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Basic Gear Design — M05-016

Description:  Gears are wheel-like machine elements that have teeth
uniformly spaced around the outer surface. Gears can be a fraction of an
inch in diameter to a hundred feet in diameter. Gears are used in pairs and
are a very valuable design tool. They are used in everything from clocks to
rockets and have been around for 3000 years.

Gears are mounted on rotatable shafts and the teeth are made to mesh with a
gear on another shaft. Gears deliver force (torque) and motion (rpm) from
one part of a machine to another. A gearset with one gear twice size of the
other will rotate at one-half the speed of the other and deliver twice the
torque. Being able to control speed and torque by varying the number of
teeth of one gear with respect to another makes gears a valuable design tool.
An automobile transmission is an excellent example of how this principle is
put to use to control vehicle motion.

Types: There are a number of different types of gears. Spur gears are the
most common and the easiest to manufacture. A spur gear has teeth that are
uniformly spaced around the outer surface. The teeth are aligned in a
direction that is parallel to the gear axis of rotation. A spur gear is designed
to mesh with another spur gear on a parallel shaft.

The profile of the contact surface of spur gear teeth is in the form of an
involute curve. An involute curve is the path that the end of a string takes
when it is being unwound from a cylinder. The shape is easiest to
manufacture and is an efficient way to transmit power between two
contacting surfaces because of the tendency to maximize rolling and
minimize sliding. The efficiency of spur gears is in the high 90% range and
approaches that of anti-friction bearings.

A spur gear is designed to mesh with another spur gear on a parallel shaft.
Spur gears impose only radial (perpendicular) loads on shaft support
bearings as opposed to other types of gears which impose radial and thrust
(axial) loads on bearings. Axial loads on shafts require bearings that can
support thrust as well as radial loads.

Helical gears are like spur gears except that the teeth run at an angle to the
gear axis of rotation. This angle, called the helix angle, normally runs from
10° to 35°. Helical gears are stronger and run more quietly than comparable
size spur gears. Helical gears are less efficient than spur gears and impose
thrust as well as radial loads on shafts, making bearing selection more
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critical. Double helical or “herringbone” gears can deliver high torque
without imposing thrust loads on shafts.

Bevel gears are like spur gears except that the basic configuration is conical
shaped. This results in teeth being smaller at one end than at the other.
Bevel gears are used to transmit motion between two shafts that are not
parallel. Two shafts that are at a 90 degree angle are commonly connected
by bevel gears. Bevel gears, like spur gears, operate at efficiencies in the
high 90 percent range. Bevel gears are used in vehicles, aircraft, and
machine tools. Spiral bevel gears have teeth that are cut at an angle similar
to what a helical gear is to a spur gear. Spiral bevel gears operate at lower
efficiencies than bevel gears. Spiral bevel gears whose axes do not intersect
are called hypoid gears. See Figure 1.
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Terms: the following are terms associated with gears:

Pinion is the smaller of two gears in mesh. The larger is called the
gear regardless of which one is doing the driving.

Ratio is the number of teeth on the gear divided by the number of
teeth on the pinion.

Pitch diameter is a basic diameter of the gear and pinion which when
divided by each other equals the ratio.

Diametral pitch is a measure of tooth size and equals the number of
teeth on a gear divided by the pitch diameter. Diametral pitches can range
from % to 200.

Module is a measure of tooth size in the metric system. It equals the
pitch diameter in millimeters divided by the number of teeth on a gear.
Modules can range from 0.2 to 50.

Pitch circle is the circumference of the pitch diameter.

Circular pitch is the distance along the pitch circle from a point on one
gear tooth to a like point on an adjacent tooth.

Addendum of a tooth is its radial height above the pitch circle. The
addendum of a standard proportion tooth equals 1.000 divided by the
diametral pitch. The addendum for a pinion and mating gear are equal
except in the long addendum design where the pinion addendum is increased
while the gear addendum is decreased by the same amount.

Dedendum of a tooth is its radial height below the pitch circle. The
dedendum of a standard proportion tooth equals 1.250 divided by the
diametral pitch. The dedendum for a pinion and mating gear are equal
except in the long addendum design where the pinion dedendum may be
decreased while the gear dedendum is increased by the same amount.

Whole depth or total height of a gear tooth equals the addendum plus
the dedendum. The whole depth equals 2.250 divided by the diametral
pitch.
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Working depth of a tooth equals the whole depth minus the radius at
the base of the tooth. The working depth equals 2.000 divided by the
diametral pitch.

Clearance equals the whole depth minus the working depth. The
clearance is equal to the height of the radius at the base of the tooth.

Pressure angle is the slope of the gear tooth at the pitch circle. See
Figure 2.
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Figure 2
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Material: Gears are made out of steel, iron, bronze, and plastic. Steel is the
most widely used gear material. Iron is good because of its castability and
wear characteristics. Bronze is good for gears where friction is a concern.
Plastic gears have good moldability properties but have limited load carrying
capacity.

Many different kinds of steel can be used for gears. They range from low
carbon, low alloy to high carbon, high alloy grades. The type used depends
on load, size and cost considerations. Low carbon, low alloy steels are used
when low cost is of prime importance. High carbon, high alloy grades are
used when small size and high load are the major design objectives.

Steel gears can be heat treated to improve performance by increasing
strength and wear properties. Some alloys are thru-hardened to the Rockwell
C42 level. Others are carburized and hardened to the Rockwell C60 level on
an outer shell leaving the inner core softer. This hardening technique called
case-hardening imparts good strength and wear properties to the outer layer
while the softer inner core gives good shock absorbing characteristics.

Gear steels come in grades 1, 2, and 3. Higher grade numbers represent
higher quality steels which are used for higher performing gears. The items
controlled are material composition, residual stress and microstructure.

Manufacture: gear cutting processes can be classified as either generating or
forming. The generating method involves moving the tool over the work
piece in such a way as to create the desired shape. In the forming process,
the shape of the tool is imparted on the work piece.

A generating method of cutting gear teeth that is commonly used is called
hobbing. A hob is a thread-like tool with a series of slots machined across it
to provide cutting surfaces. The tool is fed across the gear blank developing
several teeth at the same time. Forming methods of gear cutting include
shaping and milling. Shaping uses a gear like tool that is reciprocated up
and down to impart its tooth form to the gear blank. Milling uses a shaped
tool to remove the material between gear teeth.

After cutting, some gears are heat treated to increase strength and
wearability. This process causes a small amount of distortion. In order to
restore good tooth accuracy and surface finish, heat treating is followed by a
finishing operation. For gears that are heat treated to a hardness below
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Rockwell C42, a finishing operation called shaving is performed. Shaving is
similar to shaping except that the tool teeth are grooved to provide additional
cutting edges to remove a small amount of material. For gears that are heat
treated to a hardness of Rockwell C42 or higher, grinding is used as the
finishing operation. Grinding can either be a generating or forming method
of finishing gears. The generating method passes an abrasive wheel over the
gear teeth in a prescribed manner to true up the teeth and produce a fine
surface finish. The forming method feeds a shaped wheel between the gear
teeth similar to milling.

Gears can be manufactured over a very wide size range. They can be from a
fraction of an inch in diameter to many feet in diameter. Gear tooth height
can range from .001 inch (200 diametral pitch) to 4.31 inches (¥ diametral
pitch). Metric tooth height ranges from .431 millimeters (0.2 module) to
107.85 millimeters (50 module).

Gear teeth are normally manufactured with pressure angles ranging from
14.5° to 25°. As the pressure angle is made larger, the teeth become wider at
the base and narrower at the tip. This makes the teeth stronger and able to
carry more load but more apt to chipping at the tip if not designed properly.
Pinions can be made with fewer teeth with higher pressure angles because of
there being less danger of undercutting. Undercutting is a narrowing of the
bottom of the teeth when being manufactured. Lower pressure angle teeth
have a narrower base and carry less load than higher pressure angle teeth but
the teeth are wider at the tip and less apt to chipping. Finally, lower pressure
angle teeth run more smoothly and quieter than higher pressure angle teeth
because of having higher contact ratios. Contact ratio is a measure of the
number of teeth in engagement at the same time during gear operation.
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Spur Gear Design: As an exercise in gear design, a step-by-step procedure
will be demonstrated on how to design a spur gearset (pinion and gear) for a
general industrial gearbox. The gearset shall transmit 100 horsepower at a
pinion speed of 1000 revolutions per minute. It shall have a ratio of 8 to 1
and use standard proportion 25 degree pressure angle teeth.

Initially, a determination must be made as to the number of teeth in the
pinion. The goal is to keep the number of teeth as low as possible to
minimize weight and cost while still fulfilling all the design objectives.
From the American Gear Manufacturers Association Information Sheet
AGMA 908-B89 (AGMA 1), the fewest number of standard proportion 25
degree pressure angle teeth that a pinion can have is 14. Fewer than 14 will
cause undercutting. Undercutting, as previously mentioned, is a narrowing
or weakening at the base of the gear teeth. It is a characteristic of gear
manufacturing caused by trying to machine a gear with too few teeth.

Through-hardened Rockwell C42 steel and case-hardened Rockwell C60
steels will be investigated for the gearset. As a general rule of thumb for
steels in this hardness range, the number of teeth in the pinion should be
from 30 for low ratio (1/1) gearsets to 14 for high ratio (10/1) gearsets. As a
result, a pinion with 17 teeth will be selected for the 8 to 1 ratio in the
example.

An 8 to 1 gearset ratio requires the gear to have 8x17=136 teeth. A tooth
ratio of 136 to 17 is not a “hunting ratio”. Hunting ratios occur when each
pinion tooth contacts every gear tooth before it contacts any gear tooth a
second time. Hunting ratios tend to equalize tooth wear and improve tooth
spacing. The test for a hunting ratio is that the number of teeth in the pinion
and the number of teeth in the gear, cannot be divided by the same number
excluding 1. Both tooth numbers in a 136 to 17 ratio can be divided by 17.
In order to make the ratio a hunting ratio, a tooth will be dropped from the
gear and a hunting ratio of 135 to 17 will be used. The new ratio of 7.9 to 1
Is close enough to 8 to 1 for this application.

Spur Gear Rating: There are a number of methods that are used to rate spur
gears. The American Gear manufacturers Association offers two ways to do
it. Both are contained in AGMA Standard ANSI/AGMA 2001-D04 (AGMA
2) and AGMA Information Sheet AGMA 908-B89 (AGMA 1). One way
calculates the allowable transmitted horsepower on the pitting resistance of
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gear teeth contact surfaces while the other calculates transmitted horsepower
on gear teeth bending strength.

The two power rating formulas will be used to evaluate the gearset with two
different materials and four different diametral pitches (tooth sizes) in order
to optimize the design. The first material will be steel, thru-hardened to
Rockwell C42, while the second will be steel, case-hardened to Rockwell
C60. All metallurgical properties of the pinion and gear will be assumed to
be grade 1 specification. Pinion and gear as finished surface topography are
assumed to be commensurate with good gear manufacturing practice. The
diametral pitches to be investigated shall be 7.00, 6.77, 6.35, and 6.00. The
7.00 and 6.00 diametral pitches are standard English sizes while the 6.77 (4
module) and the 6.35 (3.75 module) are standard metric sizes. The two
materials and the diametral pitches were selected based on preliminary
analysis using the AGMA formulas (AGMA 1,2).

The pitting resistance power rating formula transposed down to one line is as
follows:

Pac= (2N,F/396,000) (I/K oKy KsKmC) [(dSa/CoSh) (ZNCilKrKR)] 2

P4 Is the pitting resistance allowable transmitted horsepower for 10 million
cycles of operation at 99 percent reliability.

~ 1S a constant and equals 3.142.
N, is the pinion speed which equals 1000 rpm.

F is the face width of the gears. As a general rule of thumb for industrial
gears, F=1.0xd where d is the pinion pitch diameter. F and d are calculated
below.

| is the tooth geometry factor for pitting resistance which from AGMA 908-
B89 (AGMA 1) equals .132 for 25° pressure angle standard proportion teeth
and a ratio of 135/7.

Ko, Ky, Ks, Km, and Cs are rating factors for overload, dynamics, size, load
distribution, and surface condition, respectively. For the sake of brevity,
they will be assumed to be 1. In actual practice they all must be evaluated
per ANSI/AGMA 2001-D04 (AGMA 2).
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d is the pinion pitch diameter and for the four diametral pitches being
investigated, equals 17/7=2.429”, 17/6.77=2.511", 17/6.35=2.677”, and
17/6.00=2.833". Since the face width F equals 1.0xd, the face widths and
pitch diameters are the same value.

Sac IS the allowable contact stress and from ANSI/AGMA 2001-D04 (AGMA
2) equals 158,000 psi for grade 1, RC42 through-hardened steel, and
180,000 psi for grade 1, RC60 case-hardened steel.

C, is the elastic coefficient and from ANSI/AGMA 2001-D04 (AGMA 2)
equals 2300 psi for a steel pinion and gear.

Sh, Zn, Ch, Ky, and Kg are rating factors for safety, stress cycle, hardness
ratio, temperature, and reliability, respectively. For the sake of brevity, they
will be assumed to be 1. In actual practice, they all must be evaluated per
ANSI/AGMA 2001-D04. (AGMA 2)

The allowable pitting resistance transmitted horsepowers for the two steels
and four diametral pitches are as follows:

1) Thru-hardened RC42 steel and 7.00 diametral pitch:
(3.142x1000x2.429x.132/396,000)(2.429x158,000/2300)*= 70.9hp

2) Case-hardened RC60 steel and 7.00 diametral pitch:
(3.142x1000x2.429x.132/396,000)(2.429x180,000/2300)°= 92.0hp

3) Thru-hardened RC42 steel and 6.77 diametral pitch:
(3.142x1000x2.511x.132/396,000)(2.511x158,000/2300)°= 78.1hp

4) Case-hardened RC60 steel and 6.77 diametral pitch:
(3.142x1000x2.511x.132/396,000)(2.511x180,000/2300)°= 101.4hp

5) Thru-hardened RC42 steel and 6.35 diametral pitch:
(3.142x1000x2.677x.132/396,000)(2.677x158,000/2300)°= 95.1hp

6) Case-hardened RC60 steel and 6.35 diametral pitch:
(3.142x1000x2.677x.132/396,000)(2.677x180,000/2300)°= 123.4hp

7) Thru-hardened RC42 steel and 6.00 diametral pitch:
(3.142x1000x2.833x.132/396,000)(2.833x158,000/2300)°= 112.0hp
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8) Case-hardened RC60 steel and 6.00 diametral pitch:
(3.142x1000x2.833x.132/396,000)(2.833x180,000/2300)°= 145.3hp

The bending strength power rating formula transposed down to one line is as
follows:

Pa= (7 Nyd/396,000K,K,) (F/Pa) (I/K oK mKe) (SacY n/SeKTKR)

P, is the bending strength allowable transmitted horsepower for 10 million
cycles of operation at 99% reliability.

# 1S a constant and equals 3.142.
N, is the pinion speed which equals 1000 rpm.

d is the pinion pitch diameter and, as previously calculated, equals 2.429”,
2.511”, 2.677”, and 2.833” for diametral pitches 7.00, 6.77, 6.35, and 6.00,
respectively.

K, and K, are rating factors for overload and dynamics, respectively. For the
sake of brevity, they will be assumed to be 1. In actual practice, they all
must be evaluated per ANSI/AGMA 2001-D04. (AGMA 2)

F is the face width of the gears and equals 2.429”, 2.511”, 2.677”, and
2.833” for the four cases being investigated.

P4 is the diametral pitch and equals 7.00, 6.77, 6.35, and 6.00 for the four
cases being investigated.

J is the tooth geometry factor for bending strength which from AGMA 908-
B89 (AGMA 1) equals .30 for the pinion and .38 for the gear. The .30
pinion factor will be used since it will yield the more conservative result.

Ks, Kmn, and Kg are rating factors for size, load distribution, and rim
thickness, respectively. For the sake of brevity, they will be assumed to be
1. In actual practice, they all must be evaluated per ANSI/AGMA 2001-
D04. (AGMA 2).
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Sa IS the allowable bending stress and from ANSI/AGMA 2001-D04
(AGMA 2) is 43,700 psi for grade 1, RC42 through-hardened steel, and
55,000 psi for grade 1, RC60 case-hardened steel.

Yn, Sk, Ky, and Kg are rating factors for stress cycles, safety factor,
temperature and reliability, respectively. For the sake of brevity, they will
be assumed to be 1. In actual practice, they all must be evaluated per
ANSI/AGMA 2001-D04. (AGMA 2).

The allowable bending strength transmitted horsepower for the two steels
and four diametral pitches are as follows:

1) Thru-hardened RC42 steel and 7.00 diametral pitch:
(3.142x1000x2.429x2.429x.30x43,700) / (396,000x7.00) = 87.7hp

2) Case-hardened RC60 steel and 7.00 diametral pitch:
(3.142x1000x2.429x2.429x.30x55,000) / (396,000x7.00) = 110.4hp

3) Thru-hardened RC42 steel and 6.77 diametral pitch:
(3.142x1000x2.511x2.511x.30%x43,700) / (396,000%6.77) = 96.7hp

4) Case-hardened RC60 steel and 6.77 diametral pitch:
(3.142x1000x2.511x2.511x.30x55,000) / (396,000x6.77) = 121.8hp

5) Thru-hardened RC42 steel and 6.35 diametral pitch:
(3.142x1000x2.677x2.677x.30x43,700) / (396,000x6.35) = 117.6hp

6) Case-hardened RC60 steel and 6.35 diametral pitch:
(3.142x1000x2.677x2.677x.30x55,000) / (396,000x6.35) = 148.0hp

7) Thru-hardened RC42 steel and 6.00 diametral pitch:
(3.142x1000x2.833x2.833x.30%x43,700) / (396,000x6.00) = 138.8hp

8) Case-hardened RC60 steel and 6.00 diametral pitch:
(3.142x1000x2.833x2.833%.30x55,000) / (396,000x6.00) = 174.6hp
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It can be seen from the results of the pitting and bending calculations, that,
when comparing like designs, the pitting transmitted horsepowers are
somewhat lower than the bending transmitted horsepowers. Since this shows
that the gearset is more likely to fail from pitting, the more conservative
pitting numbers will be used to evaluate the various design options.

Figure 3 is a graph of pitting transmitted horsepower versus diametral pitch
for both thru-hardened and case-hardened steel. It can be seen that, for the
thru-hardened steel, only the 6.00 diametral pitch gearset meets the 100
horsepower design objective while, for the case-hardened steel, the 6.00,
6.35, and 6.77 diametral pitch gears all meet the 100 hp design objective.
Size and weight are not as important as low cost for this general industry
application; therefore, the thru-hardened 6.00 diametral pitch option would
be selected because normally the case-hardened designs are more expensive.
In order to be sure that the thru-hardened gearset meets all the design
objectives, the pitting formula would now have to be run with all the
modifying factors included.
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Figure 3

Pitting Resistance Transmitted Horsepower

150 -

130 -

110

50—+

ting Resistance Transmitted Horsepowar

Pit

Versus
Diametral Pitch

Grade 1 Stasl

T
6. 77 E£.35 6.00
Diametral Pitch

© Robert P. Tata, 2023

16




Basic Gear Design — M05-016

Material Upgrade: In the preceding problem, only grade 1 materials were
considered; however, performance of the gearset can be enhanced by using
higher grade steels. Thru-hardened steel can be provided in grades 1 and 2,
while case-hardened steel can be supplied in grades 1, 2, and 3. The higher
grade numbers represent improved steel composition, cleanliness, and
microstructure along with stricter heat treat process controls.

In order to compare the performance of the higher grade steels to the grade 1
type that was previously used, the pitting power rating formula will be
repeated for the higher grade materials. The only factor that changes in the
formula is the s,. allowable contact stress factor. For through-hardened steel,
Sac 1S 158,000 psi for grade 1 steel and 174,000 psi for grade 2 steel. For
case-hardened steel, the value of s, is 180,000 psi for grade 1 steel, 225,000
psi for grade 2 steel, and 275,000 psi for grade 3 steel. The calculations for
the higher grade steels follow:

1) Thru-hardened grade 2 and 7.00 diametral pitch:
(3.142x1000x2.429x.132/396,000)(2.429x174,000/2300)°= 86.0hp

2) Case-hardened grade 2 and 7.00 diametral pitch:
(3.142x1000x2.429x.132/396,000)(2.429x225,000/2300)°= 143.7hp

3) Case-hardened grade 3 and 7.00 diametral pitch:
(3.142x1000x2.429x.132/396,000)(2.429x275,000/2300)°= 214.7hp

4) Thru-hardened grade 2 steel and 6.77 diametral pitch:
(3.142x1000x2.511x.132/396,000)(2.511x174,000/2300)°= 94.7hp

5) Case-hardened grade 2 and 6.77 diametral pitch:
(3.142x1000x2.511x.132/396,000)(2.511x225,000/2300)°= 158.4hp

6) Case-hardened grade 3 and 6.77 diametral pitch:
(3.142x1000x2.511x.132/396,000)(2.511x275,000/2300)°= 236.7hp

7) Thru-hardened grade 2 and 6.35 diametral pitch:
(3.142x1000x2.677x.132/396,000)(2.677x174,000/2300)°= 115.3hp

8) Case-hardened grade 2 and 6.35 diametral pitch:
(3.142x1000x2.677x.132/396,000)(2.677x225,000/2300)°= 192.8hp
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9) Case-hardened grade 3 and 6.35 diametral pitch:
(3.142x1000x2.677x.132/396,000)(2.677x275,000/2300)°= 288.0hp

10) Thru-hardened grade 2 and 6.00 diametral pitch:
(3.142x1000x2.833x.132/396,000)(2.833x174,000/2300)°= 135.8hp

11) Case-hardened grade 2 and 6.00 diametral pitch:
(3.142x1000x2.833x.132/396,000)(2.833x225,000/2300)°= 227.0hp

12) Case-hardened grade 3 and 6.00 diametral pitch:
(3.142x1000x2.833x.132/396,000)(2.833x275,000/2300)°= 339.1hp

The results of the new calculations with the higher grade steels along with
the previous results with grade 1 steel are shown on Figure 4. It can be seen
that the higher grade level steels provide substantially higher horsepower
ratings than grade 1 steel. Grade 2 thru-hardened steel rated 10% higher
than grade 1 thru-hardened steel. Grade 2 case-hardened steel rated 25%
higher than grade 1 case-hardened steel. Grade 3 case-hardened steel rated
53% higher than grade 1 case-hardened steel. This exercise demonstrates
the important role that steel quality plays in the performance of gears.
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Figure 4
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Long Addendum Design: Normally, in a gearset, the pinion is weaker than
the gear. In order to equalize the strength of the two, a tooth modification
called “long addendum” is used. In the long addendum design, the pinion
addendum is increased while the gear addendum is decreased by the same
amount. This not only increases the pinion teeth bending strength, but it also
reduces the stresses that cause pitting failure.

In the previous sample problems, standard length pinion and gear addenda
were used. The pinion addendum will now be increased to 125% and the
results compared. The same AGMA (1,2) formulas will be used. As before,
the only things that change are the tooth geometry factors. When applying
tooth geometry factor ratios to the already calculated horsepower ratings, the
pitting resistance horsepower rating is increased by 14% while the pinion
tooth bending strength horsepower rating is increased by 13%. For the
helical gear version of the same gearset, the above percentages are similar.
Since the long addendum tooth modification is somewhat easy to
accommodate in manufacturing, it is a valuable engineering design tool to
use.

Spur Gear Mounting: After a gearset has been designed, the bearings must
be selected and the shafts and rims stress analyzed. The bearings selected
must have the capacity to support the loads without failure over the entire
design life of the gears. The shafts must be strong enough to support the
gears without failure or without excessive deflection which, in itself, can
cause gear and bearing failure. The gear rims must have sufficient radial
thickness to prevent fatigue cracks from propagating through the rim rather
than through the teeth.

As a design exercise, the bearings will be selected and the shafts and rims
stress analyzed for the pinion gear in the 6.00 diametral pitch spur gearset
chosen in the original problem. The pinion is the driving member. The gear
is centrally located between roller bearings that are spaced 5 inches on
center. Since spur gears impose no appreciable thrust load, roller bearings
with their limited thrust capacity are used although ball bearings could also
be used. The bearings must have an inside diameter that will fit over a shaft
that is strong enough for the application. The bearing outside diameter
should be larger than the gear outside diameter so the gear-shaft-bearing
assembly can be easily installed and removed from the gearbox. See Figure
5.
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Pinion Gear Mounting

f.00 Diametral Pitch
Finion Gaar

2.833% Inches Wide
2.833 Inch Pltch Diameter
Finion Gear

One-Half Size
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Spur Gear Bearing Selection: Bearing selection involves calculating loads,
choosing a bearing, and completing a life calculation. Figure 6 has a sketch
and accompanying formulas for calculating the load on the two pinion shaft
bearings in question. Disregarding the relative size of the two gears shown
on Figure 6, the pinion shaft bearings are number | and Il. After inserting
the correct values into the equations of Figure 6, the load on each of the two
bearings is found to be 2455 pounds.

© Robert P. Tata, 2023 22




Basic Gear Design — M05-016

DR UF Qi) J0 g

Teapp m e Jo squeg N = ama® unapzp go urda

sbupysy pesds

L e R s EX AL

g Btz B g = .ml_Pm ug = Eﬂ Igs "|E & &
B = q L]
-__5 |_u|u..___m” ...un"l.ﬁm_ __nn"bl“h_.“_. _.w IEnh..m d
AT '35 w0 101 "B wo I] "1y us ['Jag e of 3

SOVIFT DKITHVAE

"IN O] AN EEME S B0 G (T,

|
el wanaerid gioal, = ©
mBy HYEOE DNILYEYAER = P18 J = §

"EMEIE] ur fmad po snppmr It = 4

) ) Fl
#2eyw (IREd JWAnp 2o {000 TVIANEDN YL = y =4
“awad Tupaup go aqnapa fed sopnose = B
PIUSER JasodEril = ‘gH
naaGe B B LOANT ENAE0L = —— =k

SEOER X dTH

TPERUOT) Y], v mRddng Hupppawdss pue [Eruadae g
=) BHYY Epeo] JwETg

SHVIS HN4S ._.Im__.c....x._.m
o} ang] speoT m_z_._n.cm

o ainktg

=

Ty ._||l
g’ r-am MM
Eaz.cmm

P

2

SU¥3ID WNdS LHSIVHLS
o4 eng] speo] Buuoeg

23

© Robert P. Tata, 2023




Basic Gear Design — M05-016

Now that the bearing loads are known, the following formula will be used to
calculate the bearing life:

L = 3000(bearing rating) / (bearing load)'**x(500/pinion rpm)

L is the life of the bearing in B10 hours. B10 hours are the hours that 90
percent of the bearings are expected to run without failure.

The rating for the bearing selected is 3700 pounds and is found in industry
catalogs.

The bearing load is 2455 pounds.

The pinion speed is 1000 revolutions per minute.

After inserting the various quantities, the equation now becomes:
L,=3000(3700/2455) **x (500/1000) = 5886 B10 hours

The life of the gearset, as previously mentioned, is 10 million cycles at 99
percent reliability. The life in hours is:

L, = 10 x 10° cycles/ [(pinion rpm) x 60]
L, = 10 x 10%/(1000x60) = 166 hr

A conservative way to convert bearing B10 hours into gear 99 percent
reliability hours is to divide the bearing B10 hours by 10:

5886/10=588 hr
The converted bearing life of 588 hours is much greater that the gear life of

166 hours indicating excellent bearing performance can be expected for this
application.
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Gear Shaft Design: Gear shaft design, in this case, involves making strength
and deflection calculations on the straight shaft shown on Figure 5. Strength
calculations are made to determine that the shaft is large enough to carry the
gear loads without fracture or fatigue failure. Deflection calculations
determine that shaft bending is not great enough to put excessive
misalignment on the gear and bearings.

The following equation taken from The American Society of Mechanical
Engineers “Code for Design of Transmission Shafting” (Mechanical
Engineering) will be used to determine the minimum shaft diameter needed
to support the load:

D = [16[(KnM) *+ (K(T) ]/ zp] ™

D is the minimum outside diameter of the shaft (in inches) needed to support
the prescribed bending and torsional loading.

K is a shock and fatigue rating factor which is 1.5 for a rotating shaft.

M is the maximum moment on the shaft and equals 3068 in-lbs. It was
calculated using a simply supported beam equation.

K; is another shock and fatigue factor which is 1.0 for a rotating shaft.

T is the transmitted torque and, from the equation on Figure 6, can be found
to be 6302.5 in-1bs.

z 1S a constant and equals 3.142.
pt is the allowable shear stress of the shaft material. It equals 0.18 x 63,000

or 11,340 psi for low carbon steel bar. If a keyway is present, the value of p;
must be increased by 25%.
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Solving the equation:
D = [16[(1.5x3068%) + (6302.5)%] */3.142x11,340] * = 1.518 in

The equation reveals that a shaft diameter of 1.518 inches is needed to
support the bending and torsional loading. The diameter of the shaft in
Figure 5 is 1.575 inches which is the equivalent of the bearing 40 millimeter
inside diameter. Since 1.575 inches is greater than 1.219 inches, the shaft
strength is more than adequate for the application.

A maximum shaft misalignment of .0006 in/in has been calculated. It
involves solving a simply supported beam equation. Since the gear is
centrally located, it sees virtually no misalignment. The maximum
misalignment occurs at the shaft ends under the roller bearings. Since roller
bearings can tolerate a misalignment of .001 in/in maximum, the shafts are
shown to be rigid enough for the application.

Gear Rim Thickness: The gear rim is the ring of material that lies under the
gear teeth and serves to hold and support the gear teeth. The gear rim must
be of sufficient radial thickness to prevent fatigue cracks from propagating
through the rim rather than through the gear teeth. ANSI/AGMA 2001-D04
(AGMA 2) recommends that the gear rim thickness be no less than 1.2 times
the whole tooth depth. A method is presented that downgrades bending
strength power ratings for gears with insufficient rim thickness.

The rim thickness backup ratio for the pinion gear shown on Figure 5 equals
421/.375 or 1.12. Since 1.12 is less than 1.20, the ANSI/AGMA 2001-D04
(AGMA 2) formula must be applied. The formula is as follows:

Kg = 1.6xIn (2.242/mg)

Kg is the rim thickness factor.

mg is the rim backup ratio which, from above, equals 1.12.
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Solving the equation:
1.6xIn (2.242/1.12) = 1.11

The rim thickness factor as applied to the previously calculated bending
strength power rating equals 138.8/1.11 or 125 horsepower. The 125
horsepower is greater than the 100 horsepower that the Figure 5 gearset is
being designed for; therefore, based on the above, the gearset is satisfactory
for the application. However, no allowance was made for the presence of a
keyway in the rim. In actual practice, such an allowance must be made. The
rim thickness factor for the larger driven gear can easily be made 1.2 since
the gear is much larger than the shaft.

Spur Gear Rating Study: Figures 7 through 12 contain graphs of allowable
transmitted horsepower versus pressure angle, gear ratio, and steel grade for
diametral pitches of 15, 10, and 5 and long pinion addenda of 0%, 25%, and
50%. Three different calculations were made at each data point using the
method prescribed in ANSI/AGMA 2001-D04 (AGMA 2). Calculations
were made for pitting horsepower, pinion bending horsepower, and gear
bending horsepower. Of the three, only the lowest rated horsepower was
plotted.
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Figure 12
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The following conclusions can be drawn from the graphs:
1) Transmitted horsepower increases with pressure angle.

a) At a pressure angle of 20°, transmitted horsepower increases by
about 30% over a pressure angle of 14.5°.

b) At a pressure angle of 25°, transmitted horsepower increases by
about 54% over a pressure angle of 14.5°.

c) Diametral pitch and ratio have virtually no effect on a and b above.
2) Transmitted horsepower increases with gear ratio.

a) At a gear ratio of 35/55, transmitted horsepower increases by about
20% over a ratio of 35/35.

b) At a gear ratio of 35/135, transmitted horsepower increases by
about 35% over a ratio of 35/35.

c) Diametral pitch and pressure angle have virtually no effect on a
and b above.

3) The gain in transmitted horsepower as a result of material upgrade is as
follows:

a) There is a 10% gain in horsepower when substituting grade 2 thru-
hardened steel for a grade 1 thru-hardened steel when pitting is the
failure mode.

b) There is a 31% gain in horsepower when substituting grade 2 thru-
hardened steel for grade 1 thru-hardened steel when bending is the
failure mode.

c) There is a 25% gain in horsepower when substituting grade 2 case-
hardened steel for grade 1 case-hardened steel when pitting is the
failure mode.

d) There is an 18% gain in horsepower when substituting grade 2
case-hardened steel for grade 1 case-hardened steel when bending is
the failure mode.
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e) There is a 53% gain in horsepower when substituting grade 3 case-
hardened steel for grade 1 case-hardened steel when pitting is the
failure mode.

f) There is a 36% gain in horsepower when substituting grade 3 case-
hardened steel for grade 1 case-hardened steel when bending is the
failure mode.

g) In general, the failure mode for the data plotted on the graphs was
pitting failures for the lower ratios to bending failures for the higher
ratios.

4) Heat treatment comparisons are as follows:

a) There is a 14% increase in horsepower when substituting grade 1
case-hardened steel for grade 1 through-hardened steel when pitting is
the failure mode.

b) There is a 26% increase in horsepower when substituting grade 1
case-hardened steel for grade 1 through-hardened steel when bending
Is the failure mode.

c) There is a 29% increase in horsepower when substituting grade 2
case-hardened steel for grade 2 through-hardened steel when pitting is
the failure mode.

d) There is a 14% increase in horsepower when substituting grade 2
case-hardened steel for grade 2 through-hardened steel when bending
Is the failure mode.

e) There is a 58% increase in horsepower when substituting grade 3
case-hardened steel for grade 2 through-hardened steel when pitting is
the failure mode.

f) There is a 31% increase in horsepower when substituting grade 3
case-hardened steel for grade 2 through-hardened steel when bending
Is the failure mode.

g) In general, the failure mode for the data plotted on the graphs was
pitting failures for the lower ratios to bending failures for the higher
ratios.
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5) The previous ratings were made with standard pinion addendum. With
25% long pinion addendum, the following is true:

a) At a pressure angle of 14.5° there is an average loss of 3.5
horsepower as all three ratios and pitches.

b) At a pressure angle of 20°, the following is true:
1) There is no gain at a ratio of 35/35.
2) There is an average gain of 2.5 hp at ratios of 35/55 and 35/155.
3) The above is true for all three pitches.

c) Ata pressure angle of 25°, the following is true:
1) There is an average gain of 1 horsepower at a ratio of 35/35.
2) There is an average gain of 2.5 horsepower at a ratio of 35/55.
3) There is an average gain of 6 horsepower at a ratio of 35/135.
4) The above is true for all three pitches.

d) With a 50% long pinion addendum, there is a loss of horsepower
as all pressure angles, ratios, and pitches.

Spur_Gear Application: The drawing at the top of Figure 13 shows a
gearbox using spur gears and roller bearings. The pinion is integral with its
shaft while the gear is fitted to its shaft. Two different mounting
arrangements are shown. One results in better gear alignment due to housing
machining improvements.

The drawing at the bottom of Figure 13 shows a transmission with spur
gears and ball bearings. The three-segment drive gear slides on a splined
shaft to engage one of three different output gears to control speed and
acceleration. The mounting arrangement allows through-boring of the
housing for better gear alignment. It also allows one end of the shaft to be
free to accommodate thermal expansion and machining tolerances. Figure
14 has a sketch and formulas for determining gear and bearing loads for
automobile transmissions.

© Robert P. Tata, 2023 36




Basic Gear Design — M05-016

Figure 13
Spur gear Application

The housing above the
cantarline of each shaft has
separately machined bearing
seats,. The design below has
through bored bearing seats
for better gear alignment.

The main shaft bearing seats are through
bored for better gear alignment. The right
hand bearing is fixed while the left hand
bearing is free to accomodate shaft thermal
gxpansicon and machining tolerances.
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Helical Gear Design: The spur gearset that was previously analyzed will be

replaced by a helical gearset and the power rating of the two compared. The
helix angle of the new gearset will be 10°. All other aspects of the two
designs will be the same. As before, grade 1 through-hardened and grade 1
case-hardened steel will be evaluated along with the same four diametral
pitches. When analyzing helical gears, the only item that changes in the
pitting and bending formulas that were previously used is the tooth geometry
factor. Accordingly, a simple tooth geometry factor ratio will be applied to
each of the spur gear power ratings to obtain the helical gear ratings.

The helical gear allowable transmitted horsepower based on the pitting
resistance of gear teeth contact surfaces is as follows:

1) Thru-hard.
2) Case-hard.
3) Thru-hard.
4) Case-hard.
5) Thru-hard.
6) Case-hard.
7) Thru-hard.
8) Case-hard.

steel & 7.00 diam.
steel & 7.00 diam.
steel & 6.77 diam.
steel & 6.77 diam.
steel & 6.35 diam.
steel & 6.35 diam.
steel & 6.00 diam.
steel & 6.00 diam.

pitch
pitch
pitch
pitch
pitch
pitch
pitch
pitch

: 70.9x.255/.132 = 137.0 hp
: 92.0x.255/.132 = 177.7 hp
: 78.1x.255/.132 = 150.9 hp
: 101.4x.255/.132 = 195.9hp
: 95.1x.255/.132 = 183.7 hp
1 123.4x.255/.132 = 238.4hp
:112.0x.255/.132 = 216.4hp
: 145.3x.255/.132 = 280.7hp

The helical gear allowable transmitted horsepower based on teeth bending
strength is as follows:

1) Thru-hard.
2) Case-hard.
3) Thru-hard.
4) Case-hard.
5) Thru-hard.
6) Case-hard.

steel & 7.00 diam
steel & 7.00 diam
steel & 6.77 diam
steel & 6.77 diam
steel & 6.35 diam
steel & 6.35 diam

. pitch:

. pitch

. pitch:

. pitch
. pitch

. pitch:

87.7x.56/.30 = 163.7 hp
: 110.4x.56/.30 = 206.1 hp
96.7x.56/.30 = 180.5 hp
: 121.8x.56/.30 = 227.4 hp
: 117.6x.56/.30 = 219.5 hp
148.0x.56/.30 = 276.3 hp
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7) Thru-hard. steel & 6.00 diam. pitch: 138.8x.56/.30 = 259.1 hp
8) Case-hard. steel & 6.00 diam. pitch: 174.6x.56/.30 = 325.9 hp

It can be seen from the calculations that the pitting resistance horsepower
ratings are still lower than the bending strength horsepower ratings and
therefore will be used to compare helical gears to spur gears. Figure 15
shows the comparison with helical gears being almost 2 to 1 better than spur
gears. Increasing the helix angle to as much as 30 degrees does not alter the
results appreciably.
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Figure 15

Pitting Resistance Transmitted Horsepower

300

250

200

100

Fitting Resistance Transmitted Horsepower

Versus

Diametral Pitch

Grade 1 Steel
10" Helix angle

T.on 6.77

Diametral Piteh

G.35 6.00

© Robert P. Tata, 2023

41




Basic Gear Design — M05-016

Helical Gear Mounting: As another sample problem, the same spur gearset
that was previously analyzed will be given helical teeth and reanalyzed. The
helix angle will be 10 degrees. The two gears will remain the same size;
however, they will be made integral with their respective shafts. This greatly
strengthens and stiffens the shafts and counteracts the tendency of helical
gears to “tilt” under the overturning moment produced by the thrust load at
the mesh. Also, because of this thrust load, roller bearings will be replaced
by tapered roller bearings. Unlike straight roller bearings, tapered roller
bearings support both radial and thrust loads. The basic size and capacity of
the tapered roller bearings will remain the same as the straight roller
bearings. See Figure 16.
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Figure 16

Helical Gear Mounting

1T Teeth
600 Diametral Pitoh
Helical Pinien

2.833 Inches Wide
2.833 Inch Pitch Diameter
Helical Pinion

Scale: One-Half Size
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Helical Gear Bearing Selection: Helical gear bearing selection is somewhat
more involved than spur gear bearing selection because of the imposition of
the thrust load. The thrust load also creates a “thrust couple” that adds to the
radial load of one of the shaft bearings and subtracts from the other.
Tapered roller bearing analysis itself is also more complicated. A tapered
roller bearing on one end of a shaft may impose an “induced thrust” on the
bearing at the other end of the shaft. Figure 17 has a sketch and
accompanying formulas for calculating the load on the pinion shaft.
Disregarding the relative size of the two gears shown on Figure 17, the
pinion shaft bearings are number | and Il. After solving the equations of
Figure 17, the loads on the bearings are as follows:

Radial Thrust

Bearing | 23831b 784 1b
Bearing Il 25391b O
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With the bearing loads now known, it is necessary to calculate the equivalent
radial load for each tapered roller bearing because of the effects of the thrust
loading. For pinion bearing number I, the equivalent radial load is derived
from three quantities: one from its own radial load, another from the induced
thrust caused by bearing Il, and the last from the thrust caused by the helical
gears. The following formula, similar to the one in the “Bearing Selection
Handbook”, The Timken Company, is used to calculate bearing | equivalent
radial load:

P, = 0.4F, + K, [(0.47F, /K};) +(T)]
P, is the equivalent radial load in pounds for pinion bearing I.
Fiis the radial load for bearing | previously calculated at 2383 Ib.
K, is a bearing factor for bearing | which is 1.10.
Fy is the radial load for bearing 11 which is 2539 Ibs.
K, is the bearing factor for bearing Il which is 1.10.
T is the thrust load which was previously calculated at 784 Ibs.

Inserting the values and solving the equation, P, is found to be 3009 Ib. For
pinion bearing number Il, the equivalent radial load is the radial load
previously calculated to be 2539 Ib. The lives of the two helical gear tapered
roller bearings are calculated using the same equation that was previously
used for the straight roller bearings:

L, = 3000(3700/3009)'*" x (500/1000) = 2,987 B10 hrs
L, = 3000(3700/2539)'%"x (500/1000) = 5,262 B10 hrs

Dividing by 10 to convert bearing B10 hours to gear 99% reliability hours
yields the following:

L, =2,987/10 = 298 hrs
Ly =5,262/10 = 526 hrs

The lives of the two tapered roller bearings are greater than the life of the
gear that was previously calculated, so excellent bearing performance can be
expected for the application.
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Helical Gear Shaft Design: the same ASME “Code for Design of
Transmission Shafting” (Mechanical Engineering) formula that was
previously used for spur gears will again be used for helical gear shafts. A
clause is added to account for axial loads caused by helical gear thrust as
shown below:

D = [16[(Kn M+aF/8) *+ (K. T) *] */pi pd **

D is the minimum shaft diameter (in inches) needed to support the bending,
torsional, and axial loading.

K is a shock rating factor which is 1.5 for rotating shafts.

M is the maximum moment and equals 3682 in-lbs for the pinion shaft. It
was calculated using a simply supported beam formula.

a is a stress intensity factor which also will be assumed to be 1.
F is the axial load which is the thrust load of 784 pounds.
Kt is another shock factor which is 1 for rotating shafts.
T is the torque which, as previously calculated, is 6302.5 in-Ibs.
piis a constant which equals 3.142.
ptis the allowable shear stress of the shaft which equals 11,340 psi.
Solving the equation for the pinion shaft:
D = [16[(3,682 + 784/8) 2+ (6302.5) %] #/3.142 x 11,340] **= 1.562 in

It can be seen that the calculated shaft diameter of 1.562 inches for the
pinion gear is smaller than the stepped shaft smallest diameter of 1.625
inches shown in Figure 16. This example shows how integral shafts can be
used to give gears great strength and support when heavier loads are applied.

Helical gear shaft misalignment equals .0007 in/in for the pinion. A formula
for a simply supported beam was used. Since the tapered roller bearings can
tolerate .001 in/in misalignment, shaft rigidity is acceptable for the pinion
gear.
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Bevel Gears: Bevel gears are normally used to transmit power between two
shafts that are 90° apart. In order to provide the proper meshing action, the
teeth are tapered as shown on Figure 1. Bevel gears, like spur gears, operate
at efficiencies in the high 90% range. Figure 18 has a sketch of a set of
bevel gears and formulas to calculate gear and bearing loads.
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Spiral Bevel Gears: Spiral bevel gears are bevel gears with teeth cut at an
angle similar to what a helical gear is to a spur gear. See Figure 1. Spiral
bevel gears run more smoothly and are stronger than similar sized bevel
gears. Spiral bevel gears operate at lower efficiencies than bevel gears.
Figure 19 has a sketch of a spiral bevel gear and formulas to calculate gear
and bearing loads.
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Hypoid Gears: Hypoid gears are like spiral bevel gears except that the axes
do not intersect. Hypoid gears are frequently made with spiral angles of 45°
or 50°. They are common in drive axles of a wide variety of vehicles.
Figure 20 has a sketch of a set of hypoid gears and formulas to calculate gear
and bearing loads.
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