the
star, and the solar arrangements.

Table 3.5 shows the overall ratio for
each of the three simple epicyclic trains. If
one of these units were driven backward, the ratio would be the reciprocal of the ratio
calculated from the table. A range of ratios is shown for each kind of epicyclic gear.
Note that only the solar will result in small ratio reductions. The ratio range of 1.7:1
to 2:1 is a range that is difficult to handle with simple epicyclic gearing. The star will
work in this range, but the design is impractical in most cases.

Epicyclic gears will not assemble unless the tooth numbers are properly chosen. In

FIGURE 3.12 Simple epicyclic gear arrange-
ment

PLANET WHEELS ROTATING

NNULUS
FIXED!H - ABOUT OWN SPINDLES

ROTATING PLANET CARRIER

(a)

FIGURE 3.13 Simple epicyclic gears. () Planetary gear. (b) Star gear. (c) Solar gear
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PLANET WHEELS ROTATING
ABOUT OWN SPINDLES

ROTATING
ANNULUS

ROTATING SUN WHEEL

FIXED PLANET CARRIER

PLANET WHEELS ROTATING
ABOUT OWN SPINDLES
e

ROTATING

CAR
RSk RIER FIXED SUN WHEEL

ROTATING ANNULUS

(c)

FIGURE 3.13 (Continued)

order to insure equal spacing of the planets around the sun, the following relationship
must be met:

Z3 + 2
number of planets

=T (3.3)
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TABLE 3.5 Simple Epicyclic Gear Data

Fixed Input Output Overall Range of Ratios
Kind of Arrangement Member Member Member Ratio Normally Used
z
Planetary Ring Sun Cage —3-5- 1 3:11-121
2
. Z3
Star Cage Sun Ring — 2:1-1121
Z2
. Z
Solar Sun Ring Cage —+1 1.2:1-1.7:1
23
z1 = number of planet teeth

z; = number of sun teeth
z3 = number of ring teeth

where z; is the number of sun teeth and z; is the number of ring teeth, then / must
equal an integer.

As an example, suppose you had a simple planetary arrangement with the following
numbers of teeth: z, = 21,z = 15, and z; = 51. Using Eq. (3.2), it can be determined
that 3, 4, 6, or 8 planets are just a few of the possible numbers that can be equally spaced
in this design. As a second example, let us look at a slightly different arrangement:
z; = 21,z = 16, and z; = 53. With this arrangement, it is possible to have only two
equally spaced planets around the sun, which in most power transmission drives would
be extremely impractical.

In cases where a specific planetary ratio is desired, but equal spacing of a given
number of planets is impossible, the following equation can be used:

360

— = 34
P (3.4)

where x equals the angular spacing increment.

Using the example of the 21-tooth sun and 53-tooth ring, the angular spacing
increment would be 4.8649°. As a result, the angular spacing between planets divided
by 4.8649° must be an integer. Therefore, a four-planet design could be assembled with
planets spaced 87.5676, 92.4324, 87.5676, and 92.4324° apart.

3.4.2 Compound Epicyclic Trains

The compound epicyclic train has two planet members attached together on a common

" shaft. Figure 3.11 shows a schematic arrangement of a compound planetary gear.

Table 3.6 shows the basic data for compound epicyclic gears. Note that the com-
pound planetary and the compound star will handle much higher ratios than the simple
epicyclic types.

Like the simple epicyclic gear arrangement, certain criteria must be met in order
for the arrangement to assemble:

dpy = dpy + dpyy + dp), (3.5)
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Transmissions:
automatic, 3.10, 3.24, 3.32
gear shift, 3.10, 3.13, 3.31
reverse gear units, 3.26
Transmission error, 1.40-1.42, 14.11-14.19
accuracy effects:
eccentricity, 14.18
other, 14.19
tooth profile, 14.18
bevel and hypoid, 14.17, 14.18
effect of face contact ratio, 14.24
effect of misalignment, 14.25
effect of profile modification, 14.13-14.15
effect of tip relief, 14.25
factors contributing to, 14.11
high contact ratio gears, 14.15, 14.16
loaded, 14.11, 14.13
measurement, 14.12
spur gears, 14.11
Transverse shaving, 22.26, 22.27
Triangle gears, 2.27
Trigonometric functions, 24.23

Undercut:
design table, 4.33
general discussion, 4.16, 4.17
in spiral bevel gears, 4.57
in straight bevel gears, 4.56
Undercutting, 5.13-5.15
Underpass shaving, 22.26, 22.27
Unitool method, 20.33
V and H check, 23.32-23.36
Velocity limits, 13.11, 13.16
Velocity plots, 13.9
Velocity polygon:
crossed helical, 1.20,
hypoid, 1.25
worm, 1.22
Velocity transducers, 13.6
Versacut process, 20.34
Vibration of gears, 12.38, 13.1-13.20
approximate vibration limits, 13.10-13.15
acceleration limits, 13.12, 13.17
displacements limits, 13.13, 13.15
general vibration tendencies, 13.13,
13.14
velocity limits, 13.11, 13.16
vibration trade standard, 13.14
control of vibration, 13.15
field tests, 13.18
testing gear units, 13.16
tests of power packages, 13.18

Vibration of gears (Cont.):
example, 13.7-13.10
oscilloscope patterns, 13.10
spectrum analysis, 13.8
sun gear vibration, 13.10
velocity plot, 13.9
fundamentals, 13.1-13.3
measurements, 13.3-13.7
displacement probes, 13.5
measurement problems, 13.6
proximity probes, 13.5, 13.13
sensing devices, 13.4-13.6
velocity transducer, 13.6
vibration analysis techniques, 13.19
table of analysis methods, 13.20

Waterfall plots, 14.26, 14.27
Wear, 11.54, 12.41-12.44, 15.13, 23.42-
23.44
from inadequate lubrication, 15.15
Weight of gears, relative, 3.5
Windage, 15.3
Windage losses, 12.24-12.28
Winter and Michaelis, 15.24
Wire size:
selection, 24.2
table, 24.2
Workholding devices, 20.13
‘Worm gears:
blank proportions, 10.49
calculation of bearing loads, 10.46-10.49
calculation procedure, 4.60-4.63
cutter diameter, 4.63
cutting, double-enveloping, 21.15
cylindrical, design, 4.60-4.63
description, 2.19-2.22
drafting practice, 9.18, 9.21
efficiency, 12.11-12.13
estimating power capacity, 11.58
formulas, 2.44, 2.46
hobbing, 21.4-21.13
chip load, 21.4, 21.5
fly cutting, 20.13
general information, 21.4-21.6
infeed method, 21,10-21.12
production time, 21.15, 21.18, 21.20
speed and feed, 21.5, 21.14
tangential method, 21.12, 21.13
inspection, contact check, 23.38
of double-enveloping gears, 23.40-
23.42
worm checking, 23.40
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Worm gears (Cont.):
lead angle, 4.62
nomenclature, 2.43, 2.45
normal pitches, 4.62
operating pitch cylinder, 1.21
powder metal compacts, 21.23-21.30
rating, 11.57, 11.58
time required, 21.29
tolerances, 7.24, 7.25
tooth forms, 4.59

Worms:

carburizing, 21.23

cutter for, 21.12, 21.13

cutting throated worm, 21.16-21.18
definition, 2.40, 2.43

grinding threads, 21.18-21.20
hobbing threads, 21.3-21.6

INDEX

Worms (Cont.):
inspection of, 23.38-23.42
milling threads, 21.2, 21.3
optional finishing, 21.23
rolled threads, 17.16, 17.17
rolling, 21.21, 21.22
sample drawing, 9.20, 9.21
tolerances, 7.14

Yielding, 11.51, 11.52

Zerol bevel gears:
description, 2.11, 2.13
formulas, 2.42
nomenclature, 2.40
Zinc-base die castings, 8.33, 8.34
Zinc die castings, 8.33, 8.34






