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Publisher Michael Goldstein and Rick Norment,
Executive Director, AGMA at Gear Expo '87.

Assorted thoughts while in a holding
pattern over O'Hare ...

I recently returned from England
where il spent time checking out the
overseas markets and attending a
machinery auction. Buyers came to
this auction from all over - Germany,
Italy, Switzerland, India, Australia,
America - and the prices were aston-
ishing. Often buyers were paying in
pounds sterling the same amount or
more than they would have paid in
U.s. dollars, In other words, they were
paying, say, £10,000 for a machine
that would have sold for $10,000 here.
With every pound worth about $1.70
at today's exchange rates, that's a hefty
70% more than a comparable machine
would cost here, Prices for consumer
good's - food, dothing, automobiles,
gasoline (£1.66 or $2.82 per U.S.
gallon) - reflect the same price
difference.

American products are very inex-
pensive on the world market today,

4 Gear technology

and, judging from the prices at that
auction in England, much of the in-
dustrialized world is not aware or the
fact. I wonder how much of that ignor-
anee is due tothe fact chatwe simply
have not done a very good job of seil-
ing ourselves overseas. Maybe we're
not effectively informing the rest of the
world that real estate is not the only
bargain in the u.s. today. That 70%
advantage is a powerful selling tool we
should not neglect.

Other news from England: Long-time
readers may remember that on my last
trip to England, Ispent a day at the
races, driving some pretty impressive,
powerful cars with myoid friend Ian
Exeter, part-owner of the company
manufacturi ng the Lister Jaguar. This
trip I didn't make it to the factory in
Weatherhead, but Idid get a preview
of the newest high-tech toy for the
super-rich - the Lister LeMans. This
car is loosely based on the Jaguar Xll-S
with a redesigned body and suspen-
sion and a 7-liter, V-12 engine capable
of 496 BH Pat 6200 rpm, with 500 Ib/ft.
oftorque at 3250 rpm. Only the Callo-
way Twin Turbo Corvette, I believe,
has better numbers, and that only with
the torque. With a maximum speed of
200 mph, this supercar sells for a mere

£121,000. (That's about $200,000 for
those of you who keep your petty cash
in U,S. currency.) Within weeks ofthe
product announcement, deposits on a
dozen of the cars had already been
taken. Hard to believe there are folk
around with that kind of loose change
in their pockets. Next year, when I visit
my son at school lin England, t may get
a chance to wrestle with this new
breed of cat.

More mundane, but possibly more
important matters: All reports I've
received about the ASME 5th tnterna.-
tiona I Power and Transmission Gear-
ing Conference have been excellent.
This meeting, which i5 held only once
every five years, draws gear engineer-
ing experts from all overthe world.
Some l25 papers on everything from
gear design to manufacturing to belts
and chains and couplings and clutches
were presented. We were pleased to
seea large number of our contributing
authors there either as presenters or
participants. The proceedings of the
conference f II two fat books ... Lots
of important late night reading about
the cutting edge of the industry be-
tween those orange covers ... For
those of you who missed itthls time, it
might be something to think about for
1994. A call to ASMEfor a list of the
papers might be a worthwhile invest-
ment as well.

. , ,AGMA's joint pr,ogram with in-
dustry to get gear machinery into the
hands of college engineeri ng tudents
isexpandi ng. In June, Caterpillar is
maki ng available two Fellows gear
shapers to qualified schools ..Precision
Gear of Twinsburg, OH, and fairfierd
Manufacturing of Lafeyette, IN, have
followed suit. Precision Gea.r has
donated two Fellows shapers, one
each to Ohio State and Central State
University (Ohio). Fairfield has loaned



OSU tooling and has a program giving
engineeri ng students "hands on" ex-
perience at their tafeverte facility, It's
good to see some of you out there tak-
ing concrete steps to support au r
engineering schools and develop an
interest in gearing among young
'engineers ...

... AGMA's Gear Expo '89 is coming
up faster than we think. If you haven't
already made plans toattend. this is
the time to do 50. The Gear Expo is a
good way to "take the pulse" of the in-
dustry. Gear Expo '89 will be 60%
larger in terms of floor space than the
1987 show. A number oi heavy rna-
chi nery companies as well as other
gear industry suppliers will be
represented. The show is being held in
conjunction with the AGMA Fall
Technical Meeting, giving attendees
the chance to both check out the new
product lines and the new directions in
gear engineerlng research. Pittsburgh
will be the place to be in November to
stay in touch with the gear business.

Only Abar rpsenoffe~s you the
widest range of heat treatlng
and surtaeetreaanant
equipment for gear and! gear
tool manufacturing.
Rugged, IFlexlble
Atmosphere Carlburlz;lng, "
The 110 line lis automated for
JIT manufacturing and is
readily ade;ptable to nitemper
and other canburizing' and
nllriding processes ..

Enhanced Wear & IF,&tlgue
ReslSlancefor Pl'ec'lsolili
Aerospace Gearing .••
Plasma car'buliizing -and
nitriding systems IProvid'e
uniform case depths for
precision sulface hardening.

MaxJmum Tool Steel
Ha_rdenlngl. " •You can select
from any of three "High
Pressu~·aLlel1ch"'''' vacuum
fumaces for high Ihardness,
distortion cOl'ltroll, and quality
processing of even, tM most
geomet'r,icaJly complex gear
cutting tools. -
Increased Cuttlngl Tooll
Ute •. , TiN Sputter I:on
Plating System ,gives you
superior hardness, increased
lubricity and the ablllty to cut
harder materials.
Call IUS today and ten us about
your application req,uirements.
Chanoes are we've got the
therma'l processing: system
that's right for you.

IllAlba,r Ip!BIE!lnl ,I
Industiri,es

A TradJtloll or LudershJp' An En.ironmenl Dr:Ex:cell""ce

905 Pennsylvania Blvd.
Feasterville. PA 19047
(215)-355-4900
TeI8x:4761058
Fax: 21 &-357-4134

P.O. Box 82tl6
Bock1ord. IL 61125
(815)-332~941
Telex: ,6871503
Fax: 815-332-4995,
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GSF400CNC 6

World Class Features ....The Big Dltferenee

CISEE us AT
AGMA

Booth #125

KANZA,KI'
Your Source for
World Class
Gear Shaving

When you order a CIMA Kanzaki
Gear Shaver, you get World C.lass

. . features ... and the heavy-duty
construction you require for rigorous gear-
making condition. There's no need to
compromise accuracy either ... as the CIMA
Kanzaki gear shaver provides repeatable
quality levels of ± .00004" on workpieces
to 18" 0.0.

C IMA Kanzaki World Class features
include state-of-the-art CNC
controls from FANUC. General

Numeric or your favored source, The
GSF-400 CNC-6 features 6-axis capability,
quick cutter change, heavy duty tailstocks
and patented table design. complementing
standard features designed to do one thing ...
deliver years of trouble-free operation.
CIMA Kanzaki will build a gear finishing
system [0 meet your exact needs. Need a
semi- or fully-automatic tool changer or
automatic load/unload system for in-line
operation? Our application engineering staff
in Richmond (VA) specializes in custom
designs and their installation,

Great American gearmakers deserve
I World Class Finishing equipment

that REDUCES CYCLE TIMES.
IMPROVES QUAUTY and INCREASES
SHOP PROFITABILITY.
Ask our sales repre entative for further detail
or eonract:
CIMA USA, Division of GDPM, Inc.
501 Southlake Blvd ..
Richmond, VA 23236
Phone: (804) 794-9764
FAX: (804) 794-6187
TELEX: 6844252

USA
Global Technology with a U..S..Base
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ENGINEEruNG CONSTANTS

FORMULAS fOR DETERMINING
GEAR DIMENSIONS
BY METRIC PITCH

Module is the pitch diameter in millimeters
divided by the number or teeth in the gear.
Pitch diameter in rnillimetres is the Module
multiplied by the number of teeth in the gear.

M D' D
=NorN+2

D' =NM.
D =(N + 2) M.

N D' D=M or M -2

=2 M.
=M 1.5708.

M].5708
10

_25.4
- D.P.

D P = 25.4.. M

.157 M.

The Module is equal to the part marked "5"
in diagram, measured in millimeters and parts
of millimeters.

Pitches Commonly Used

II COI'I'Ie!!pc!"dhlli
E!lII IiSlh -

Dlametral
Pitch,

lf2 Imlm.
34
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3,5
<4
•. 5
5
5.5
6
7
8
9
10
11
112
113
14
15
16

50'.800
33.867
25.400
20.320
16.9'33
14.514
12.700
11.288
10.160
9.236
8.466
7..257
6.350
5,644
5.080
4.618
4.233
3.628
3.115
2.822
2.540
2.309
2.111
1.954
1.81.
1.,693
1.581

1(~ll1t]~1
We're HelpmgBeople
LeamTo liveVVitliout Us.
1~800-242-GIVE

Just
"a"era~e"
doesn't
cut it

U.S. ge~t makers need a eom-
petitive edge. In these compstl-
tlve times It takes above average
pertormance, and above average
suppliers, to survive.

ILLINOIS TOOLS helps pro--
vide that competitive edge:

We're organized to get you the
gear generating tools you need -
when )IOu need them

Our prices are surprisingly
competitive and we are ollering
an expanded line 0101l'tll&-5holl
standard gear tools.

Fast response to your
engineered special and proto--
type needs.

Ou r products, which have
continued to set the quality stan-

dard for the Industry for more
than 70 years. are, your· assur·
ence of reliable. durable·, high
performance hees, shaper cut-
ters, master gears and worm
gear !lobs.

ILUNOIS TOOLS has estab-
lished a Gear Tool Holline' to
anSYle! any questions alld pro.
vide the latest Information on

gear loollng. Just call, TOLL
FREE, t-800-628·222O (In
illinois, call ,-8oo-62l1·2221).

Our widely acclaimed Gear
School also continues to keep
America's gear technologists up
to date on the .sta!e-of'.lh&-art in
gear making and gear
Inspecl1on.

In gear maldng, competitive
performance starts with the lirst
cut. ILLINOIS TOOLS WIll help
cut lt witll fasler deliveries and
lower costsl

If you',e looking; fo! IIcom-
petitive edge, call us.

.noisTools
Gear Tool Specialists
An lIiinois Tool Worl<.s Company

V,isit Us Booth 1.20 3601 W.founy Ave.ILlncolnwood. Il60645/312-76t-2tOO

GEA'R; TOOL HOTUNE: Phone TOLL FREE H!00--62B·2220. In Iiii nois call: 1-600-628-2221.
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Operator Control
Panel fbi' p!!t1load-
ing and machine
setup.

with
"Mouse" lot one-
time ,entry 01 pan
print and tolerance
d!!!a. "MOyss" per-
mits USB 01 CAD
techniques.

Our Model 3000 aCGear Analyzer is a th'ird generation CNC gear inspection system in~
corporating all of the eomprehenslve analytical! tests and evaluation capabilities of
previous 1M& 1Msystems, such as our Model 2000', but w,ith these, added ca;pabiIUies:
• DramaUcalily improved speed and accuracy through new mechanical system design

and advanced ONe control technology,.
• Computer hardware and .applications software are modular toaUow the user to buy

on'ly the required capabiliity.This makes the 3000 ,ac adaptable to laboratory testing
or production-line inspection.

• Iintegrated Statistical Process Control with local data base capability is an opt:ionall
feature .

• ' Networking with MAPS compatibility is available .
• ' Robotic interfacing for totaUy automatic Iload/test/unioad operation can be

incorporated.
IFor more infermation or applications assistance, wri,t,eor call: 1M' & 1MPrecision Systems.
300 Progress Rd., West Carrollton, 'OH 45449" S13/859-8.273, TWX 8110/450-,2626,
FAX 513/869'-4452.

Graphics printer
oop!esCRT.

Plotter delivers,
multl-color hafd
copy of graphics
and lest data_

CNC,statlls
manner prOvIdes
,stat!;!s and pest-
'tional diS:PII!Y '01
meet1lmicaJ system
al'ld ONe contro'
functions.

M&.M f:lAECISIDN
SYSTEMS

AN ACME-CLEVELAND COMPANY
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TECHNICAL CALENDAR
rUlY 12-14, 1989 .. ASM lnternadonal
Conferenee on Carburizing. Sheraton
Hot'el.& Conference Center r Lakewood,
Co. ..Tech conference for heat treaters,
gear manufacturers, users of carburized
metals. for more information, contact:
ASM Intemational. Metals Park, OH,
44073. (216) 338-5151 or fax (216)
338-4634 ..

SEPTEMBER 12'-14,1989. Short Course
on Gear Noise. Ohio State University,
Columbus, OH. This course will cover
general noise measurement and analysis,
causes of gea:r noise, noise reduction
techniques, dynamic modeling, gear
noise signal ..analysis, and modal analysis
of gear boxes. For more information
contact: OSU, Engineering Short
Courses, 2070 Neil Avenue, Columbus,
OH 43210-1275. Ph: (614) 292-8143.
Fax: (614) 292-3163.

SEPTEMBER 12-20, 1989. European
Machine Tool Show, Hannover, West
Germany .. Exhibits from 36 countries
will show cutting and forming equip-
ment, machine tools, CAD/CAM,
robotics, etc. for more information,
contact: Hannover Fairs, USA, Inc., 103
Carnegie Center, Princeton, NJ. 08540.
(609) 987-1202.

NOVEMBER 6-8, 1989. AGMA Cea:r
Expo '89', Oavi.d Lawrence Convention
Center, Pittsburgh, fA. Exhibition of
gear machine tools, supplies, accessories
and gear products. For more .informa-
tion, contact: W,endy Peidl, AGMA,
1500 KJng Street, Suite 201, Alexandria,
VA, 22314. (703) 684-0211,

NOVEMBE.R 7-9, 1989, AGMA Fan
Technlcal Meeting,. Pittsburgh, PA.
Seminars on a variety of gearing sub-
jects held in conjunction with Gear
Expo '89.

NOVEMBER 29 - DECEMBER 1.. fun-
damentals of Cea.r Design. Seminar,
University of Wisconsin-Milwaukee.
This course will cover basic design con-
siderations in the dev,elopment of a pro-
perly functioning gear system, It is
planned with the designer, user and
beginning gear 'technologist in mind. For
more information, contact: Richard G.
Albers, Center for Continuing Engineer-
ing Education, University of Wiscon-
sin-Milwaukee, 929 North 6th Street,
Milwaukee, WI, 53203. Ph: (414)
227-3125.

- ----- ------------

I

RFGI-,laal
CHECKS 'SIZ'E, RUNOUT &NICK OF 'I2D
GEARS PER HOUR

MAIN
CHARACTII!RISTICS
• Simultaneously checks for

gear size, runout, and size &
location of nicks.

• The system offers accuracy of
within 0.0002 inch.

• Programmable workpiece
classification front-panel
display and printer provides
OK/NG status and -
measurement

• 100% quality assurance
capability [less than 30 sec.
cycle time)

• 25 different types of spur,
internal, pinion, and other
gears.

• Designed to be used on the
manufacturing floor.

• Part change-over is ac-
complished in just 3-5
minutes.

• Simple operation
• Competitively priced

WE ARE LOOKING FOR A QUALIFIED
REPRESENTATIVE OR DISTRIBUTORS.
DEMO UNITS ARE AVAILABLE.

Fukuyama & Associates
3340 San Marcos Dr.
Brookfield, WI 53005
Tel (414) 781-4041

See us at booth 507

Manufactured By
Fukutoku-Dia Co., Ltd,
7-23, Mokuzaiko Minami
Hatsukaichi Hiroshima 738
Japan
TeW(0829) 31-.2233
Fax (0829) 31-1221
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AGMA

GEAR EXPO '89

IN PITTSBURGH

Points of Interest
I Allegheny Coon!)' Jail
1. IklKdum Center for the Performing

"'''J Civic Arena
.• Courthouse GalleylForum
5 Duquesne Incline
6 AagPlaza
7 Fort Pill Blockhouse
8 Fort Pill Museum
'Heinz Hall

10 Lawrence Convention Crnter
II Mar1l:et Squar<:
12 Mononphela InclillC
IJ Mt.WashinllonOverloolc'4 Station Squan

Accommodations
I TI1c Bigelow
1. Hyatt P1nsburgh
J Pillsburgh HillQf1 and Towers
4 l1le Priory_A City Inn
5 Sheraton Hotel at $talion Square
6 Vista Inlemal;Onal Hotel-Piusburgh
7 WestinWiJliam Penn

"THE CUTTING EDGE"



AGMA's Gear Expo '89, 'The Cutting
Edge," opens at the David Lawrence Con-
vention Center in Pittsburgh, PA, onNov.
6 and runs through Nov. 8. This year's
show is "the largest trade show ever con-
ceived specifically for the gear industry,"
according to Rick Norment, AGMA's ex-
ecutive director. The show is 60% larger
in terms of floor space than the 1987 show,
and over 90% of the booths have been
sold.

Gear Expo '89 seeks to offer gear
manufacturers and suppliers to the gear
industry a specialized forum where they
can display their products. The world's
major producers, suppliers, and heavy
machinery manufacturers will be ex-
hibiting, giving visitors the opportunity to
make comparisons of products right at the
show.

Among the products and services on
display are grinders, hobbers, cutting
tools, shapers, milling machines, testing
equipment, filtration, lubricants, broach-
ing, and heat treating.

The David Lawrence Convention
Center is near the banks of the Allegheny
River in the Golden Triangle section of
downtown Pittsburgh. It is near major
hotels, restaurants, and cultural
attractions.

Show hours are 9:00 a.m. to 6:00 p.m.
on Monday and Tuesday, and 9:00 a.m.
to 4:00 p.m. on Wednesday.

In conjunction with the show and also
at the Lawrence Convention Center, is the
AGMA Fall Technical Conference. The
conference will be held Nov. 7-9 and will
feature papers on a variety of gearing sub-
jects including, worm gears, gear dynam-
ics, vibration analysis, lubrication, and
gear geometry.

PRESERVATION
PLAN ON IT

Planning on restoring a house,
saving a landmark, reviving your
neigh borhood?
Write:
National Trust for Historic Preservation
Department PA
1785 Massachusetts Ave., N.W.
Washington, D.C. 20036

PO Box 125. Sussex. WI 53089. (414) 246-4994
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On The Interterence
of Internal Gearing

Dr. David D. Yu MPC Products Corp.

Skokie, It

12 Gear Teohnology

AlJfHOR:

DR. DAVID YU is .agearing specialist for MPC Products COTpora-
tion. Sin.ce 1982 he has been an Honorary Fellow of the University
of Wisconsin' .at Madison. 171 the academic a~ena. he hJ;lSserved as
the Deputy Head of the Mechanical Engineering Department and as
Professor of Machine Design at Overseas Chinese Universl:ty. Pro-
fessor Yuis the author of numerous articles on gearing. He is a
member of ASME Gea: Research Institute.

Introduction
Since size and efficiency are increasingly important con-

siderations in modern machinery, the trend in gear design
is to use planetary gearing instead of WOITngearing and multi-
stage gear boxes. Internal gearing is an important part of most
of planetary gear assemblies. In external gearing, if the gears
are standard (of no-modified addenda), interference rarely
happens. But in an internal gearing, especially in some new
types of planetary gears, such as the KHV planetary, the Y
planetary, etc. ,III various types of interference may occur.
Therefore, avoiding interference is of significance for the
design of internal gearing.

There are two categories of interference: cutting in-
terference and meshing interference. The former is certainly
related to the dimensions of the cutter, The latter is calculated
through the dimensions of the meshing gears, which also bear
relation to the cutter. Therefore, it is suggested that in
calculating the geometrical dimensions and interferences of
an internal gearing, the method of gear tooth generation and
the parameters of the cutter to be used should be taken into
account. However, this point of view has been neglected in
most handbooks, textbooks and papers. For example, only
one kind of interference is introduced and is based on the
assumption that the gears are cut by a hob or a rack type
cutter;(2) the formulae to determine the proportion ofan in-
ternal gear tooth are borrowed from those for an external
gear tooth;(3) and some standards, such as AGMA's, have
not covered the internal gearing. Most internal and some ex-
ternal gears are 'CUlt by gear shaper cutters, not by hobs. The
dimensions of a gear tooth cut by a shaper cutter are dif-
ferent from those cut by a hob. For designing an internal gear-
ing, if we use the method based on hobbing and the formulae
converted from those for external gearing, the data obtained
seem to be correct, but practically, interferences may still ex-
ist, and sometimes the internal gear teeth cannot even be
generated. Errors cannot be checked out because those for-
mulae have no relation to the parameters of the cutter. Hence,
for providing a.correct calculation for geometrical dimensions
and interferences, the methods of gear tooth generationand
the parameters of the cutter should be discussed.

Methods for Gear Tooth Generation
Internal gears can be made by gear shaping, internal

broaching, stamping, milling, etc. Some internal. gears with
large diameters canalso be made by hobbing, (4) Externa I
gears can be made by hobbi.ng, gear shaping, milling, roll-
ing, etc. The most common method for generating internal



gears is gear shaping, and for external gears is hobbing or
gear sha.pitng. In this article only these two methods will be
discussed .. For simplicity, "pinion" and "gear" are used ferex-
ternal gears and internal gears. respectively. The Iirst thing
that should be determined for designing an internal gearing
is the method af generating gear teeth. There are two methods
- shape-bobbed. wherein the gear is haped and the pinion
is bobbed, and double-shaped. where both the pinion and
the gear are shaped.

Fig. 1 is the final position of cutting a pinion by a hob.
M-M is the middle line on the hob. The root radius of the
pinion cut by the hob is determined by this position; i.e ..

(1)

where: Rfl
Nt -
p-

root radius of the pinion
number of teeth of the pinion
diametral pitch of both the pinion and
the hob

Xl - addendum modification ooefficient of the
pinion

an - addendum of the hob.

Usually. ah = a + c. where a is the standard addendum
and c is the standard clearance.

The involute tooth profile is not an entire involute curve.
It is composed of three different curves. The tip circle and
the root circle are circular arcs. The active profile is an in-
volute of a circle, which ends at the point K}. where the tip
of the hob intersects the line of contact pT. On the pinion
from Kl to the root. a curve is formed by the locus of the
tip of the hob and isa modified involute of a eircl (hidden
line in Fig. 1). The pressure angle at the circle with radius
01 K1 is ¢lgl' and

Fig. 1- Pinion Cut by Hob.

where r.Po is the standard pressure angle.
If the tip of the hob is rounded with a radius ~, and c>Rt

(1 - SIN r.Po). Equation 2 can still be used for calculating
meshing interference.

Fig. 2 is the final poslfion of cUitting a pinion bya haper
cutter ..The operating pressure angle between the cutler and
the pinion at this position is lPlc' and its invol.ute function is

where: N, - number of teeth of the cutter
X, - addendum modification coefficient. of the

cutter,

The center distance between the cutter center and the pin-
ioncenter at this position is

The root radius of the pinion cut by the shaper cutter is
determined by this final cutting position and the parameters
of the cutter. or

(5)

where Rae is the radius o.f tip circle of the cutter.
The locus of the tip point Klan the cutter forms an

epitrochoid on the fillet or the flank of the pinion (hidden
line in Fig. 2). The pressure angle at the elrcle with radius
01 K1 is r.Pgl and

where lPac is the pressure angle at the tip circle of the cutter.

Fi&. 2 Pinion Cut by Shaper Cutter,

July/August 19,89' 1.3



Fig. 3 is the Hnal position of cutting an internal gear by
a shaper cutter. The operating pressure angle between the
cutter and the gear at this position is tP'l.Ci and its involute
function is

where: X2 - addendum modification coefficient of the gear
Nz - number of teeth of the gear.

The center distance between the gear center and the cutter
center (02 and Oc) is

(8)

The root radius of the internal gear cut by the shaper cut-
ter is determined by this position and the parameters of the
cutter, or

~2 = c, + Rae (9)
The locus of the tip point K2 on the cutter forms a

hypotrochoid on the flank or the fillet of the gear (hidden
Hne in Fig. 3). The pressure angle at the circle with radius
OzK2 is rpg2,and

From this, it is dear that the root radius of the gear, the
root radius of the pinion and the tooth form are completely
determined by the method of generating and the parameters
ofthe cutter. The curve on the fill.et portion of a tooth is a
non-involute curve, such as hypotrochoid or modified in-
volute or epitrochoid, and is called the transitional curve in
this article ..

Meshing Interference of lnt.eroal Gearing
An internal gearing has a much higher chance of in-

terference than an external gearing. There are various meshing
interferences, such as transitional interference, axial in-
terference, radial interference, tip interference, inadequate
clearance, etc., whi.ch will result in the failure of assembling
or running or non-involute contact. During cutting, all the
above interferences, except inadequate clearance. may occur
too. Cutting int·erferences will result in undercut, trimming,
etc.
Transitional. Interference. If the tip of a gear falls into the
region of the 'transitional curve on its mating gear, this pair
of gears can not be assembled or there will be non-involute
contact. Hence, it can not work, or the law of conjugation
can not be satisfied ..In many books (See Refs. 2, 5, 6,7, 8),
the point where the contact line is tangent to the base cirde
is taken as the end point of involute on the tooth. Therefore,
interfen~nceca:n happen only "below the base circle", The
calculation is simple, since there is no relation with the
method of generation and the parameters of the cutters.
However, it is incorrect because the ending point of the in-
voluteon the tooth is determined by the parameters of the
cutter to be used, and usually this point is outside the base
circle ..

14 Gear Technology

Fig. 4 shows an. internal gearing during meshing. The center
line is 01 O2 and C is the center distance. TI Tz is the com-
mon tangent to the two base circles, RbI and Rb2. The two
tip circles ROIl and Rill intersect II T2a.t B2 and B1, respec-
tively. B1 82 is the interval of contact, and B1 and B2 are the
beginning or ending point of contact. The pressure angle at
the circle with radius Ot ·Bt on the pinion is ¢bI' and the
pressure angle at the circle with radius O2 B2 on the gear is
rPb2' The operating pressure angle is rP, and ,,pal and rpill are
the pressure angles at the two tip circles. Then

For avoiding the tip on the gear tooth interfering with the
transitional curve on the pinion tooth'~l should be larger
than tPg1. or

(13)

Fig. 3-lnternal Gear Cut by Shaper Cutter.

102
Fla. 4 - A Pair of Internal Gearing.



For shape-hob bed gearing and for double-shaped gearing,
Eqs. 2 and 6, respectively, are used to calculate TAN I/>gl'

To avoid the tip of the pinion tooth interf,ering with the
transitional curve on the gear. I/>b2 should be smaller than
¢'g2' or

Tip InteneJlence. As shown in Fig. 5, when the difference in
numbers of teeth N2 - Nl is small, theti.p ef the pinion
may contact the tip of the gear at some place opposite to the
pitch point. The following relationship wiU. avoid tip
interference:

Axial Interference. When the tooth differenCle N2 - Nl
becomes small, after the involute meshing of a pair of teeth,
'the pinion tooth might contact the gear tooth again, which
is caUed lap over, as shown in Fig. 6. Obviously, in such a
case, the pinion can not be axially mounted into the gear.
Therefore, this condit:ion is called axial int·erference. For
avoiding axial intenerence, the minimumtooth differenoe has
been restricted ,to 10 or 12 for 20° pressure angle full depth
teeth, (5. 9-11) without detail explanation andcalcula.tion for-
mulae. But. in some types of planetary gearing, for example,
KHV planetary, the tooth difEeJ'ienceis less than 6. In order
to, obtain a large speed. ratiowit:h at compact size and a high
efficiency, use of 'the smallest tooth. difference; i.e., N2 - Nl
= 1 for the KHV planetary has been suggested. n21 This
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might be considered impossible according to the restriction
in the above references, however, the KHVgear boxes with
N2 - Nl = 1 have been successfully tested, not only work-
ing smoothly without any interference, but also reaching a
high efficiency of 92 % when speed ratio is as high as 120.

The place where the two tip circles intersect (point E in
Fig. 6) is most vulnerable to axial interference. The condi-
tion for avoiding axial interference is calculated based on this
point and is expressed as follows:

Nt (81 + INV tPal) + (N2- N1) INV ¢ > N2
(O'Z + ]NV ¢a2) (16)

where: 01 = ARC COS 1[(R!.z- R;I - C2)/(2Ral Cll (17)
Oz = ARC COS [(Riz - R;1 + C2)/(2Ra2 OJ (18)

Radial Intert·erence. If the tooth difference is small, radial
interference may occur and the pinion cannot be radially
mounted into the gear. Suppose in fig. 7, alter contact at
point p, the pinion rotates an angle of (3}1 and the gear
rotates an angle of {J2 = {JI N1/N2• If at this position L2 is
greater than L1, there will be no interference along the 01

O2, or the radial direction. We can obtain through Fig. 7,

Ll = Rd SIN [131 - (INV ¢al - INV ¢ )J (19)

L2 = Ra2 SIN [{11 NI/N2 + (INV¢ - INV tP,,2)J (20)

(21)and

HI!. 7- Radial Interference.

But this is for only one position of no interference. To avoid
radial interference. all other positions should also satisfy
Equation 21, including the minimum value of F((31)'
Therefore, through Equation 21 and the differential of F({1'l)
equal to zero, we C3.n eliminate {11and obtain the condition
for avoidin,g radial interference as Iollows:

Nl {ARC SIN vh-(COS q)al/COS q)a2?J/[1-(NLIN2)ZI
+ INV ¢al - ]NY ¢} >
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Nz {ARC SIN .J1l COS 4><\2ICOS!Pal)2 - 11/!(Nz/N1)2_1)
+ INV 4>12- ]NV tP} (22)

Inadequate Clearance. As shown in Fig. 4, the clearance be-
tween the tip of the pinion 1 and the root ·of the gear 2 is

(23)

The clearance between the tip of gear 2 and the root of the
pinion 1 is

e2l = RaJ - C -~l

If Cl2 < 0 or e21< 0, there will be interference. The value
of clearance should be adequate. If it is too small, the lubri-
cant stored in it will be insufficient. On the other hand, if
it is too large, sometimes the contact ratio will be decreased.

Cutting Interference
Undercut. When the cutter extends Into the base circle of the
pinion being cut, there wiU be undercut. The conditions for
avoiding undercut are as follows:

for hobbed pinion, in Equation 2, !PgI >0

and for shaped pinion, in Equation 6, tPgI > 0

Transition Intetf,erence. The shaper cutter can be considered
asa gear. The fillet portion on the cutter is a transitional curve
as on a gear ..The pressure angle at the circle, on which the
,ending point of the involute profile is located, is 4>gc.Simi-
liarly in Equation 2, we can obtain

where.: a" - addendum of the rack fonn cutter or the
grinding wheel for generating the shaper
cutt'er

Xc - addendum modification coefficient of the
shaper cutter.

When a gear or a pinion is cut by a shaper cutter, if the
tip .of the gear reaches the transitional curve portion of the
cutter, the tip of the gear teeth will not be formed to an in-
volute curve. In other words, the involute on the tip is trimm-
ed off. The conditions for avoiding transitional interference
during ,cutting are as Follows:

for pinion, (Nt + Nc) TAN tPIe/Nc· - Nl TAN ¢al/Nc >
TAN tPgc (26)

for gear, N2 TAN ¢a2/Nc - (N2 - Nc) TAN tP2</Nc >
TAN tPgc (27)

Radial Interference. When a shaper cutter is cutting an interal
gear, the cutter has a radial movement or a radial feed, If
there is radial interference, the tip of the gear tooth win be
trimmed. Equati.on 22 can be used for checking the radial in-
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terference during cutting, except that the subsript ''1'' should
be changed to "c", and "tP" should be changed to "q,zc".

Slight trimming on the tip of the gear teeth may help the
load distribution on the teeth and decrease the dynamic load.
Large trimming will. seriously affect the contact ratio and
other meshing indices.
No Involute. The operating pressure angle during cutting an
internal gear by a shaper cutter is tP2<and is determined by
Equation 7..

The teeth differenoe between the gear and the cutter N2
- Nc should be greater than a minimum value, for exam-
ple, 18 as shown. in Referenoe 13. But this may not be suffi-
cient. As discussed above, attention should be paid not only
to the num.berof teeth, but also to other parameters of the
cutter. Otherwise, in some cases, the gear cannot cut into
the involute tooth profile.

Example 1. An internal gear has the following parameters:
pressure angle rpo = 200

, module m = 2 mm, number of
teeth N2. = 77, whole depth = 2,25 m,addendum modifica-
tion coefficient X2 = O. It is a common gear with standard
tooth form. A shaper cutter, which is also one in some stan-
dard, has 'the fonowing data: ¢o = 20", m = 2mm, number
of teeth N, = 50, addendum modification ·coefficien't Xc=
0.577, whole depth 2,25 m, If the gear is cut by the cutter,
from Equation 7, then:

INV ¢zc = 2(0 - 0.577) TAN 200 1(77 - 50) + 0.0149044
= -0 ..00652

or ¢zc <0.

Therefore, this gear cannot he cut by this cutter, another
kind of interference during cutting. It is suggested that the
operating angle during cutting tPzc be greater than 7 to '100

,

Design by Maximum. Dim.ension,
Check by MJnimum Dimension

The importance of the method of generating gear teeth and
the parameters 'of the cutters is dear now. But each time the
shaper cutter is sharpened, its outside diameter is decreased,
and so is the addendum modification coefficeot Xc. In other
words, some important parameters of the cutter are chang-
ing. If using the parameters of a new cutter to design an in-
ternal pair of gears with no interference, there still might be
interference if the gears are cut with a sharpened cutter.
Therefore, the author suggests designing a gearing by the
maximum dimensions of the cutter and checking the obtained
data through the minimum dimensions. The maximum di-
mensions are the sizes of a new cutter or the measured sizes
of a sharpened cutter to be used for this design ..The minimum
dimensions ace defined as the minimum outside diameter and
the minimum addendum modification ,coeHici.ent of the cut-
ter. The minimum sizes of the cutter are determined by
strength and the correct tooth form ..With such minimum sizes
the cutter can stiU perform a normal cutting. H there is in-
terference checked by the minimum dimensions, the cutter
cannot be used to its minimum sizes, and the limited sizes
should be specified, or another cutter should be chosen. Two



more examples are given for further illustration.
Example 2, A pair of internal gearings has the following

parameters: P =8 lIin, tPo = 20°, Nl = IS, N2 = 45, Xl
= 0.4425, Xl = 1.328, C =1.97".
The pinion is hobbed, and the gear is cut by a shaper cutter.
The parameters of the new cutter are: ¢o = 2Do, Nc = 2-4,
Xc· = 0.2564, R,a;: = 1.6883 in, addendum 3c = 1.25/P.
The minimum sizes of the cutter are: (Rac)min = 1.6050Ln,
(Xc)l!Iin = - 0'.41.

a). Design through the new cutter.
The root radii are determined by the cutters. Through

Equations 1, 7~9', we can obtain: Rfl = 0.8366", ~2 =
3.1082".

The tip radii. are preliminarily determined by contact ratio
and clearances anda:re checked by transitional interferences.
ROll = 1.1100", Ra2, = 2.8350", Contact ratio rn, = 1..438,
c, = 0.10282"= 0 ..22i>/P, en = 0.0284" =0.227 JP.
Whole depth hI = Rat - Rfl = O.2743~ = 2.187 JP

h2 = RfZ - RaZ = 0.2732" = 2.186/P

TAN tPbl 0.1641953 > TAN ¢gl = 0.1326991 (no
interference)
TAN tPb2 = 0.5889354 < TAN tPg2 = 0.6176138 (no
interference)

b). Check by the minimum sizes.
The root radius is changed to Rf2 = 3.0794". The

clearance becomes eu = Rf2 - C - Ral = -0.0006" Since
Ch < 0, there is interference. The cutter cannot be used to
its minimum sizes.

c). Limited sizes.
Try (Rac)min = 1.6563" and (Xc)min = O.
Then Rb. = 3.0978" and C~2 = 0.0178" = 0.142 IP,
In Reference 9 the minimum clearance is 0.157 /P. Prac-

tically, the minimum value of clearance has relation to veloci-
ty, lubricant. 'etc. The obtained clearance is small therefore,
the outside radius of the cutter should not be sharpened less
than 1.6563".

The term of TAN tP~ = 0.611423 is less 'than TAN ¢g2 =

0.61'78138 (for the new cutter), but is still larger than TAN
41b2= 0.5889354, Therefore, there is no transitional
interference.

Example 3. A pair of internal gearings have the parameters:
tPo = 200

, m = 3.Smm,. Nl = 27, N2 = 75, Xl = 0.26, X2
= -0.255, C = 82mm ...Both pinion and gear are cut by
the same shaper cutter with parameters: 410 = 200

, m =
3 ..Smm, Nc = 28, a, = 1.3 m. The cutter is not a new one.
The measured sizes are Rae = S4.33mm and Xc = 0.229.
The minimum sizes are provided from some standard,
(R"c)mih = 53mm, and (Xe)min = - 0.157.

a). Design through measured dimensions
The root radii are determined by the parameters of the cut-

ter; Rn = 4!3.51Smrn,. RI2 = 134i.737mm.
The tip radius of the pinion is preliminarily determined by

clearance C12 > a.3m = 1.05mm, and the tip radius of the
gear is determined by transitional interference TAN <Pbl >

TAN ¢gl' Then
Ral = 51.5 mm Ra2 = U7.Smm
Cu = 1.237mm = 0.35m, CZI = 1.985mm = O.S67m
TAN¢bl = 0.227724 > TAN ¢g1 = 0.1912166 (no,

interference)
TAN tPg2= 0 ..413594 > TAN tPb2 0.3916624 (no

interference)

contact ratio: m, = 1.55
whole depth: hl= 7.98Smm = 2,28m.

h2 = 7.23i7mm = 2.07m.

b). Check by minimum sizes
Ril = 4!3.60Smm Rrz = 134.909m.m
Cll = l.409mm = 0.403m C21 = LS95mm = O,541m

TAN <P~l = 0.1733648 < TAN tPgl = 0.19121,66

TAN tP~ = 0.4373599 > TAN tPg2 - 0.4135940

For transitional interferences and clearance C12, the gears
cut by the sharpened cutter with minimum sizes are safer than
those cut by the cutter with the measured sizes. The clearance
e2l is less than C21, hut is still greater than O.3m. Therefore,
the cutter can be used from the measured sizes to its minimum
sizes for cutting this pair of internal gears ..

(continued 011 pa,ge43)
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Abstract:
The first part of this article describes the analytical design method

developed by the author to evaluate the load capacity of worm gears.
The second part gives a short description of the experimental pro-

gram and testing resources being used at CETIM to check the basic
assumptions of the analytical method; and to determine all gears
and 'test wheels the surface pI1essureendurance limits of materials
·tna'! can be used for worm gears.

The end of the article compares the results yielded by direct ap-
plication of the method and test results.



Introduction
The main form of deterioration observed in worm gears

is generally surface damage to the flanks of the gear wheel
teeth, comparable to the pitting and flaking found in treated
cylindrical gears. It is, therefore, essential to determine the
load capacity of these gears by evaluating the torque that can
be transmitted, which depends on the surface pressure the
materials used can withstand. For this purpose, we developed
a design model that can be used to determine the torque that
can be transmitted with allowance for the distribution of the
pressures along the lines of contact. This model was then ex-
perimentally verified using the admissible pressures of the
materials as determined by a disk-and-roller simulator. We
then compared the results obtained to those yielded by en-
durance tests carried out on gears.

Presentation of the Design Method
The design method we present here is an analytical

method;C3l in other words, the gear is designed with
aUowancefor the meshing conditions at all points of contact
and at all times. These meshing conditions depend on the
relative positions of the teeth of the gear and the threads of
the worm, on the geometry of the contact (curvatures) and
on the stiffness of the meshing teeth.

By contrast with some other methods, (6-7) the distribution
of contact pressure is not assumed to be uniform at each
instant of meshing, but is determined after the transmitted
load has been distributed along the instantaneous line of con-
tact. The distribution of the load is determined on the basis
of the stiffness of the teeth and the stiffness of contact at each
point of contact.

This method was developed in two stages:
First stage: development of a design model making it

possible to establish the instantaneous distribution of the
transmitted pressure from the geometry of the teeth, the
geometry of contact and the mechanical properties of the
materials of which the gear and worm are made.

Second stag~ determination of the map of pressures along
the lines of meshing contact. Since the maximum pressure
between the teeth in contact is limited by the admissible
pressure of the material, this makes it possible to determine
the maximum transmissible load.

First step of the calculation. We first calculate the instan-
taneous load distribution between the flanks of the worm
threads and the flanks of the gear teeth, with allowance for
the operating geometry and the materials used.

This geometry results from the contact between the worm
threads, generated by grinding or milling (A, I, N, K and
other profiles) and the gear teeth, produced by cutting. It is
theoretically determined from the basic geometrical
characteristics of 'the worm and gear by calculating, in order:

'. the profile of the worm threads according to the cutting
method used;

• the transverse path of contact for each rack line of the
worm;

.' the Held of contact or skewed surface on which the lines
of contact evolve;

.' the lines of contact at 'each instant of meshing;

.----------
Fig. 1- Operating Geometry.

• the equivalent radii of curvature and sliding velocities at
each point of contact.

All of these calculations are based on the application of
envelope theory and analytical. geometry. They are made by
breaking down the worm gear couple into a succession ot
elementary rack-and-pinion gears, having variable profiles
determined in planes parallel to the midplane of the gear.

Fig. 1shows the operating geometry of a worm. gear hav-
ing a 40:1 ratio. It shows:

• the transverse paths of contact in. seven different. rack lines; I

• the field of contact with the lines of contact for five relative .
meshing positions (1, 3, 5, 7, 9);

• the line of zero pressure angle.

These various curves are represented in space and in pro- :
jection in a plane perpendtcular to the axis of the worm. Each
point of the zone of contact is identified by two indices, :i
and j.

• i is the number of the line of contact;
• j is the number of the rack plane.

We define the stiffness of the gear tooth as (RRlij and the
stiffness of the worm thread as (R)j) at each point of con-
tact. To do this, we treat the toothing in each rack plane as

I a fixed-end beam of variable inertia (d. fig. 2).



The bending stiffness of these beams is determined by using
Bresse's equations.(ll To determine the equivalent stiffness at
the points of contact, we then apply the following two
assumptions:

Assumption 1. During meshing, an the points of contact
move uniformly, parallel to the operating reference plane of
the worm. because of the deformation of the teeth (Fig. 3),

Assumption 2. The initial pre-loading contact geometry
is maintained during loading. This means that the
displacements are sufficiently small and do not modify the
initial field of contact.

In addition to the equivalent stiffness (RDeq)ij, the model
takes the local contact stiffness (RC)ij into account.

In the zone of application of the load, the contact strains
are broken down into deformation resulting from crushing
of the teeth and deformation resulting from local compres-
sion of the part of the tooth under the contact.

The method used is the one developed and checked ex-
perimentally by Weber(S) for cylindrical gears. These defer-
mations are not a linear function of the applied load, so an
iterative method must be used to calculate the equivalent stiff-
ness (Fig. 4).

At each point of contact we then have

(Req)jj equivalent radius of curvature

(RDeq)ij equivalent stiffness of teeth in contact

(RDeqm)ij mean equivalent stiffness of the teeth in con-
tact calculated along an elementary segment
of the line of contact bounded by two sue-
cessive rack planes.

(qz)ij transmitted load density along an elementary
segment of the line of contact

(RDeq)ij takes the form
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(RDeq)ij
1 1 1

(RR)ij + (Rv)ij + (RC)ij parallel to the
axis of the screw

The total stiffness (RDG) of the gear parallel to the axis of
the worm is given by:

RDG = .1:. (RDeq)ij
11 ]'

The total deformation at each point of contact, which we
call oij, is the quotient of the mean load density divided by
the mean equivalent stiffness. On the basis of Assumptions
1 and 2, we may state:

0"- (qx)ij
1) - (RDeqm)ij constant - {j

CALCULA T!ON OF MESHING GEOII!ETR't'

. zone 01 eontect

- !in"s 01 eemact
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I
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from the axial force transmitted to the worm and the total
stiffness ,of the worm ROG calculated above, we obtain:

~- ..,6 "'" RDG - 01J

From the mean equivalent stiffness. we determine the distribu-
tion of the transmitted load (qx)ijl along the lines of contact:

~qxHj = o.(RDeqm)ij

Second step of the calculation. From the load distribution,
which is, now known. it is possible to detemUne the contact
pressure at each pomt of the meshing zone. The maximum
pressure found must be less than theadmissible pressure of
the material UHlim' This value is determined experienentally
for each material,

Therefore, if we know the mat~rials and Ithegeometry used,
it will be possible to reverse the calculation to determine the
admissible pressure UHlim. to determine the load distribution
along the lines of contact and the admissible load on the teeth.
and so finally '10' determine the admissible torque, For this,
we use the following procedure. At each point, the contact
pressure obtained by ,applying Hertz's theory (cylindrical con-
tact) is given by

, QX .' (RDeqm)ij = ZE ..~
ROC (Reqlij (XNlij "\/ RDG Kij

where:

(XN}ijI ,.;;; direction cosine of the normal to the plane of
contact

= curvat.ure-rigidity factor Kij = (Req. XN)'
- .RDeqm ij

Kij

ZE = e~asticity factor such that

1ZE

with V1.' "2 =.' .poisson·s. ratio I' f.·' I'or marenars
E}, E2 -= Young's moduli involved

We must verify that

which allows us to write:

QX < 1('UI"lI_.im..)2 • RDG •. Ki)'
ZE .

At the limit, the maximum loadcapacity is obtained fo·r ,the
mioimum value of Ki] = (Kij)mmi

then

'QX "'" ((l'H1im)2 ~RDGp..•. (K:il') .'.1max ZE t nump

ZR

ZR - pressure distribution factor .of the gear.

NOTE: Index p ref~rs to the relative posi'tion of the gear and
worm. p is chosen so that product
RDGp .. (Kij) miniP is minimized, defi.ning ZR. The admissi-
ble torque on the gear is then:

C = 5.10-4
• dwz (p~;rZR in m.N

with dwz .. pitch diameter of the gear wheel.

Calculation of losses. From the sliding velocity, 'taking into
account the coefficient of friction variation, which is a lfunc-
tion of sliding value, it is possible to calculate Ithe power loss
at each polnt ,of contact and 50 calculate the instantaneous
iffficiency of the gearing fl.

The true torque that can be transmitted to thegear is then:

The calculation method described is, therefore, based on
calculating the distribution of stiffness and the distribution
of contact pressure during meshing (ZR factor). If the max-
imum pressure-is limited to the admissible pressure of the
material. OHllm' the admissible torque can be deduced and
from it, by ,evaluating the losses in the gearing, the torque
that can be 'transmitted ..

The ZR factor is determined using the CADOR-ROUVlS
software.

The diagram below shows the various steps of the calcula-
tions required. for the application of the method described
above.

Generally speaking, the load capacity oE worm gears is
limited by the performance at the material of th gear wheel.

The admissible pressure of this material is determined by
,eva.luating its, contact pressure endurance curve, This curve
is determined expenmentally on a disk mller simulator
designed and built at CETlM. (conHnuea 011 page 40}



•

COME UP TO SPEED WITH
THE OERLIKON

GEAR MANUFACTURING
PROGRAM

OERLIKON CNC SPIROMATIC S20. S30,
BEVEL GEAR GENERATORS-Cut Bither
parallel or tapered depth teeth on one

Oerlikon CNC Bevel Gear Cutting
Machine.

OERLI KON CNG SPI ROMATIC B20
BLADE GRINDER-Grind any type bevel
gear cutting blade on one Oerlikon CNG

Blade Grinder.

OERLIKON CNC SPIROMATIC X20
BEVEL GEAR GRINDER-Grind any
bevel qear system with CBN on one

Oerlikon CNC Gear Grinder. The machines,
that make the gears,

that fum the wheels

OERLIKON CNC SPIROMATIC L20
BEVEL GEAR LAPPER-Full CNG
control increases productivity and

flexibility.

OERUKON CNC-MAAG OPAL SPUR &
HELICAL GEAR GRINDER-The MAAG
tradition of quality built for tomorrow's
productivity for spur and helical gearing.





- -- -- - -- - - - -- -

- - - - ----------

Into-Mesh lubrication of Spur Gears
Part 2

L. S. Akin Gear Consultant, Banning, CA and

D. P. Townsend NASA Lewis Research. Center Cleveland, Ohio

AUTHORS:

DR. LEE5. AKIN has been working 111 mechanical engineering since
1947, specializing principally in technologies related to rotating
macflinery. About half of this time has been spent in the gear illdusfl'Y
and the other half in the aerospace industry, concentrating on
mechanisms involving gears and bearings as well as friction, wear, and
lubrication technologies.

Since 1965, when he recei-ved his Ph.D. j'l mechanical engineering,
he has bee« extensively involved in 8,earr:esearchespeci.ally related to
the scoring phenomena of gear tooth failure. 1111971he joined forces
with Mr. Dennis Townsend of NASA Lewis Research Center. and
together they lJave produced numerous p.apers on technologies related
to gear scoring. Since 1986, Dr. A kin has been working as a gear con-
sultant with his own compemy. Gearsearch Inc.

MR. D.P. TOWNSEND is« gear COrlSuitant for NASA and
fiumerous industrial companies. Townsend earned a BSME from tile
University of West Vir,g:inia. Duri/lg his career at NASA he has authored
over fifty papers in the gear and' bearing research area. For the past
several years, he has seroed in active committee roles for ASME.
Presently he is Ii member of the ASME Design Engineering Executive
Committee.

Albstract.
An analysis was conducted for into-mesh oil jet lubrication with

an arbitra...ry offset and inclination angle from the pitch point, for the
case where the oil jet velod'ty is equal to or greater than pitch line velo-
city. Equations were developed for the minimum and the maximum
oil je!impingement depth. The ana lysis alsoi ncl uded the mini mum
oil jet velocity required to impinge on the gear or pinion and the op-
timum oiljet velocity required to obtain the best lubrication condi-
tion of maximum impingement depth and gear cooling. It was shown
that the optimum oil jet velocity for best lubrication and cooling oc-
curs when the oil jet velocityequaJ sthe gear pitch Ime velocity. When
the oil jet velocity is slightly greater than the pitch line velocity, the
loaded side of the driven gear and the unloaded side of the pinion
receive the best lubrication and cooling with slightly less impingement
depth. As the jet velocity becomes much greater than the pitch line
velocity, the impingement depth is considerably reduced and may
completely miss the pinion .
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Introduction
In the lubrication and cooling of gear teeth a va.riety of oil jet

lubrication schemes is sometimes used. A method commonly
used is a low pressure, low velocity oil jet directed at the ingo-
ing mesh of the gears, as was analyzed in Reference 1..
Sometimes an oil jet is directed at the outgoing mesh at low
pressures. It was shown in Reference 2 that the out-of-mesh
lubrication method provides a minimal impingement depth and
low cooling of the gears because of the short fling-off time and
fling-off angleY) In References 4 and 5 it was shown that a
radially directed oil. jet near the out-of-mesh position with the
right oil pressure was the method that provided the best imp-
ingement depth. Reference 6 showed this to give the best cool-
ing. However, thereare still many cases where into-mesh
lubrication is used with low oil jet pressure, which does not pro-
vide the optimum oil jet penetration and cooling. It shouldaJso
be noted that excessive into-mesh lubrication can cause high
losses in efficiency hom gear churning and trapping in the gear
teeth. (7) In Reference 8 the case for into-mesh lubrication with
oil jet velocity equal to or less than pitch line velocity was
analyzed, and equations were developed for impingement
depth for several jet velocities.

The objective of the work reported here was to develop the
analytical methods for gear lubrication with the oil jet directed
into mesh and with the oil jet velocity equal to or greater than
the pitch line velocity. When the oil.jet velocity is greater than
the pitch line velocity for into-mesh lubrication, the impinge-
ment depth is determined by the trailing end of the jet after it
has been cut off or chopped by the following tooth. The
analysis is therefor-e somewhat different from Part I of this ar-
ticie(8) for the case where the oil jet velocity is less than the
pitch line velocity. The oil jet location should be offset from the
pitch point with an inclined angle to obtain optimum cooling
of both gear and pinion for other than one-to-one gear ratios.



The analysis presented here assumes an arbitrary offset and in-
clination angle to obtain an optimum oil jet velocity for various
gear ratios. Further analysis is needed to determine the op-
timum offset and inclination angle for various gear ratios.

Analysis
The high-speed cooling jet conditions discussed in this

analysis are used only when a range of duty cycle conditions
dictate a wide operating speed range with a constant oil jet
velocity t.hat must be suitable over the whole range of speeds.
Start ing with Fig. 1 the sequence of events forthe pinion in the
case where Vj>Wpf sec {3p is shown in Pigs. 1 through 4. Here,
instead of tracking the head of the jet stream as in Part Iof this
article, (81 the trailing end Of "tail" of the stream will.be tracked
after it is chopped by thegear toothY' This is shown at "A" in
Fig. 3, to the final impingement at a depth "dp" on the pinion
tooth 2; as shown in Fig. 4. Initial impingement on the pinion
starts as the pinion top land leading edge crosses the jet stream
line with inclination angle set at {3p and offset Sp as shown in
Fig. 1.

The position of the pinion at this time is OpJ' defined (from
Fig. 1) as:

(1)

where:

inv !Pop = tan 'P3f - !Pop and
!Pop = cos (rbfrlll

inv !P = tan !P - !P

Generally the arbitrarily set offset "5" for the gear establishes the
value of {3p from:

(2)

Given (3p' then Sp. can be calculated from

so that:

The tai] of this jet stream is fmally chopped at "A" in Fig. 3 by
the gear top [and leading edge. The position of the gear at this
time is9g1 calculated:

Ogl = cos -l(Rs/R,J - inv!pog + inv!p (4)

where:

inv !Pog = tan !Pog - !Pog and

'J

. --)
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• liP\,! 01 (1:l: 4 NIl)/Pd - addendum t time

t! i*Ibt end sear backlath. reepediveIy lE, t.. time of fliaht, rotation
iefaJ.. pIalon, gear back1uh at Pd - 1 V,-V, linear velocity of pinion and gear at pitch line
I'4IIiW impingement depth Vl,Vjp oU jet velocity, general, pinion controlled

~L, pJNaa, JIll' final bllpiDaerrent distance x distance &om offset perpendicular to jet line
b RlMCIiate impitt&ement distance intersection

rna l\/N, - Rtr - oJp/&J - .... ratio Vtmax)p maximum velocity at which ~ - 0

~Ns number of teeth in pinion, par V,(min)" minimum velocity at which dp - 0
dfittallial number of teth {j arbitrary oil jet inclination angle

p. ....... pitch {jp c:onstraiDed inclination angle
fl Jbdort at..-pitch racIil fJpp indinat!o:n angle for pitch poblt intel section

~ distance frqm pinion, gear center tp pre!ISUN angle at pitch circles
toiItUne tppl,tp. pinion and sear pressure angle at points

rtl dIataace along line of c:eId1IIrI to jet line orisin spedfJed at i
fill CIiitanoe alOfIIIine of centers to jet line ~/Wi pinion par and angular velocities

iDtInection at x inVf,D tan tp - " - involute function at pitch point or
ttv pInicm and par outside drde diameter operatins pressure angle
fJar!t. pinion and gear base radii VJ(Opt, U)p upper Umit jet velocity to impin&ement at pitch
~So,~ adIIrary jet nozzle offset to intenIect O.D.'s line (at upper end of plateau)

o8Iet for pinion only

Then the position of the pinion at time equal to zero (t = 0) is
calculated from:

8p4 = mjJgl + inv I{J (5)
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which locates the pinion at the time of the flight of the tQil of the
jet stream when it is initiated. (See Fig. 3.) The jet tail continues
to approach the trailing side of the pinion tooth profile until it
reaches the position shown in Fig. 4, when it terminates at time
t = tf. The position of the pinion at this time is calculated from:

where:

inv 1{Jp5 = tan ¥?p5 - I{Jp:5

(6)

I{Jp5 = cos"? ([(r _ Lpsin~p/: (~COS~p)2J1f2) (7)

(See Fig ..4.)

Pl.



Ebr your toughest gear cutting jobs,

tile hardest steel is
the easiest cl1,oice' ...

For hobs, sneper cutters and other gear cutting
tools that are more than a cut above the rest, specify
Crucible CPM~ REX~ 76. With 33% total alloy con-
tent and an attainable hardness of HRC 68-70, this
high speed steel provides the highest available
combination of red! hardness, wear resistance and
toughness, either coated or uncoated.

A Big:-Three U.S. auto maker recently realized a
300%, improvement in g,ear cutting tool !'ife by
switching from M3 HSS to CPM R!EX 76. With
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easier and less frequent.

CPM REX 76
CPM REX 76 is just one of '/0 hligh speed steels

produced by the Crucible Particle Metallurgy pro-
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On your next order, specify a high speed steel
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tact your nearest Crucible Service Center. or write
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Street. Camillus, 'NY 13031.
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TABLE 1. - EQUATIONS FOR OIL JET VELOCITY AND PINION IMPINGEMENT DEPTH FOR PHCH LINE AND HIGHER OIL JET VELO([TV

Relative velocity scale Oil jet ve loc ity Pinion Impingement Depth

Critica.l high velocity *[[R2 _ R'j1/2 2 r~jl/2 apJ dp(min. U) •. 0" (m _ 1)sec a~ - (r 0 - sec wI!to mi5S the pinion vj(max)p
o s g- B - 8

p6 ·op <"hen m ) m (cr ir) and 0 ~ s e So ~nd9 - 9
V j(mu)p .., when S - 50 and Bp - Bpp o S. :ap < app

HIgher than pi ten line
..~[(Ro _ R )I/Z

- L~l dp - given ( usual design ~olution andsec al!nlocity up to where Y. s d )2 _ ,.2 cos' • ]lf2 + rJ - 8p4 - BpS Lp - [(ro - sin
"pthe jet surts to miss p p

the' pinion V • g.i yen (when 0 .5. dp .5. a, ~) Iter-ate Lp from:

[(R2 _ R2)1/2sec ap - Lp] "'p - (Bp2 - ~pI) Vjo 5

d
p

_ r - [(r- Lp sin . )2 + (Lp 'cos a/ j1/2
0 :'p

SUghtly higher and "s (R~ - R~)1/2 sec
,pitch \I ne-upper end Y j( opt. U)p . .~ dp(tai 1) - -, (trail Ing profile only)
of velocity plateau

891

v J ."pr sec 'p .OlgA sec Ip dp .~.(1 * 4'Np/2) JPd' (both profiles)

The design solution to the problem of pinion cooling when
"d," is specified is to solve explicitly for the jet Vi based on the
fact that tf = to) as shown in Part I of this article. Thus, the re-
quired jet velocity is calculated from:

[(R2 - R2)1/2 sec R - TIv. = 0 . s . tJp '1> wp
J

8p4 - Bps
(8)

where:

The analysis solution to the problem when Vi is specified
[Vj(Opt, tn, < Vi < 00 J so that the resulting impingement
depth dp' can be calculated implicitly by solving iteratively for
"Lp" from:

wp[(R~ - R;)1I2 sec {Jp - Lpl = (8p4 - 8ps)Vi then (IO)

dp = ro - t (r - L, sin {Jp)2 + (L, cos {Jp)2j1!2 (11)

(See Fig. 1.)

Moving up along the velocity scale of Table 1from wpI" sec (Jp
= Vj' it can be shown that the upper limit Vi(Opt, U) for the
"constant impingement depth range" where dp = a, can be
calculated for the pinion from:

Thus, if the jet velocity VI is between the lower limit Vj(Opt,
u, < Vj < Vi(Opt, U)p' then the impingement depth will be dp

= a = 1/Pd on at least one side of the tooth profile. If Vi = wpr
sec (Jp exactly. then d", = a on both sides of the tooth profile. in-
creasing the jet velocity above Vj(Opt, U)p reduces the impinge-
ment depth dp until at Vj(max)p the tail of the jet chopped by the
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gear tooth is moving 50 fast as to be just missed by the pinion top
land leading edge "AU in Fig. 6 when mg > ffig(crit). The upper
limit critical gear ratio, as a function of Np and assuming
Vi(max)p = 00. may be calculated from;

IIlg(crit)=

cos-1 Np - inv (COS-lNpCOS¥') + invll' + w/Np - 2 B p/Np
N p + 2 Np + 2

_l(m,(Crit)Np + 2PdS) , . +Icos 0 - JnV cos
lIlg(crit) + 2 (

Np cose ) + .__ L-----'-__ , IIlV¥'

Np +2/mg(crit) (13)

PlH



where:

and

and

N~ = INpcos2!Sp - {(Np + 2)2: - N~cos2t3p}lt2sint3p]
(14)

{3p= tan.-1 {S Pdl[mg(crit)Np(1 - PdS)2 - (PdS)Zj1/2}
(15)

PdS = (StSo)[mg(crit) - 1]
[mg(crit) + 1]

when S= So and fJ = t3pp,Vj(max)p < oe , the mg(crit) ceases
to exist.

When the maximum jet stream velocity (Vj = Vi(max)p) is
reached, the initial position of the pinion as the gear tooth chops
the tail of the jet stream may be calculated from:

(16)

(See Fig. 5.l
The final position at the point "AU in Fig. 6 is calculated from:

The maximum jet velocity may then be calculated from:

Vi(max)p

= wpHR! - Rs~1I2 sec!Sp - (r! - ~1t2 sec !Spl
(Jp6 - (Jop

(18)

PI

r.... l.

Therefore, when Vj ~ Vj(max}p' dp = 0, if mg > mg(crit).
Also if 5= So and !S = !Sp = t3pp' then Vj(max)p - oc.
Vj(max)p = Vi(Opt, U) then Vj(max)p is set equal to Vj(Opt,
U). Stated differentty, when Vj(Opt, U) is greater 'than 01 equal
to the calculated Vj(max)p, then Vj(max)p no longer physical-
ly represents the solution, and Vj(Opt, U) is the maximum
value that can be allowed for Vj'

Again. it should be noted that the selection or specification for
Vi must be kept within the bounds of w" sec (3pand Eq-uation 18
if impingement on the trailing side of the tooth profile is desired.

Equations 8 through 18 have been summarized in Table 1 on
a velocity scale to add graphic visibility to their usability range.
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The Gear.- When the Jet Vdocity is Greater than Pitch Line
Velocity (Vi >w,R sec 1&).

The sequence of events for the gear in the case where Vi >
wgR sec /3p is shown in Figs. 5, 7 and 8. Again, instead of track-
Ln~'the head, the trailing end or "tail" of the jet stream will be
trackedafter it is chopped at time (t = 0) as shown at "A" in Fig.
7, to the final impingement point at a depth "d.g" at time t = tw,

as shown in Fig. 8. The position of the pinion at time (t = 0) may
be calculated from O'pa... defined above. The associated gear posi-
tion can be calculated from:

(19)

which locates the gear at the time (t = 0) when the flight of the
tail of the jet stream is initialed. (See Fig. 7.)Theposition of the
gear when the jet stream tail is terminated on the gear may be
calculated from,

e '7 = tan-1 (. Lgeos /3p ). + inv I{J '7
g . R L . ·8- + g sin i3p

where

inv I{Jg'7= tan 'Pg7-'Pg7

'Pg7 = C05-
1 ([(R + Lg sin .Bp)~: (l"g cos i3

p
)lJlI2) (21)'

at time (I = t.,), as shown in Fig. 8.
Once again. when O~ e,< i3pp and 0 ~ 5 < So, the analysis

solution to the problem of cooling the gear is constrained by the
jet velocity limits for the pinion to maintain impingem.ent 'on
same. And, as explained above, a given "gear mesh" must have
a common jet velocity. Accordingly, a given impingement
dep th is selected for the pinion. Then, the associated jet velocity
Vip is solved for this velocity, which can then be used to find
the associated gear impingement depth "dg". Thus, after fin-
ding Vjp, solve for Lg iteratively from:

and

dg = Ro - [(R + Lg sin {3p)2 + (lg cos {3p?11/2 (23)

(mntil1ued on page 45)

......,

t.
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Estimating Hohhing Times
Robert Endoy Ford New Holland, Inc.

Troy, MI

AUTHOR: Hob bing is a continuous gear generation process widely used
in the industry for high or low volume production of external
cylindrical gears. Depending on the tooth size, gears and splines
are hobbed in a single pass or in a two-pass cycle consisting of
a toughing cut followed by a finishing cut. State-of-the-art hob-
bing machines have the capability to vary cutting parameters
between first and second cut so that a different formula is used
to calculate cycle times for single-cut and double-cut hobbLng.

ROBERTENDOY is an advanced manufacturing planning engineer
at Ford New Holland, Inc .. working in the development. planning and
launching of major tractor drioetine programs. Prior to this work. he
was with Hansen Transmissions International. Edegem, Belgium, and
Ford Tractor Belgium. Mr. Endoy received a degree in industrial
engineering from Hoge~e Technische School, Antwerp ..Belgium. and
is a Senior Member of the Society of Manufacturing Engineers.
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5ingl~Cut Hobbing Cycle
The cycle time isgiven by the equation,

ZxLT=----
NxKxF

(1)

where
T = cycle time in minutes
Z = number of gear teeth
L = length of cut in inches
N = hob rlfvolut:ions per minute
K = number of hob starts
F = feed rate in inches per revolution of work

DoublH:ut Hobbing Cycle
The cyde time is given by the equation,

T= ZxLl + ZxL2
Nl X K X FI N2 X K X F2

(2)

where
T = hobbing time in minutes
Z= number ,of gear teeth
LI ,= hob travel in inches, first ,cut
12 = hob travel in inches, second cut
Nl = hob revolutions per minute, first cut
N2 = hob revolutions per minute, second cut
K =, number of hob starts
PI = feed rate in inches per revolution of work gear. first

cut
F2 = feed rate in inches per revolution of work gear,

second cut

Some of the parameters of the cycle time formulae. such as
the number of gear teeth, can be found directly on th part
print. Others require additional ealculat ions before ,they can be
entered in the equation, .

It is important to know that diametral pitch and pitch
diameter of th work gear detennin the size 'of the hobbing
machine required for Itn job. The size of the gear tooth will also
influence the feed rate that will be used to cui th egear, and
whether the gear must be hobbed in a single- or deuble-eut
cycle.

Calculation 0' Hob Travel (L)
The hob tra.vellength consists of four elements: gear Face

width, spacer Width, hob approach and hob everrue,
Gear Face Width. The gear face width is also indicated on the

part print as the width ofthe gear blank. When mor than one
part is loaded per cycle, the total gear width must. be taken into
account. (F.ig. 1)

fig. I
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Spacer Width. Gear configuration may be such that a spacer
is required between gears inorder to load more than one part per
cycle. In this case the width of the spacer must be added to the
total face width ..(Fig. 2)

Approach.. Hob approach is the distance from the point of
initial contact between hob and gear blank to the point where
the hob reaches full depth of cut. The approach length is a func-
tion of hob diameter, gear outside diameter, depth of cut and
gear helix angle.

Hob approach is calculated with the formula

A = ,.jw X [D + G - W - G]
cos2 (H) .

(3)

where
A = hob approach in inches
W = depth of cut in inches
D = hob outside diameter in inches
G = gear outside diameter in inches
H = gear helix angle

For spur gears, H = 0 and cos H = 1, so that the approach
formula is simplified to

A =.JVV X ([) - W) (4)

Fig. 3 illustrates this relationship.
In a single-cut cycle the depth of cut is

W = Gear outside dia. - Gear root dia.

2

In a double-cut cycle the approach travel for roughing is
longer than for finishing because of the difference in cutting
depth. (Fig. 4)

Overrun. Hob overrun is the linear hob travel beyond full
cutting depth required to complete generation of the gear teeth.
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HOB FACE 'MDT""
~DiAMErER ,

~PPROAcH

1

The hob head swivel angle is a function of helix angle and
hand of both work gear and hob.

• ,j(ADf - (AC BDl'

AD • AC • Hob Aao.us

BC ~ Toolh Deplh

GODi. GRO,.
2

Fig. 3 - Hob Approach For Spur Gears

Hob overrun is calculated with the formula

R = 5 X cos (H) X tan (SA)

tan(pA)

where
R = hob overrun in inches
5 = addendum of gear in inches
H = Gear helix angle
SA = hob head swivel angle
PA = gear pressure angle

S£CONDCtH
tfIOB TRAVEL FIRS curI HOlt 'fRAVEL

SECONOCUJ
STAAt Of tIOB TRNiE!.

F'fISlCUT
STAAT Of HOB TRAIift.

FJg. 4-Hob Approach In A Two-Cut Hobbing Cycle



I Tablet
.... WIx hob helix hob head swivel

h8Dd hand angle

left left H-HB
left right H+HB= left H+HB

right H-HB
I

InTable 1, HB represents the hob helix angle. The minimum
hob head swivel angle is obtained when the helix of gear and
hob have the same hand.

All formulae ewebased on the theoretical points of contact be-
tween hob and workpiece. In practice, clearance between hob
and work gear is needed in order to assure safe cutting condi-
tions. Therefore, a clearance amount of .040 to .100 inch must
be added to the theoretical values of approach and overrun.

For spur gears, H = OO;cos(H) = 1; and SA = HE. For a 7
diametral pitch gear, with 200 pressure angle, and hobbed with
a 30 helix hob, the overrun is

R = .1429 x 0.05241 = 0.020
0.36397

Obviously, for practical purposes the theoretical calculation
of hob overrun for spur gears can be replaced bya fixed value
which indudes dearance, for instance, .100".

Hob Revo~ut:ions Per Minute (N)
Cutting speed in a hobbing operation is defined as the

peripheral velocity of the hob,

V=TXDXN
12

(6)

where
V = Cutting speed in surface feet per minute (SFPM)
D = Hob diameter in inches
N = Revolutions per minute of the hob
T = 1.14159 ...

In terms of machine set up, it is more significant to know the
number of revolutions of the hob,

N=12XV
T X D

(7)

As in most meta] cutting processes, there are no specific
values of speeds a.nd feeds that must be used, Cutting
parameters are, in. fact, dependent on many variables, and
starting values are often determined by past experience.

Speeds and feeds in an hobbing operation are affected by
physical properties of tool material.
machinability of work material
quality specifications
ridigity of machine and fixture
desired tool life
cutting fluids, lubricants and coolants

Number of Hob Starts (K)
Number of hob starts and cycle time aile inversely related to.

each other. Cycle time decreases when the number of hob starts
is increased.

A single-start hob rotates the work one tooth for each revolu-
tion of the hob. With a 2, 3 or 4~start hob, the work is rotated
over 2,3 and 4 teeth for each revolution of the hob ...Assuming
the same feed rate ~formultistartas for single-start hobbing, th
cycle will be completed 2,3 or 4 times raster.

Quality considerations, however, limit the application of
multistart hobs, In this process, fewer hob teeth participate in
the generation of the tooth profile; therefore, it is less accurate,
Multistart hobs also havean inherentthread spacing error
which is repeated in the workpiece under certain conditions.

The following guidelines should be followed when estimating
times with multistart hobs.

'955 MILITARY RD...
BUFFALO, NY 14217

G,EA,RGRIND.ING SP,ECIAlJSTS
lAeishauer RZ 300E EI,ectron:ically

controilledgear Igrinders
Cornmerclal & Precision Giear

Manufacturing to' AGMA CI!ass 15
Iinciuding:

• Spur • Hobblng up 1024" in
• HeHcal Diameter
• Internal •. O. D. and II. D.
• Pump Gears Grinding, Gear Honing
• Splines and Pulleys wlCrowning, Broaching,
• Serrations Keysealing', Turning and
• Sprockets and Ratchet Milling, Tooth Chamfering,

Type Gears and Rounding

.' Supplied complete 10 print ~
• Finishing operations on your blanks ~~~n~
• Grind teeth only
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• The number of teeth in the gear must not be divisible by
the number of hob starts.

• Only gears with a large number or teeth (2 > 25) are
suitable for cutting with multistart hobs,

When working with multistart hobs the feed rate must be
reduoedto compensate for the increased tooth loading of the
hob. The following reduction factors are recommended.

Table .2

1
0.67
0.55
0.50

Example: Normal feed rate with single-start hob is .160" per
revolution of workpiece.
When using a 2-start hob for the same job, 'the feed
rate should be reduced to

.67 X .160 = .107 inch/revolution.

field of Application
Although hobbing is the most widely used method of gear

manufacturing, its field of application is restricted by the part
geometry. The major limitation is that hobbing is not applicable
to internal gears. Other methods of gear manufacturing like
shaping, broaching or skiving must be used for production of in-
ternal gears.

Another important limitation is that hobbing is not applicable
to shoulder gears. This restriction is a direct result of the ap-
proach length, which isa function of the hob diameter. The
distance between gear face and an adjacent shoulder must be
greater than. the minimum value of hob approach length in order
to allow hobbing, In some cases it is possible to reduce the ap-
proach length by specifying hobs with reduced outside diameter.
However, hob design considerations limit the variation in out-
side diameter.

Hobbing is without a doubt the most productive gear cutting
method for external gears. It can be used as asemi-finishing or
finishing gear process. Hobbing as a finishing process is ac-
complished by rough and finish cuttLng the gears on the hobb-
Lngmachine without a subsequent tooth finishing operation.
Most often hobbing is used in combination with a gear finishing
operation like shaving or grinding.

Productivity can.be increased by stacking several gears on the
hobbing fixture. Stacks of more than two gears require good
quality gear blanks with the gear rim races parallel to each other
and square to the bore.

One remarkable feature of the hobhing machine is the .ability
to make crowned or tapered gears. Crowning is often used in
gear design practice to avoid end loading of the gear teeth. Taper
hobbing can be used to compensate for uneven shrinkage in heat
treatment.

Heat treated helical gears are typically affected by lead un-
wind, which is a change in helix angle after hardening .. Lead
angle variations are very easily compensated for on a gear hob-
bing machine by installing sets of diH·erential change gears, or
by programming of corrected helix angles on CNC controls.

EXAMPLES OF CYCLE CALCULATIONS

Example 1
Transmission gear hobbed on arbor fixture (Fig. 5)

Part print data

Number of teeth
Diametral pitch
Pitch diameter
Outside diameter max
Outside diameter min
Root diameter max
Root diameter min
Pressure angle
Helix. angle
Face width
Material

61
7
8.714
8.990
8.985
8.346
8.336

20"
0"
1.215

SAE 8620



Machine setting data

Double cut ,cyde
Cutting speed rough
Cutting speed finish
Feed rate rough
Feed.rate finish
Number of partsper cyde
Spacer width
Finish cut material allowance

230 sfpm
290 sfpm
.177 ipr
.236 ipr
2
.260
.060

Hob data

Outside diameter
Number ot starts
Spiral angle
Material

4.60
1
4.250

HSS

CydeHme ealeulation

12 X 230Hob rpm rough = = 190 rpm
3.14159 X 4.6

12 X 290
Hob rpm finish =- = 240 rpm

3.14159 X 4.6

G dd d 8.9875 - 8.7142 137ear a' -en_ urn = = . "
2

- - 8.9875 -8.Ml
Whole tooth depth = = .3,23

2
Depth ,of ,cut, roughing cut = .323 - .060 = .263

Depth ,of cut, finishing cut = .1060
,--------

Hob approach, roughing cut =-J.263 X (4.,60 - .2(3)
= 1.068

Add .040 clearance = .040 + 1.068 = 1.108

Hob approach, finishing cut = -J.06O X (4.60- .060) = .522

Add .040 clearance = .040 + .522 = .562

H b o , . h ·d f' . h _ .137 X cos 0 X tan 3.25
'.0 overrun, roug. _an , mls

tan 20

= .137 X .05678 = .021
.36397

Add .040 clearance = .040 + .021 = .061

Total hob travet roughin.g = 1.068 + .1061+ 2.430
+ .260 = 3 ..819

Total hob travel, finishing = .562 + .061 + 2.430 + .260
= 3.313

C .. le ti ,61 X 3.819 +. 61 X 3.31.3yc e time""' ----
190 X .177 240 X .236

... 1004!95 min for 2 pieces

= 5.297 min for 1 piece

Example ,2

The procedure is the same as in Example 1, however, the gea.r
is now hobbed with a 2-start hob. We will assume that the 2-start
hob has the same outside diameter as the single-stan hob so that
approach and overrun valuesare same as in previous example,

Feed rate for roughing = .67 X .177 - .118

Feed rate for finishing = .67 X .236 ,- .158

61 X 3.819 61 X '1 '113·Cyde time = +'. ;;'.;;'.'
190 X 2 X .118 240 X .2 X .158

= 7.859 min for 2 pieces
= 3.929 min for 1 piece

The savings in cycle time is 10,495 - 7.859 = 2.636 min or
25%,

This example illustrates clearly the increased productivi.ty
which r sults from the use of multistart hobs .•

•
New Seri!es of
AGM'A Technical
Education Semiinars

Gear Math at the Shop Level for the Gear
Shop Foreman, a repeat of the "sold out"
seminar is the first in a new series. The seminar
is to be held in Denver. Co.lo. on September 27
and will again be conducted by Don McViltic.
President of Gear Engineers, Inc. of Seattle.

Two additional "sold out" seminars to be
repeated are Inspection of Loose Gears by Bob
Smith of R. E. Smith & Co., and Controlling the
Carburizlng Process by Roy Kern. of Kern
Engineering. (Dates to be announced.)

Additional Topics Planned:

'. Gear Failure Ana'lysis
• Gear Lubrication
• Material Selection
• Gear Designl

For Registration Information Contact:
AGMA Headquarters

(703) 684-0211
CIRCLE A·19 ,ON R!A'DER REPLV CARD
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(continued from page 23)

In worm gears, the sliding induced by the rotation of the
worm is greater than the sliding orthogonal to the lines of
cont-act induced by the rotation of the gear wheel, It is essen-
Hal that the simulator used to evaluate the pressure endurance
curve be able to reproduce these components. Conventional
roller machines could not be used.

The machine we designed consists of a disk that represents
the worm, on which turns and slides a roller that represents
the gear.

The axes of the disk and roller are perpendicularIfig. 5).
It is possible, by adjusting the position of the roller with

respect to the disk and the speeds of rotation of the disk and
roller, to reproduce any sliding condition that can occur in
worm gears.

The test piece is the roller made of the gear material (Ur:12P
bronze, for example). It has the following characteristics:

diameter: 100 mm
transverse crowning radius: 250 mm
width: 25 mm

The disk used is 200 mm in diameter. It is made of ground
case-hardened steel.

The speed of rotanon used and the corresponding sliding
~~~~ .

wheel: 420 rpm
disk: 855 rpm

giving a mean sliding velocity of 8 m/s.
Obtaining a representative pressure endurance curve for

a.given pair of materials requires between 7,000 and 10,000
hours of testing, equivalent to the destruction oi 30 to 35
rollers, But this method is advantageous because it is faster
than bench testing gears. Moreover, the cost of the test pieces
and the running costs of the simulator are very low.

fig. 5- Prtrrciple of disk-railer simulator.
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Fig. 6-Worm gear test bench.

Experlmental Verification of the Design Method
For a complete verilication of the design method. we car-

ried out full-scale tests on worm gears. The test bench we
built consists of a variable-speed DC motor that drives the
worm of the reducer to be tested directly. The worm wheel
at the reducer output is connected to a mulriplier that drives
an eddy-current brake, used to apply the load (Fig. 6),

The operation of the bench is monitored at all times and
the following parameters are measured continually:
• the speed of rotation of the worm,
• the torque delivered by the motor,
• the torque applied by the brake,
• the oil temperature in the reducer housing,
• the temperature of the more heavily loaded worm bearing,
• the instantaneous wear of the test gear.

This last measurement is made by using a special device
built by CETIM, based on the use of optical encoders (sen-
sitivity 0.05 mm).

The test bench also has a lubrication system with oil cir-
culation and cooling. The principle of this test bench is shown
in Fig. 6.
Characteristics of the test gearing:

• number of threads:
• number of teeth:
• axial module:
• center distance:
• helix angle:
• face width of wheel:
• axial pressure angle:
• type of thread profile:
• synthetic oil
• worm. made of case-hardened

steel
• gear made of UE12P bronze

1
40
4..95
125mm
5.50

4S mm
220
A

Applic.ation of the Design Method
The calculation model described below is contained in a

program developed on the VAX 780 ..ITwe apply this method
to the design of the test gear, we find:
• elastici ty factor:
'. pressure distribuUon factor:

ZE = 498
ZR = 1693



., integrated ,efficiency (calculated):
(mineral oil)

• sliding velocity;
• speed of worm:
• pitch diameter of gear:

11 = 0.62

4.4 rots
1600 rpm

198 mm

The measured efficiency was 0 ..8. The difference we found
between the measured and calculated values comes from the
fact that 'the effi.ciency was calculated on the basis of the "fric-
tion versus sliding velocity"cu:rve taken from standard BS
721.

This curve is for a mineral oil, and the result it gives is
low when the oil actually used is a synthetic oil with low-
friction additives.

Fig. 7 shows the projection along the lines oJ contact on
the Hanks of the gear wheel of:
.' the distribution of the equiv.alent radii of curvature;
.' the distribution of the mean equivalent stiffness
• the dist,ribution of the contact pressures.

It will be noted that the pressure distribution is to a, first
approximation the direct combination of the equivalent radii
of curvature and the equivalent stiHness.

Comparison. of the Results Obtained
The first experimental results obtained on these 'test benches

now cover U,(XW)hours for the disk and rol1er machine and
10,000 hours on the worm gear machine. The grades of
materials used on these test benchesare strictly identical.

Thirty rollers have been tested on the disk-roller simulator,
yielding the pressure versus number of cycles curve given in
fig. 8. The pressure indicated on the y-axis corresponds to
the Hertz maximum pressure obtained on the path, which
is clearly visible aft·er about four hours running.

The test gearing was subjected to a torque of 115 daN.m
on the gear. The first pitting appeared on the flanks of the
teeth after .32100hours of tests, corresponding to 7.68 lot'
loadi.ng cycles.

It should be noted that the surface damage found was
located primarily at the roots of the gear teeth and on the
meshing exit. of the worm threads. This fjnding correlates
perfectly with the pressure distribution maps given in Fig. 7.

looking at theendurance curve obtained on the simulator,
we find that 7..68 100 cycles corresponds to an admissible
pressure of 460 MPa (Fig. 8),

The calculation method, applied to 'this admissible pressure
value. gives us 'the Following transmissible torque:

c, = 5,10-4'd",2'71' (;ny.ZR =

5.10-4 X 198 x (460). 2 x 1693
498

X O.B

Ct = 114.4 daN.m

This is very dose to the value applied to the gear on the
test bench.
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Conclusions
The experimental results are in good agreement with the

results yielded by the analytical design method. Other tests
are now in progress to validate this new approach to the
design of worm gears, Other materials are also being tested
on our disk-roller simulator,

Appendix
UE 12 P bronze is a chilled cast bronze with 12% of tin and less

than 1 % of phosphor, It is equivalent to SAE 65 bronze,
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(continued from page 19)

CAD and Optimum Design
The design of an internal gearing is much more complicated

than that of an external gearing. Computer aided design is
recommended.Cll] However, the following principles can also
be used For external gearing design.
Mathematical Model. The first step is to,analyze the specifica-
tions 01 the gearing and to construct a mathematical model
that can simulate the problem to be solved. If the problem
is restricted to geometrical dimensions only, usually efficiency
or contact ratio can be chosen as the objective function. If
the problem includes strength as well, the objective function
can be chosen from one or two of the following variables:
weight, size, output 'torque, dficiency, minimum stress, max-
imum strength, etc. The constraints are related to the data
given. Sometimes the objectives and the constraints can be
exchanged ..For example, if the objective is the minimum size,
the a~lowable stress or the maximum stress will be the con-
straint, and if the maximum strength is the objective, the
given size or the minimum size will be the constraint.
However, some parameters, such as different kinds of in-
terference, may always be constraints. Both objective func-
tions and constraint functions should be as simple as possible.

Optimiz:ing Method. Since there are various parameters in
a gearing design and the mathematic model is usually not
a quadratic function or other well-behaved function, the
author suggests not using indirect search techniques. These
require both objective andconstraint functions dJffeJ1entiable
and continuous within the regioaofsearch. while the func-
tions of a gearingare usually transcendental functions, the
cUgerentiatlon of which is sometimes very difficult. Therefore,

Fig. 8-FlowChart for Gear Design.

it is recommended that the direct search techniques, such as
the Hooke-Jeeves method, complex. method, Rosenbrock
method, all of which have been tested with good resuks in
gear design by the author, be used. These methods have been
introduced in many books.(l4.15) However, they are .analy~ed
as unconstrained problems, which might be common in
mathematics; but most problems in engineering, including
gear design, are constraint problems, Therefore, modifica-
tions of these methods should be made for a gear optimizing
design, such as shown in Reference 12. Fig.S is a schemetic
flow chart for a gear design. The program should be designed.
not for one cutter, but for a set oJ cutters. D.iHerent data can
be obtained from diHerentcutters from which the optimum
result can be determined.

Coneluslon
As a result of the above discussion and the illustrativeex-

amples, the following observations can be made.

Introducing ......

SINGLE FLANK.
CHAMFERING IFOR
GEARS AND PINIONS
(Spur, Helical and Even Spiral Bevel Typa)
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1). The method of gear teeth generation and the parameters
of the cutter, including interferenoe calculation, should be
taken into account in the design of the internal gearing.
Otherwise, the design seems correct, but, practically, there
might be interference and other problems.

2). After choosing the cutter, use the parameters of a new
cutter or the measured sizes of the cutter to design the gear-
ing. Then use the minimum sizes of the cutter to check the
obtained data ..Otherwise, even if the parameters of the new
cutter are taken into account, there might be interference
when the gears are cut by the sharpened cutter.

3).. The root radius of a gear is directly related to the
parameters of the cutter ..The two tip radii of a pair of gears
have relation to interference, contact ratio, sliding velocity,
top land, clearance, whole depth, etc. Some of them are
related to root radii too. Hence, the tip radii have indirect
relations w:ith the cutter as welL But in many books
(References .3,5, 10, 16 and 17), the formulae for calculating
the root radii or the tip radii have no relationship to the
parameters of the cutters. The relation between the tip radius
and the root radius of the external gearing is mainly for keep-
ing a standard whole depth and a standard clearance .. This
method has been introduced to internal gearing for making
the whole depth and the clearance dose to standard values.
(See Reference 3.) In some books, (10) the root radius is
calculated from a given dedendum or addendum plus
clearance. However, the author considers those methods im-
proper because interference, contact ratio and other meshing
indices are more important than the standard or the given
whole depth. Besides, the root radius is determined by the
parameters of the cutter, and the whole depth and the deden-
dum should be ca1culated from the root radius. Moreover,
there might be few cases where an internal gear cut by a
shaper cutter can obtain the standard or given whole depth.
From Equations 7-9, only when (Xz - Xc) = 0' will it be
possible to cut a gear with the standard dedendum or a deden-
dum equal to the addendum of the cutter. If the addendum
of the gear is standard, then the whole depth can be stan-
dard. However, the Xc is changing after sharpening and
even during cutting, Therefore, the standard whole depth and
the standard clearance are really of no meaning for the in-
ternal gearing, In Reference 18, the clearance can have a
range, 0.25/P to 0.35/P. It is better than one value, O.25/P,
but the range should be larger because the clearance is of less
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importance, and sometimes even if it is 0.35/P,. there will
still be interference. In the above examples, none of the
clearances or the whole depths are standard. Nevertheless,
these designs satisfy the required indices and have been tested.
For the internal gearing in the KHV planetary systems, if Nz
- Nl = 1, the clearance usually should be greater than
O.5/P, and sometimes as large as O.7/P. Hence, the author
suggests that for internal gearing, the root radii be determined
by "cutting" and the tip radii. be determined by "meshing".
Cutting means the parameters of the cutter. Meshing means
meshing indices which are determined not by a single gear,
but by the two mating gears. According to different re~
quirements of different types of planetary gearings, choose
one or two meshing indices, for example, contact ratio or
transitional interference or clearance, to determine
preliminary tip radii; then check other required indices. Since
this discussion is mainly of interference, the details of the
design for internal. gearing will be in another article.
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The design solution to the problem when Vj(min)g < Vi <
Vj(max)g may be calculated from:

v. = [(r~-r~l!2sec.Bp- {(Ro-dgf-R2cos1,Bp}1I2+Rsin.BpJwg
J

(Jg6-8g7 (24)

with the additional restriction that Vj(Opt, U}g< Vi < Vj(max)g
= Vj(max)'p- As for the others, Equation 24! is shown placed on
the velocity scale of Table 2.

Also if Vj is specified within the range allowed for Vjp tor
Equation 8 and 24, thendg can be calculated implicitly by solv-
ing iteratively fo·r "Lg" hom:

I(~ - ~)11~sec ~p - LgJWg = (8g6 - I':Ig7)Vip and (25)

dg = Ro - [(R + Lg sin {3p)2 + (Lg 'cos ,Bp)2]112 (26)

When the Jet Velocity is Equal to Pitch Line Velocity
(Vj = wiR sec @g)

Continuing up the velocity scale of Table 2 from VI = wgR
sec .Bp, it can 00 shown that the upper limit for the constant im-
pingement depth range, where dg = a, can be calculated for the
gear from:

Thus, if the jet velocity Vj is between V;(Opt, L)g < Vi
<Vj(Opt, U)s, the impingement depth will be dig = a = lIPd. on
at least one side of the gear tooth profile. If Vi = wgRsec .Bpex-
actly, the dp = "a" on both sides of the tooth profile.

Increasing the jet velocity above Vj(Opt, U}greduces the im-
pingement depth dg until Vi = Vj(max)g' When S < So' the tail
of the jet chopped by the gear tooth is moving so fast as to be just
missed by the pinion top land so that dp= 0 and ffig =
mg(lim.). When S = So and Vj(maxJg - 00, then dp - o.

cThe initial position of the gear when it chops the tail of the
leading [et stream is OgI as defined above when mg < mg(crit)
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(31)

If Vi(max)g 5 Vj(Opt, U) then set Vj(max)gequal. to Vj(Opt, U).
Also, it should beobse:rved that since only one ViPcan be used,
we must set Equations 18 and.29 equal: Vj(max)p· Vj(max)g
for the given ms' making the design mg = mg(lim) when mg >
mg(crit). .Vj(max)g in gear parameters may be calculated from:

Summary
An analysis was conducted for into-mesh all. jet lubrication

with an arbitrary offsetand inclination angle from the piteh
point for the case where the oil jet velocity is equal. to or greater
than pitch line velocity. Equations were developed for
minimum and maximum oil jet impingement depths. The equa-
tions were also developed for the maximum oil jet velocity
allowed, so as to impinge on the pinion and the optimum oil jet
velocity required to obtain the best lubrication conditlon of
maximum impingement depth and geas tooth cooling, The
follOWing results were obtained:
1. The optimum operating condition .for best lubricaticn and

cooling isprovided when the jet velocity isequal to pitch line
velocity Vi = Vgsec {3p =wprsec (3p = wgR sec :BPI whereby

Note that as Vg(max)g - co for mg::; mg{crit):and when mg >
mg(crit),then Vj(max)g is finite at d, = O.

The impingement distance Lg(max) when Vi = Vj(max)g
may be iterated from:

Then, when S < So

dg = dg(min, U) = Ro - {[R + Lg(ma:x) sin m2 +
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both sides of the pinion and gear will be wetted. and the
maximum impingement depth to the pitch line will be
obtained.

2. When the jet velocity is slightly greater than the pitch line
velocity, w" sec fJ,p< Vi < Vi(Opt. U), the loaded. side of the
driven gear is favored and receives the best cooling with
slightlyless oil impingement than when Vj = wpr sec wp'

3. As the jet velocity becomes much greater than the pitch line
velocity, Vj(Opt, U) < Vi < V1(max)p, the impingement
depth is ,considerably reduced. As a resuh, the pinion may
be completely missed by the lubricantso that no direct 0001-

ing of the pinion is provided when V1(max),pS Vi'
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