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SUMMARY

An advanced manufacturing technique for tihe design and in-process inspection of
spiral bevel gears, utilizing a computer-coantrolled multi-axis coordinate
measuring machine, has been developed at Sikorsky Aircraft in a four-phase MM&T
program sponsored by the U.S. Army AVSCOM Propulsion Laboratory, Cleveland,
Ohio.

The technique uses the Zeiss Model UMM-500 universal measuring machine in
conjunction with an advanced Gleason Works software package that permits rapid
optimization of spiral bevel gear tooth geometry during initial tooth form
develupment snd morce precise control of the tooth nrofile in producticu. The
process involves three-dimensional mapping of spiral bevel gear tceth over
their entire working surfaces, using the UMM-500, and quantitative comparison
of surface coordinates with nominal master gear values at some 45 grid points.
In addition, this technique features a means for rapidly calculating corractive

. grinding machine settings for controlling the tooth profile within specified

tolerance limits.

This new positive control method eliminates most of the subjective decision
making involved in the present inspection method, which compares contact
patterns obrained when the gear set is run under light load in a rolling test
machine. It produces a higher quality gear with significant reduction in
inspection time.
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PREFACE

This report presents the results of a four-phase program to develop an improved
inspection method for spiral bevel gears. Phase I covers the definition and
development of a final inspection method utilizing a multi-axis coordinate
measuring machine. Phase II involves the extension of the method to in-process
inspection of spiral bevel gears. A pilot production program was conducted in
Phase III and final documentation was performed in Phase IV.

The work outlined herein was performed under U.S. Army Avietion Systems Command
Contract NAS3 25465 under the technical monitorship of Daniel Pauze, U.S. Army
Propulsion Laboratory, Cleveland, Ohio.

This program was conducted by Sikorsky Aircraft, Division of United Techno-
logies, under the technical direction of Alphonse Lemanski, Program Manager,
and J. Mancini, Chief of Design and Development of Transmissions. Principal
investigators were Harold Frint, Senior Design Analyst, and Warren Glasow,
Senior Manufacturing Research Engineer.

Acknowledgement is made to Theodorz Krenzer and James Knope of the Gleason

Works, Rochester, New York for their support and especially for the use of the
Gleason-developed software package.
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INTRODUCTION

Proper and reliable service from a pair of spiral bevel gears can be
obtained only when they are manufactured accurately and mounted into precision-
machined gearbox housings that position and maintain the driving and driven
gear members in a specified three-dimensional relationship throughout their
useful life. Gears produced on existing gear generating and grinding equipment
will run smoothly and carry the design load without distress if tooth spacing
is maintaiued, the teeth are machined concentric with the rotating axis, and
the tocth profile contour is controlled so that maximum tooth pair conjugacy is
achieved when cperating under full load conditions.

Since it is impractical to design and fabricate gear teeth and gear mounts
that are free from deflections when operating under load, most high-power gears
are designed with tooth profile modifications along the tooth face and in the
profile direction to compensate for load-induced deformations and to prevent
load concentretion at the ends or tips of the teeth resulting in excessive
wear, scoring, or even tocth breakage.

The elemental inspection of tooth profiles that is commonly performed on
spur and helical gears is not practical for spiral bevel gears because the
shape and size of 8 bevel gear tooth varies over its face width instead of
being constant as in the case of a spur gear. Spiral bevel gears ‘are
currently inspected on a specifically-designed Gleason test machine, shown in
Figure 1, which provides a rotating test of the gear pair simulating no-load
operation under actual gearkox mounting conditions. Tooth contact patterns
under these rotating conditions can be observed by painting the teeth with a
marking compound and running the gears with their mating master contrcl gears
for a few seconds ir the gear tester with a light brake load. Because of the
compound curvatures inherent in the spiral bevel gear tooth form and the
profile modifications designed into the tooth, these gears typically exhibit a
localized composite tooth contact which, ideally, should spread out under full
load, filling the working area of the tooth with scme easing off at the end
areas of ccntact. The size, shape, and position of this tooth bearing pattern
is a gross indication of the tooth topology both up and down the tooth profile
and lengthwise along the tooth face.

The task of the design and profile development phase of spiral bevel gear
manufacture is to obtain a localized test machine pattern of a size, shape, and
location that will produce the desired full load contact pattern when run in
the gearbox. The task of the gear production phase is the consistent duplica-
tion of this tooth shape during a production run and from one production run to
another.
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Figure 1. Gleason Test Machine
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STAYE OF THE ART QF SPIRAL BEVEL GEAR MANUFACTURE

This current method of manufacturing primary drive spiral bevel gears
requires an sxperieitced and gqralified organization. It is often expressed that
the development of & spiral bevel gear is more of an art than a science. This
expression is based on the requirement for skilled bevel gear machine operators
who musc use their background experience to evaluate the position, shapne and
contour of the gear tooth contact pattern produced by the relling test in the
test machine. The machine operator's judgment is relied upon <o datermine what
grinding machine settinyg or zombination of settings is best used to correct an
undesirable feature in the test pattern.

The Sleason gear grinding preocess is & culmination of wmotions and tool
paths that genmerate the bevel gear tooth form into a continvally varying
noninvolute curve. Basicelly, the Gleason gear grinder, shown in Figure 2, has
a cradle that supports the formed grinding wheel shown and a radial oscillating
motion while the wheel moves ja end our of the gear tooth space. This cradle
motion is controlled by & generating cam that can be adjusted through the
cradle angle ssttiang to modify the ratio of motion at one end of the oscillsat-
ing arc in relation to the other end. The gear to be ground is mounted on =
work holding fixturz precisely centered to the work spindle that is in censtant
rotational motion in a coatrolied ratio tc the cradle. The grinding wheel is
mounted concentric to the cradle axis {see Figure 3) in a fixed relative
position to the cradle center dependent upon the wheel radiuz, the spiral
angle, and hand of spirai. The grinding wheel, in effect, acts as a single
tooth of an imsginary mating generating gear. The wheel is dressed automati-
cally at prescribed stages in the grinding sequence to maintein surface finish
and profile accuracy. 'The geometry and nomenclature of a spiral bevel gear set
is shown in Figure 4.

Gleason gear grinding machine setting changes involve first, second, and
third order changes. First order changes affect heel and toe position as well
as top and flank position. These changes are used in the final positioning of
the tooth contact pattern. Second order changes include bias (diagonal nove-
ment) changes, profile changes and wheel diameter changes. Third order changes
include wheel dresser changes and heel and toe length changes. ‘There are
approximately fourteen machine settings that are used by the machine operato:
in first order changes that affect the shape and position of the gear tooth
pattern. Second and third order cherges require & calculation of valnes, using
formulas provided by the Gleason Works, by a gear engineer who is consulted
prior to making second or third order changes.

When a new bevel gear set is to be produced in quantity, it is first
necessary to "develop" the pair -- that is, to determine the desired location
and shape of the tooth contact in the Gleason test machine that will provide &
satisfactory full and uniform load contact pattern when run in the preduction
gearbox at the power and speed expected in service. This is currently accomp-
lished by a trial and error process. The gear teeth are first sami-fipish cut
to size on a Gleason bevel gear generator (See Figure 5). The gear momber of
the pair is then set up in a Gleason bevel gear grindar (Figure 2) to the cal-
culated but unconfirmed machine settings provided by a Gleason gear summary.
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Figure 2. Gleason Bevel Gear Grinder
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3 Figure 4. Bevel Gear Nomenclature

This summary consists of approximately thirty machine settings for each side of
the tooth. The gear member is ground "spread blade" (ioth concave and convex
sides ground at the same time). The pinion member is set up and ground in the
grinding machine to the unconfirmed pinion settings indicated on the summary.
The pinion is usually ground "single side" so that a separate set up is re-
quired for both the concave and the convex side.

it L

Afrer the gears are ground, they are installed in a Gleasc.. universal test
3 machine (Figure 1) thet is set up using precision gage blocks or set up gages
3 to the theoretical gear mounting distance. Using precision work holding
equipment, the gear and pinion are mounted in the same relative position to
each cother as they will be in when run in the actual transmission gearbox. The
test machine also allows calibrated adjustments along the gtar cone axis, along
the pinion cone axis, and in the vertical offset direction.

VAWK

The gear and pinion are relled together in the test machine at a pre-
. determined 1ight brake load (approximately 100 in-1lbs of torque) applied

3
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Figure 5. Gleason Bevel Gear Generater

through the pinion spindle. Prior to running, the gear and pinion teeth are
painted with a gear marking compound (similar to jeweler's rouge) that produces
a rolling contact pattern on the gear and pinion flanks due to the surface
contact betwcen the mating teeth and wearing away of the marking compound.
Typical contact patterns are shown in Figure 6.

The gears ground to the undeveloped summary settiigs are then installed in
a test gearbox and run under a spectrum of load and speed. The observed

composite gear contact patterns are a4 final indication of the acceptability of
the manufactnred tooth profile shape.

If the tooth profiie rontact does not neet the desired shape jocation and
percentage of contact required by the application, the gears ara disassembled
for regrinding. The usunal practice is to regrind, or develop, only the pirion
member because it takes lass machining time {(dve to fewer teetk), and because
of the Gleason system conveution for single side grinding of the pinion. At
this point a gear engineer conducts an anaAlyses of the dynamic load patterrn,
evaluates the Gleasnn test machine nou-load contact patterns, and makes a
judgment as to what changes are required on t.e pinion tooth to improve the
dynamic load pattern. To assist the gear engineer in determining what move or
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MASTER PATTERN TAPE RECORD
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Figure 6. Typical Gear Contact Pattern
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correction to the Gleason grinding machine set up is most appropriate, the
pinion cone axis and the vertical offset in the test machine is adjusted to
change the pattern size and location. These adjustments provide an indication
to the gear engineer as to what grinding machine setting will be most effective
in changing the patrtern. 1In most cases it takes a combination of two or more
moves to correct a pattern, and more than one combinaticn may produce similar
results, but always, one combination is more appropriate.

The pinion is reground to the new adjusted settings and the testing pro-
cess repeated. The number of iterations r essary to obtain a satisfactory
gear profile depends upon the skill and experience of the test machine operator
or the gear engineers. This judgment process ic probably the weakest link in
gear tooth pattern development, even with experienced machine operators.

Once the development is complete, several sets of control gears are made
that duplicate the newly developed pair as precisely as possible. These master
control gears are used to inspect the production gears. They are run in the
Gleason test machine against each mating gear sabsequently produced by the
final machine settings to visually inspect thes contact patterns against those
obtained for the developed master gear pair in order to assure maintenance of
uniform quality.

The production process control for spiral bevel gears is, in effect, a
miniature development process except that the changes required to keep a
drifting contact pattern situation under control are more subtlie and involve
the visual comparison of a production gear pattern with the established master
gear pattern and the necessary corrective changes to keep the two in agreement.

The nuality control process described above has certain ipherent dis-
advantages. rirst the acceptance or rejection of a production gear is based
upon & visual comparison of tooth contact patterns. Not only the size of the
pattern, but its shape and location, are significant. Acceptance limits for
these features ave difficult to define quantitatively, therefore the accept/
reject decision becomes a subjective one and is subject to the human frailties
of the operator. Second, the size, shape and location rejuirements of the
tooth contact pattern are peculiar to each gear mesh cnd gearbox mounting and
no particular area, shape, or position can be considered universally ideal.
Third, since the rooth contact is localized and tested under a very light load,
it is necessary to determine not only that satisfactory contact patterns are
obtained when the gears are mounted in their equivalent running pesition in the
gear tester but to what extent this pattern is changed by axial and radial
movements of the pinion axis, with respect to the gear axis, that would move
the pattern to the iimits of the tooth contact zone. This is known throughout
the industry as the V and H check. By comparing patterns at these extreme V
and H settings, a cursory check on lengthwise and profile curvatures is main-
tained. It should be noted that, in some cases, it is impossible to extend the
contact to the extreme corners of the tooth by this method.

It is apparent from the above discussion that there is a definite need for
a more definitive and objective way of determining whether a bevel gear profile
is acceptable and what specific changes are necessary in the grinding machine
settings to most efficiently bring an errant pattern situation under control
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before it gets too far out of hand. It is important to contro! the tooth
profile on highly loaded gears to within rather narrow limits. A { oth profile
with excessive profile error will result in concentrations of load that could
cause scuffing, pitting, or even tooth breakage.

The automated inspection and precision grinding procedures developed ir
this program, utilizing an automated multi-axis coordinate measuring machine,
will satisfy this need for quantitative evaluation of a spiral bevel gear tooth
profile in physical and measurable geometric terms without resorting to sub-
jective visual comparisons of tooth contact patterns.
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DEVELOPMENT OF A FINAL INSPECTION METHOD

Bevel Gear Selection

The production spiral bevel geer set selected for study in this program is
one of the primary drive gears of the BLACK HAWK helicopter shown in Figure 7.
The BLACK HAWK is the Army's advanced twin engine tactical transport helicopter
manufactured by Sikorsky to perform the missions of assault, resupply, medical
evacuation, command and control, and tactical positioning of reserves. Two
GE-T700 turboshaft engines deliver 1,560 horsepower each to the BLACK HAWK
drive system. The main transmission, shown in Figure 8, consists of a main
modulc, two interchangeable input modules, and two interchangeable accessory
modules. The main transmission transmits 2,828 maximum continuous horsepower
with an input speed of 20,900 RPHM.

Figure 7. BLACK HAWK Utility Helicopter

The main module gear set selected for evaluation is shown highlighted in
Figure 9 and in close up in Figure 10. This primary drive spiral bevel set has
a speed reduction ratio of 4.76 and rotates at an input speed of 5,748 RPM. It
transmits 1,4!4 horsepower each on a continuous basis and has a single engine
capacity of 1,560 HP.
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Figure 8. BLACK HAWK Drive Train

This gear set was chosen for this study be ~use of its sensitivity to
small changes in grinding machine se:tting which lea, at one time, to excessive
rejection retes gGue to the presence of hard contact lines and scoring when
operated in the gearbox during ATP {(Acceptance Test Plan) testing. The solu-
tion te this problem was:

d Tighter tolerance limits for the evaluation cf the contact pattern in
the Gleason test machine.

Restriction of grinding machine setting changes used to adjust
pattern.

° Improving shimming practices during installation.

The lessons learned during the investigation and correction of these problems
were:

. All master gears are not the same. Variations do exist in master

gears that are not apparent when checking a procduction gear.

1
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Figure 9. BLACK HAWK Main Gearbox

Figure 10. Selected Bevel Gear Set
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A Rolling contact patterns are affected by
i wear of master gear profile.
. marking compound application.
d the braking load used during the rolling test.

. Highly stressed bevel gears can be extremely sensitive to pattern
variations.

Test Gedar Spzcimens

The gear test specimens for this program are shown in Figrores 11 and 12.
These specimens duplicate the actual production gear set shown in Figure 10 ir
the essential details with respect tn gear tooth geometry and fixturir
dimensions. Non-essential details such as splines, threads, case hardnesses,
etc., have been eliminated. The basic design features of this gear set are
shown below.

Pinion Geax
No. of Teeth 17 81
Dia. Pitch 4.108
Pressure Angle 20°
Shaft Angle 81.85°
Spiral Angle 25°¢
Face Width 2.56
RPM 5748 1206
HP 1516

To accomplish the tasks in the time allotted in the program schedule,
fabrication of the gear test specimens needed for the sensitivity study of
Phase II was initiated in this phase. Machining of the test gear blanks was
taken up to the point of final grinding of the gear teeth. Final grinding of
the gear teeth with deviations from the baseline settings was accomplished in
the Phase II development of an in-process inspection technique.

Universal Multi-Axis Coordinate Measuring Machine

When checking the topology of a three dimensionally « irved surface, such
as a spiral bevel gear tooth flank, using computer-controlled multi-axis
measuring machines, the following requirements must be met:

. The nominal or reference surface must be expressable either as a
mathematical model or as a matrix of discrete coordinate values

representing the desired surface.

. The actual surface must be measurable with precision accuracy in a
reasonable period of time.

o Quanticative comparison of the actual and nominal tooth surfaces is
possible.

13
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Figure 11. Pinion Test Specimen
. The causes of any deviations from nominal values must be interpret-

able to permit corrective grinding machine set up when the deviations
exceed specified tolerance limits.

The Zeiss Universal Mesasuring Machine Model "™M500 shown in Figure 13
satisfies the above requirements and offers an effective solution to the
problem of spiral bavel gear tooth measurement. The UMMS00 is an accurats
multi-axis coordinate measuring machine with an integrated Hewlett Fackard
computer system that permits unlimited spatial probing in any ci the three

N g Aﬁ&"&mmmaﬁm&mgﬁgﬁ‘:»?Q&'Mm%‘i\-":f}‘.h':.-"ﬁiﬂ-'ﬂ'.\'.h‘:}h"}"";’&'ﬁ‘x".’v?.-m



0A0L0 $10L

SPIRAL BLYIL CEMR DATA
AT 1
| Sy pail i .
LY n's ’
[I010) 2.948 3
Taegiam_ ¢1icn " o8 ' ROTAT1O%
e1ten oramenie [ /1A].0018 ] 19209 o
ORLAK £0CES~
'/\\\ .010 172
A #oin Euos
— R 7 VIEW A-A
1 [ A SCALL: KONE
1 3 -
; 4
| /
(Ciion o aviniion 100 T !
Il ihsin_tni ) 10| H T —
PaCRL B98N NH= l‘lil (173 ’
AW YT o ] i I '
4300 Summadtt #9. 4 oiv yTH 383, 220¢ 1 ‘ /
4 1
I I ' / / i
| ] . 19.100 016
i ! : I ]
. | | Y
. i s - - -
I ! i /.cSv &
H | /
| :
| 18,080 018 /’ i 0% x us°
! 4 - - .320
. A
19,200 01 i A 093 ]
i
| -
| NS
0.1280-9.1288
. (1)
100 27 ~A-
oM
I \ nei
N.5428 93C
S
{ \ =
| M|
: ] \
\ w5 .3742.001 OtA
! i : \ [eIAG]G.cos &)
! i \ ~ 10,123 OIA
| s N e
§ \ N i \\
b\ v
\i N \
vl ! \ LN 1 1 ‘
H : AR .250 & ] T~
4 - - [ — —— - [y ™
N v L 082 R
: ! * T
1 010 020
| EA o
x.lnr -—— "'-"l
w2, 2e0 o .001
SEMLs %71

by ¥ TH ———— e
omTING ST sTamcE '

Figure 12. Gear Test Specimen

15

=TT A AN RTAN A AN AS LS NS AR TAN A NMARN AN AN RANAN AN P i A IATTANRIE S LIPS w737 8 5 MY IS T )




Figure 13. Zeiss UMM 500 Measuring Machine

orthogonal directions. This machine, in conjunction with a sophisticated 3D
software package, provides a distinct and quantitative means of measuring and
mapping three dimensional surface contours, In order to eccommodate the
complex surface of the spiral bevel gear tooth, a precision indexing table,
shown in Figure 14, was added as the 4th axis in gear measuring prcgrams. The
computer program packet for gear measurement permits the determination of the
face profile coo.dinates of spiral bevel teeth at an almost unlimited number of
probe points on the tooth surface and a point by point comparison with stored
nominal reference values.

The UMM-500 was delivered with the model HP 9825 desk computer. The
software pdckage purchased with the measuring machine included the UMESS
program; which is a universal measuring program applied to the dimensional
measurement of planes, spheres, cylinders, and cones: and the RAM? which is a
special purpose spiral bevel gear measurement program with misalignment
compensation on the rotary table.

Prior to the initiation of Phase II, it was discovered that the Gleason
Works was using a HP 9836 computer system with their Zeiss machine, and the
software that they had developed, and were supplying to Sikorsky, for use in
Phase II was not compatible with the installed Sikorsky system. This discovery

16
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Figure 14. Gear Member on Indexing Table

necessitated a retrofit of the HP 9825 computer system to convert it to the HP
9836 system. In this new system, the "OMET program replaces the \MESS program.
The Gleason-develope:d program original.y called the G-MET program pesforms the
spiral bevel gear measurcments previcusly handled by the RAMZ program, and
additionally contains the c¢orrective resture which calculates the necesssry
grinding machine settingz changes required to correct the profile.

The final automztic measuring end data processing system devalopac,
consists of several instrumants {Figure 13), which are controlled by s central
computer. Thes system szfiown includes Hewlett Packard 9836 Desk Top Compurer,
Zeiss UMMS00 Univerzal Measuring Machine, Hewlett Packard 928634 <Cassetts
Memory, Hewlett Packard 328624 X-Y Plotiter and Impact Line Printer. During
measurement, information is comstantly beirg transferred between the central
processor and the various peripherals (measuring machine and pletter) working
continuously. both of these devices are permitted oniy very shoit, progess-
dependent operating pauses, in parcicular a l-second stabilization perioé fox
the measuring machine 8fter contact. JNuring the pause after preobhing, the
computer pregpares the information required for the next measzuring point
{(coordinate trarsiormations, choice of contacting direction and detarmination
of the probe avpproach path) and processes the messurement values of the
previous point, initiating pictting and pranting procedures,
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This Zeiss UMM5SC0 measurement system has an even broader capability that
further enhances its use in the manufacture and inspecciorn c? spizral bevel
gears. In addition to measuring the surface topoclogy of the tcoth surface, it
can also measure:

s Tooth to tooth spacing errors (pitch veriations)

» Accumulated spacing errors (index variatioms)

. Chordal tooth thicknesses

o Face angle

. Root: angle

. Beck and froat angles

. Whole depth

. Face wiiih

. Root and fillet radii

All of the above values can be programmed to be automaticaily measured and
recorded on a hard copy print out.

Master Gear fata

As yas previously discussed, the tooth profile of the master control gear
represents the desired tooth contour prodiuced by the final-develcped bevel gear
grinding machine settings and is the reference getr to which all production
gears are ultimately compared. In the Sikorsky production system, there are
three levels of master control gears. TO0155 are Reference Master Control gears
which are used only to check the Inspectica Control Master Gears (TB84s). The
T84s are used in turn only to check the Working Control Master Gears (T199s)
which are used for the in-process and final inspection of production gears.
The master control gears used in this study are ihe highast level or TO15s.

Before proceeding to the coordinate measvrement process, the master
control gears for the selected gear set were set up in the Gleason test
machine, run together, and contact patterus recorded for the following set ups:

. Standard center position
d Toe position
. Heel position

The tsped patterns were taken at four tooth positions {approximately
aevenly spaced) on the pinion and at eight tooth positions on the gear. The
results of these measurements are shown in Figures 15 and 16.

18

R I A R AR N R A AT XN AL A R R A R A o R AT ALY A L N L AN L AW LA L A " Ay Ty My S Y R 1 A A VA N ST AT R =0 AT

e

e W

e

!

X
uw

—
B

e ¢ Ry
o, A

PRYS)
e

-
-

n

TR TS

TR

g
¥
Z
i



T sv— e,

UOUid ~ SU4DIIRd 4LIY UFISBY G| PUnbiy

WL T e A RV “ T e W Ry - A TVUR S L W WhOW T s e e T T4 v b WVILYY
b U= . T e h TG T o U e

- TS A

a4

wnoaniuyy FEIOT L a wde

b yog MMM YR

xS

PRy

X BPRE R TR )

]
H

Gre
o . i o (Taer v AIDomt Aok
T e vy - & TV T ewwux T e A iy T om T
VIR ) ; s A0 A
L e T - m e o e SO s - P

E <Y

. R —

(g RTADO A , : J mop SR ",
SIF —— : FARG -

Fo., BRI

\\Nn.l PR "1 1

OIS e

R, SIVO—DIer I - vl

m
[
—— . ]
o é _

i

AN - NLYVIE #ﬁ.a.w "~ ! JAIAD - OKIMYIE TYHINID

74 WoTd UILSVN Va w15 VIS il O T IR ) U SR IS

TIOTT W XTI IS R Wi TYETT - LW e s AR O T Ty TR W
T v vaaor wmady &0 T 7T sor whisdy o

Py (HOY VL WILIVG W3ASW, . L, ot s P @Od 3d¥L WL sy, S

R P

& YHTS L5 4P DS SE0L

¥ ds)

18

§-2%¢ smrm?mj

a‘

DWW NL LW Y. WAL W Yaosf oy

RIOTNACPR TARCT TR R, TR




- ¥ WLV - K WY m
o (7 Sl

H
-
- ]
_

J4B3Y - SUADIIRd LB A93Se) Q| @unbLy

T e b MY v A VALY

+H 4

<@ Ny STEV « A WALV

SRS——

. H WAL, 000 . 2 WMDY -

n

= H VLY A WRLY

RO w8 iy

28BS 2 ¢ oM

H K

QHCIZY 3L WILLVY ¥31Sw

n 3IN1¥0 - DNI¥YIE TVELD
78 w0114 3315w = S
TR Wi5 T TP 1 woinla SaTew | “F ALY R R oI T v s
T v ol tensay
HOrLCO

TOrNy AT e L L eg
u s ..\\..\.v TR

TUTTT Lwwmw 7T L e avenide o7 o 10T . A ALY
L e _ I
]
.
_ 7 ey RN
EEEEVER ¥ YL VI - 2 S Ty _ ..... 3T . A
ﬁ.. 20, AR/,
W | T T e T e
e
tp
PPV TRTE VY
e — — MJ Sa— e ¥ i
an MY < A W)Y - . . A
133 AB0 A
TTEZT .

TR e LY

e ]

Y e ad Wt A NO A
S X237 L
sy LMD - SISTRND
NEE—— | T
| Fi'd
rEd I - Sy WLV
= /6 NOINIg ¥31SYn /8 3Y3I9 ¥3 .M
i TR A, N T B STTRTE N - % AT e 1. Vi WD i

VI WL MY ey

(40038 1AVL WM3LIV ¥ALSW  GvnAe D 8L
VHIY) rir 44150 \.;.K

20

2 A EA NG P P 302 D 0.6 B B R AR 8000 a a1 52,0789 4 .|

:




The Final Inspection Measurement Precess

The cbject of any gear measurement system 1is the comparison of the actual
manufactured spiral bevel gear surface topology with an idealized surface, in
this case represented by a "hard” master control gear. The computer-controlled
measuring machine uses the coordinates of tnis nominal or reference surface as
a guide for probing and comparing the actual gear surface.

Determination of Nomun.: Values

The simplest method for determining the nominal points on a gear tooth
fiank 1s digitization of the Referance Master Control Gear. The measuring
mechine is mada to probe actual points on the flank of a master geaxr tooth, as
described below, for storsge on a magnetic cassette tepe. This tepe, in
effect, becomes the unvarying "soft' mester in this improved inspection method.
Specialized software permits rapid generation of za evenly distributed point
network over the tooth profile afier manual probing of the corner points and
detining the network density. Care was taken to exclude the edge breaks or
cornsr rounding when establishing the corner poiuts. The vector »f the surface
normal at each network point is deteimined mathematically fiom several auto-
mgtically probed poin‘s in the near vicinity of the specifiea point. (See
Figure 16.) Thess acrmalized values are stored on the tape along with the
coordinate values. A network of 45 points {a S by 5 mstrix) was chosen for
this study because it was felt that this size grid would provide an adequate
nap of the tooth surface without rescrting to interpolation. Tiner or coarser
grids are, of course, vossiple,

Aﬂgof

Adjacent Points
with Radius R

Figure 17. Generaticn of Metwork Points
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Even though spiral bevel gears possess a high degree of geometric com-
plexity, it is feasible to expect that the nominal surface can be also gener-
ated numerically by computer simulation of the manufacturing process. This, in
fact, was accomplished by the Gleason Works who provided assistance to Sikorsky
Aircraft in this effort. Gleason provided the software, that converts firal
grinding machine settings, as reflected on a Gleason Grinding Summary, into
profile coordinate points which are stored into the UMM500 computer as nominal
values. This method permits more freedom in the choice of the form and density
of the point network and provides a more theoretical baseline than the measured
master gear values, which themselves are subject to manufacturing errors. An
evaluation of both methods was made in this program by direct comparison of the
nominal values, for a 45 point network, calculated by digitization of the TO1l5
master gear on the UMM500 and by mathematical simulation of the tooth surface
accomplished by the Gleason G-~Age Program.

The Heasurement Process

The final inspection process consisted of setting up the gear in the Zeiss
machine and automatically probing the surface at the 45 network point loca-
tions. To accomplish this, the gear was mounted on the coordinate messuring
machine indexing table with its axis parallel to the Z axis of the machine (see
Figures 14 and 18), care being taken not to deform it while clamping. Part
alignment was achieved by bringing the probe into contact at a series of points
on a reference diameter to establish the location of the Z axis of the gear in
relation to the machkine axis. The reference coordinate system for the nominal
data for the bevel gear was then located along the gear axis. Any desired zero
point can be selected along this axis. In order to determine the angle of
rotation of the gear's polar coordinate system relative to ~he machine's
coordinate system, a known point on the tooth flank was contacted and the
deviation of this point from nominal set to zero.

When measuring, the compound curved surfaces of spiral bevel gears, the
"continuous probing" mode of the Zeiss system was found to be particularly
beneficial. The machine foilowed the contour of the part in a predetermined
direction in the same manner as the follower head on a 3-D copy mill. The
automatic positioning control that is actuated at probe contact scanned the
free axis of the machine until the inductive measuring system in the probe head
was brought to its null point. The moment this condition is achieved all three
machine coordinates are automatically transmitted to the computer, therefore,
the prube can be locked in the X axis and be made to traverse to predetermined
locations in the Y axis, while automatically following contour changes of the
part in the Z saxis, and the machine will remain &t a preselected X-Y locaticn
until the probe has been nulled in the Z direction and the pnsition information
transmitted to the computer. It then proceeds to the next X-Y location.

The tooth flanks were measured in CNC mode. Nominal points on the network
were loaded from the magnetic tape cassette into core memory and transformed
into machine coordinates. The computer kept track of the momentary position of
the probe and determined the path to the next point. The measured deviations
from the nominal surface were determined along the pcojected surface normals.
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Figure 18. Pinion Set Up in UMM 500

Measurement Results

In this study a particular tooth on the master pinion was designated as
the reference master tooth. The coordinates on the drive side of this particu-
lar tooth were measured at the 45 network locations covering the entire working
profile of the tooth. These coordinates became the nominal values for the
master pinion and were stored in the computer as the reference coordinates. A
similar procedure was used to determine the nominal values for the master gear.
Using the same set up in the coordinate measuring machine, the tooth profiles
of additional teeth on the master pinion and gear were measured and compared
with the nominal values. Note, the same teeth on the master pinion and gear
for which taped patterns previously recorded in the Gleason gear tester were
used in this measurement process.

The results of these measurements are shown in the three-dimensional graphical
plots in Figures 19 and 20, and in Tabular form in Tables 1 and 2 for pinion
and gear respectively. The digital print out locates each grid point by column
and row number. For each grid point, the X, Y and Z coordinate values are
listed as well as the x, y., and z deviations from the stored nominal values.
The last column in the print out is the deviation in the surface normal diwen-

sion and is the value plotted in Figures 19 and 20. The tabulated values are
in mm.
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TABLE 1. ZEISS MEASUREMENTS OF MASTER PINION

S R RCEES R TR ARSI CSENRS TS ns = CER L Tt [R Y] =z rooEmToTTE

MEASURE RECORD ZEISS RAM 22
PINION 0B104-45

DRAWING NO 1 PART NO | ORDER NO 1SUPPLIER/CUSTOMERT OPERATION

2-08104-45 I 7T-015 I NA I SIKORSKY I INSP FLANK

OPERATOR | DATE

O0/DONNELL I 23Nov1982

== =a=sx ==

ctit X 1 Y i z | DX | DY I 174 I EN

ass = =< ===:= smsimas === sz

ALIGNMENT HODE 0

TOOTH 1 FLANK 1
1 1 37.8475 0.56246 76,7222 0.0000 -0.0007 0.0001 -0.0007
1 2 38,7958 0.3886 76.8361 9.0002 -0.0001 0.0003 0.0000
1 3 39.8687 -0.0003 76.9773 0.0012 -0.0001 -0.0002 0.0002
1 4 40.9568 -0.4978 77,1169 g.0010 0.0003 ~-0.0000 0.0006
1 S 42.0743 -1.1033  77.2623 0.0006 0.08005 0.0003 0.0007
2 1 39.1630 2.9321 69.2216 0.0004 -0.0003 -0.0002 -0,0003
2 2 40,1865 2.7347  69.3548 0.0005 -0.0001 g6.0002 0.0001
2 2 41,3306 2.3827 69.5091 0.0009 -0.0000 0.0001 0.0002
2 4 42,5179 1.9170 69.6708 -0.0003 o0.0002 0.0001 ¢.0001
2 5 43,7239 1.3375 69.8314 0.0001 0.0004 -0.0002 0.0003
3 1 40,2961 5.6532 61.7142 0.0002 --0.0003 ~0.0001 -0.0003
3 2 41,3856 5.5065 61,8683 0.0005 6.0000 29.0001 0.0001
3 3 42.6168 5.20956 62.0440 0.0009 0.0003 g.o0000 6.0004
3 4 43.8%60 4.,7860 62.2238 6.0007 0.0002 ~0.0000 0.0004
3 5 45,2063 4.2540 62.4042 ~-0.0001 0.0003 0.0003 0.0003
4 1 41,1635 8.7839 54.2136 -0.0001 -3.0002 -0,0004 -0 0003
4 2 42.3422 8§.7047 54,3584 0.0006 -0.0000 0.0006 0.0003
4 3 43,6589 8.4708  54.5811 g.0002 -0.0001 ~-0.0601 -0.0001
4 4 45,0240 8.1173 54.7784 0.0007 -0.0002 -0.0003 -0.0002
4 35 AL, 4400 7.6394 54.9754 -0.0002 0.0008 -0.0002 0.0085
S 1 41.7375 12.3184 46.7132 0.0000 -0.0002 0.0002 -0.0001
5 2 42,9710 12.5.50 46,9050 0.0012 0.0002 0.0003 0.0003
5 3 44,3695 12.1694 47.1180 g.0003 0.0003 -0.0001 0.0002
S 4 45.8338 11.8926 47.3332 -0.0001 0.0004 6.0000 6.0003
5 S 47.3491 11.498%  47.5481 0.0002 0.0005 -0.0000 0.0004
6 1 41,8922 16.2277 39.2155 0.0001 -0.0006 ~-0.0001 -0.0006
& 2 43,1926 16.3270 39,4244 0.0008 0.0003 0.0003 0.0004
6 3 44,6727 16.2762 39.46357 0.0005 -0.0002 -0.0001 ~0.0003
6 4 46,2238 16.1048 39.8891 0.0004 0.0002 -0.0002 0.0001
& 3 47,8443 15.8048 40.123n 0.0007 0.0000 0.0002 0.0002
7 1 41,5628 20.4878 31.7149 0.0002 -0.0005 0.0001 -0.0004
7 2 42,9199 20.6972 31,9445 0.0004 0.0005 0.0001 ¢.0004
7 3 44.4672 20.7732 32.1954 0.0003 0.0007 -0.0001 6.000%5
7 4 46,1087 20.7159  32.4453 0.0006 -0.0003 -0.0002 -0.0004
7 S 47.8286  20.5417 32.7001 0.0005 0.0007 0.0002 0.0007
8 1 40.6611 25,0574 24,2153 ~-0.0000 -0.00C% =0,0000 =001
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TABLE 1. (Cont'd)

cii L X 1 Y | z I DX 1 by [ nz | EN

= Sx===== e ey P
8 2 42,0609 25,3919 24,4671 0.0005 0.0005 0.0003 0.0004
8 3 43,6667 25.6046 24,7341 -0.0003 0.0002 -0.0003 0.0000
8 4 45,3835 25.6964 25.0052 0.0003 0.0008 -0.0001 0.0005
8 S 47.1893 25.6567 25.2774 6.0007 0.0006 -0.0002 0.0003
? 1 19.0643 29.85%5 1£.7170 ~0.0606 0.0003 0.¢000 6.0005
9 2 40.5011 30,3445 16.9904 0.0003 0.0007 -0.0002 0.0003
? 3 42.13535 30,7141 17.2747 0.0006 0.0007 0.0002 8.0005
? 4 43,9291 30.9677 17.5638 0.0004 0.0010 -0.0001 6.0007
? 35 45.8174 31.0999 17.8564 0.0005 ¢.0008 0.0001 0.0006

TJOOTH S FLANK 1
1 1 37.84%% 0.6272 76.7222 -0.0002 0.0018 g.0002 0.001:8
1 2 38,795 0.3%901 76,8361 0.0006 0.0014 -0.0002 0.0014
1 3 39.8687 0.0007 76.9773 0.0003 0.0012 -0.0000 0.0011
1 4 40.9048 -0.4985 77.1169 0.0006 =~0.0003 0.0001 -0.0000
1 95 42,0743 -1.1039 77.2623 0.0005 0.0000 0.0001 0.0003
2 1 39.,163¢C 2.9346 69.2216 -0.0001 0.0021 -0.0000 0.0020
2 2 40.1865 2.7365 69.3548 0.0005 0.0017 0.0001 0.0017
2 3 41,3306 2.3828 69.5091 0.0004 g6.0002 0.0000 0.0003
2 4 42.5179 1.9166 69.6708 u.0007 -0.0004 -0.0002 -0.0002
2 S 43.7239 1.3258 69.8314 g.0008 -0.0017 0.0000 -0.0011
3 1 46,2961 5.6548 61.7142 ~0.0004 0.0014 -06.0003 0.0012
3 2 41.3856 5.5088 61.8683 0.0002 0.0024 0.0002 0.0023
3 3 42.6168 5.2110 62.0440 0.0065 0.0017 -0.0000 6.0017
3 4 43.8969 4.7€58 62.2238 -0.0001 0.8001 0.00G1 0.0002
3 S 45.2063 4,2524 62.4042 0.0004 -0.0015 6.0002 -0.0011
4 1 41.1535 8.7853 54.2136 -0.0000 0.001t -0.0001 5.0010
4 2 42,3422 8.705s 54.3884 0.0003 0.0011 0.0004 8.0011
4 3 43.6589 8.4724 54.5811 0.0002 0.001S -0.0003 0.0013
4 A 45.0250 8.1172 54.7784 0.6001 0.0003 o.o0000 0.0003
4 S5 456.4400 7.6383 54.9754 0.0005 =~0.000% -0.0002 ~0.0004
S 1 41,7375 12.3192 26.7132 0.0000 0.0006 -0.0004 0.0004
S 2 42.9710 12.3155 46.9050 0.0003 0.0010 ~-0.0004 0.0007
5 3 44,3695 12.1691 47.1180 0.0002 -0.0060 -0.0001 -0,0000
S 4 45.8338 11.8930 47.3332 -0.0001 g.0008 -0.0000 0.0007
5 S 47,3491 11.4983 47.35481 0.0004 0.0004 0.0001 6.0005
6 1 41,8922 16.2271 39.2155 0.0005 -0.0011 -0.0001 -0.001%
6 2 43.1926 16.3276 39.4244 0.0004 0.9011 -0.0001 0.000%
6 3 A4.6727 16.2769 39.6557 0.0007 0.0004 g.000¢ 2.0003
& 4 46,2238 16.1046 39.8891 0.00¢s -0.0003 0.0002 -0.000¢
6 S 47 .8443 15.8046 40.1230 0.0004 0.0001 -0.0001 0.0001
7 1 41.5628 20,4849 31.7149 0.0007 -0.0012 0.0001 -0.0012
7?7 2 42.9199 20.6965 31.9465 0.0009 -0.0002 0.0003 -0.0002
7 3 44,4672 20.7732 32.1954 0.0002 0.0006 -0.0001 0.0004
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TABLE 1. (Cont'd)

ci1t X I Y l Z | bX | DY 1 DZ i EN

=== == = =E===n
7 4 46.1087 20,7158 32,4453 0.0003 -0.0005 -0.0001 -0.000%
- 47 .8286 20,5404 I2.7001 0.0010 -0.0006 0.0001 -0.0004
8 1 40.6611 25,0555 24.2153 0.0013 -0.0014 0.0001 -0.0015
8 2 42.0609 25.3923 24,4671 0.0003 0.0008 0.0003 0.0007
8 3 43.6667 25,6031 24,7341 0.0018 -0.0011 0.0001 -0.0011
8 4 45,3835 25,6961 25.00352 0.0008 0.0004 0.0000 g0.0002
8 S 47,1893 25,6554 25.2774 0.0014 -0.0006 -0.0002 -0.0007
? 1 39.0643 29.8538 16.7170 0.0030 -0.0030 -0.u001 ~-0.0035
? 2 40.5011 30.3417 16.9904 0.0015 <~0.0017 -0.0000 -0.0018
? 3 42.1535 30.7123 17.2747 0.9016 -0.0007 0.0000 -0.0009
? 4 43.9291 30.9652 17.5638 8.0018 <-0.0013 0.0002 -0.0013
9 5 45.8174 31.0961 17.8564 0.0031 -0.0024 -0.0000 -0.0023

TODTH 9 FLANK 1

1 1 37,8475 0.6246 76,7222 0.0000 -0.0007 0.0001 ~-0.0007
1 2 38.7958 0.3877 76.8361 6.0001 -0.0009 -0.0001 ~-0.0008
1 3 39.8687 -0.0012 76.9773 0.0003 -0.0008 0.0000 -0.0006
1 4 40.9568 -0.5005 77 .1169 g.o0e8 =-0.0023 -0.0002 -0.0017
1 S 42,0743 -1.1074 77.2623 0.0005 -0.0034 6.o000 =-0.0026
2 1 39.1630 2.9323 6%.2216 -0.0000 -0.0003 ec.o002 -0.0002
2 2 40.1865 2.7335 69.3548 0.0008 -0.0013 6.0601 -0.0010
2 3 41,3338¢ 2.3799 69.5091 0.0010 -0.0028 -0.0001 -0.0023
z 4 32,5179 1.9139 69.6708 0.0013 -0.0035 0.0001 -0.0026
2 S 43,7239 1.3345 69.8314 §.0005 -0.0029 0.0002 -0.0822
3 1 40,2961 5.6542 61,7142 0.0005 0.0007 0.0001 0.0006
3 & 41,3836 5.5ud6 61.8683 0.00l6 -0.v008 G U0 ~U. 0007
3 3 42.6168 5.2074 62.0440 0.0009 ~-0.0020 6.0001 -0.001%
3 4 43.8960 4.7822 62.2238 0.0009 -0.0037 o.on02 -0.0030
3 S5 45.2063 4,2500 62.4042 0.0006 -0.0039 0.0001 -0.0031
4 1 41.1635 8.7846 54.2136 -0.0000 g0.0003 6.0001 0.0003
4 2 42,3422 8.7044 54.3884 6.0010 -0.0001 0.0001 0.0001
4 3 43.6589 8.4700 54.5811 0.0007 -0.001t 0.0000 ~0.000¢9
4 4 45.0240 8.1149 54,7784 0.0004 -0.0028 -0.0001 -0.0024
4 5 46.4400 7.6354 54.9754 0.001S -0.0039 0.0001 -0.002°9
S 1 41.7375 12.3183 46.7132 0.000t -0.0003 0.0001 -0.0002
5 < 42.97190 12.3157 46.9050 0.0008 0.0010 0.0000 0.0009
5 3 44,3695 12.1686 47,1180 0.0004 -0.00035 -0.0001 -0.00035
5 4 45.8338 11.8%909 47,3332 0.0005 -0.0011 =0.0005 -¢.0011
S S5 47.34%91 11.4960 47,5481 0.0015 -0.0022 0.0002 -0.001%
& 1 41.8922 1¢.2267 39.2155 0.0006 -0.0014 0.0000 -0.0014
6 2 43.1926 16.3281 39.4244 0.0002 0.0014 g.0002 0.0013
& 3 44,6727 16,2771 39,6557 0.0001 0.000% 0.0001 0.000%
6 4 46,2238 16.1042 39.86891 0.0011 -0.0008 0.0003 -0.0005
& % 47.8443 15.8030 40,1230 0.0013 -0.0013 -0.0005 -06.0013
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TABLE 1. (Cont'd)

cLi X | Y i 4 | DX i DY l DZ I EN
===Exnz=Eas
7 1 41,5428 20.4879 31,7149 0.0003 -0.0004 0.00G2 -0.0004
7 2 42.9199 20,6967 31.9463 0.0013 0.0003 -0,0000 0.0000
7 3 44,4672 20,7733 32.1954 0.0013 0.0007 0.0002 0.0006
7 4 46,1087 20.7175  32.4453 0.0005 0.00t2 -0.0000 0.0010
7 S 47,8286 20.5393 32,7001 0.0016 -0.0017 0.0001 -0.0013
8 1 40,6611 25.0588 24,2153 ~-0.0005 0.0013 -0.0003 0.0010
8 2 42,0609 25.3935 24,4671 -0.0005 0.0017 0.0004 0.0017
8 3 43.6667 25.6033 24,7341 0.0014 -0.0008 -0.0002 -0,000%
8 4 45,3835 25.6955 25.0052 0.0012 -0.0002 0.0002 -0.0002
8 5 47,1893  25.4561 25.2774 0.0007 ~0.0001 -0.0000 -0.0002
? 1 39.0643 29.8605 16.7170 -0.0005 0.0014 0.0000 0.0012
9 2 40,5011 30.3440 16,9904 0.0004 ~0.0001 0.0002 -0.0001
? 3 42,1535 30.7138 17.2747 0.0005 0.0004 0.0001 0.c0002
9 4 43,9291 30.9650 17.5638 0.0024 ~0.0013 0.0001 -0.0014
? S 45.8174 31.0969 17.8564 0.002% -0.0017 -0.0001 -0.0017

TOOTH 13 FLANK 1

1 1 37.8475 0.6255 76,7222 -0.0003 0.0001 g.0002 0.0001
1 2 38,7958 0.3862 76.8361 0.0005 -0.0025 -0.0000 -0.0022
1 3 39.8687 -0.0038 76.9773 0.0006 =-0.0033 -~0.0003 -0.0029
1 A 40,0548 -0,5024 77.1159 0.0012 -0, 0047 0,00N0% -0,0036
1 S 42.0743 -1.1093 77 .2623 0.0009 -0.0056 0.0000 -0.0043
2 1 39.1630 2.9331 69.2216 -0.0001 0.0006 -0.0001 0.0006
2 2 40,1865 2.7345 69.3548 0.0009 -0,0003 0.0000 -0.0001%
2 3 41.3306 2.3798 6£9.5091 0.000% -0,0028 ~0.0002 -0.0026
2 4 42.5179 1.9126 6£9.6708 0.0011 -0.0048 0.0002 -0.0037
: 2 8 43,7239 13321 A9 .R314 n.00t11 -0.0046 0.0000 -0.0034
3 1 40,2961 5.6561 61,7142 -0.0007 0.0025 0.0001 0.0024
I 2 41.3856 5.5063 61,8683 0.0012 -0.0003 0.0001 -0.0001
3 3 42,6168 5.2082 62,0440 -0.0000 -0.0009 -~0.0001 -0.0009
I3 4 43,8960 4.7821 62,2238 0.0013 -0.003¢9 0.0001 -0.0031
3 S5 45,2063 4,2491 62,4042 0.0020 -0.,0052 -~0.0001 ~-0.003°9
4 1 41.1635 8.7870 34.2136 -0.0002 0.0026 0.0001 0.0029
4 2 42.3422 8.7050 54,3884 2.0011 0.0003 0.0005 0,.0005
4 3 43.6589 8.4702 54,5811 0.0009 -0.,0008 -0.0001% -0,0006
4 4 45.0240 8.1156 54.7784 0.0010 -0,0022 0.0001 -0.0037
4 5 46,4400 7.6352 54,9754 0.0021 -0.G042 6.5001 -3.5031%
5 1 41,7375 12.3193 46,7132 0.0001 0.0008 ~-0.0001 n.0007
5 2 22.9710 12.3170 46,9050 ~-0.0092 0.0024 -0.0001 ..0021
5 3 44,3079 ic.10G5 47,1100 $.55685 -0.38084 -0.8083 $.0082
5 4 45,8338 11.8912 47.3332 0.0011 -0.0012 -0.0000 -0.000%
5 9 47 .34%1 11.49/4 47.5401 0.0002 =~-0.0005 0.0001 -8.0003
1 41.3922 16.2298 39.2i55 -0.0006 0.0011 0.0002 0.0012

> o
r

4,.1%25 16.3282 39,4244 0.0001 0.0016 0.0000 0.0014




TABLE 1. (Cont'd)

Ctil X _ %t - Y -t T - & PX -l-DY | BZ EN
== se=mmssn A,
6 3 44,6727 16.2786 39,6557 0.0001  0.0021  0.0002 0.0019
6 4 46,2238 15,1052 39,8891 0.0002  0.0004 6.0002 0.0004
6 5 47,8443 11,8045 40,1230 0.0006 =-0.0001 -0.0000 -0.000¢
7 1 41,5628 20.4918 31,7149 -0.0020 0.0026  0.0002 0.0028
7 2 42,9199  20.6976 31,9465 0.0601  0.0010  0.0000 0.0008
7 3 AA.4672  20.7743 32,1954 -0.0003  0.0017 ~-0.0600 0.0014
7 4 46,1087 20.7192 32,4453 -0.0010 0.0026 0.0003 0.0024
7 5 47,8286 20.5422  32.7001 0.0002 0.0014 ~0.0001 0.0011
8 1 40.6611 25,0595 24.2153 -0.0009 9.0015  0.8301 0.0015
8 2 42,0609 25,3955 24,4671 -0.0020 0.0033  0.0002 0.0033
8 3 A3.6667 25.6049 24.7341 £.0002 0.0005 ~0.0000 0.0003
8 4 45,3835 25.6963  25.0052 0.0009  0.0006 0,000t 0.000S
8 5 47,1893 25.6592 25,2774 -0.0009 0.0028  0.0001 0.0023
9 1 39.0643  29.8621 16.7170 -0.0014  £.0023  0.0001 0.0023
9 2 40,5011 30.3465 16.9904 -3.001S  0.0019 -0.0007 0.0018
9 3 42.1535 30.7180 17.2747 -0.0025  0.0039 ~0.0002 0.0035
9 4  A3.9291 30.9685 17.5638 -0.0004 0.0014 0.0001 0.0012
9 S 45.8174 31.0994 17.8564 0.0007 0.0005 -0.0001 0.0002
30




TABLE 2. ZEISS MEASUREMENTS OF MASTER GEAR

o=%a =7
MEASURE RECORD ZEISS RAM 2B

RCEAR 08114

TRAWING NO | PART NO | ORDER NO I SUPPLIER/CUSTOHFER OPERATION

2-08114-8 L B 3] 1 NA i STKORSKY | INSP FLANK

OPERATOR | DATE

O/DONNELL | 24Nov1982

ciLi X | Y i z i X ! DY 1 DZ ! EN

=u = = Exan. = zmzrASKSms EEEEE P

ALIGHMENT MODE 0

TOOTH 1 FLANK 1
1 1 184.3812 11.4635 50.9900 -~0.000t =-0.0805 -0.0002 ~3.8086
1 2 184.4749 11,2007 52.0935 -0.06005 -0.00t0 0.0004 -0.vU01¢0
1t 3 184.5656 10.9339 53.1939 -0.0003 -0.0009 °-0.0000 -¢.0n00¢9
1 4 184.46512 10.6607 54.28%0 -0.0004 -~-0.0006 -0.0004 ~0.0008
1 5 184.72%0 10.3778 55.3R24 -0.00008 -0.0008 0.0010 ~4.000%
2 1 192,0446 9.4233 48.3015 -0.0007 -0.0005 0.0002 -$.0007
2 2 192.2119 ©.1286 A9, 4642 -0.0006 -0.0006 ~—0.0000 -0.0587
2 3 192.3731 8.8283 50,6235 0.,0C01 -0.,0011 0.0002 ~0.06910
2 4 192.%5271 8.5171 51.7822 -0.8005 -0.0009 8.0002 ~0.0089
2 5 192.6752 8.1953 S52.9417 -6.0004 -0.0007 =~0.0002 ~0.0008
3 1 199.5096 6.9780 45,6071 -0.0004 -0.0003 0.0006 ~0.,0C03
3 2 199.7430 b.6446 46.8330 -0.0004 -0.0007 -0.0000 -0.0908
3 3 199.9674 65.3014 48,0532 -0.0002 -0.0008 0.0002 ~-0.0208
3 4 200.1882 5.9442 49.2788 -0.0003 -0.0005 0.%002 ~$.00808
3 5 200.4059 5.5760 50.5046 -0.0004 -0.0007 -0.0000 ~3.0008
4 1 206.7736 4.1363 42.9117 0.0005 -0.0008 -0.0002 ~0.0605
4 2 207.0767 3.7532 44,1974 -0.0002 -0.000? 0.0004 ~0.0008
4 3 207.3607 3.3553 45.4820 -0.0003 -0.0010 uv.0002 -5.0810
4 4 207.56460 2.9462 46.7755 -0.0001 -0.0009 -0.0002 =-0.000%
4 5 207.9234 2.5278 48.0627 -0.0006 -0.0007 0.0002 -0.0008
5 1 213.8444 0.8963 40,2085 -0.0004 -0.0004 -0.,0002 -6.000%
5 2 214.1991 0.4544 41,5634 -0.0001 -0.0010 -0.0000 ~0.0007
5 3 214.54%91 -0.0012 42.9172 -0.0006 -0.0007 -0.0900 ~-0.200%
S 4 214.8949 ~0.4686 44,2708 -0.0003 -0.0009 -0.0000° ~0.000%
5 5 215.2316 ~0.9479 45.6245 -0.0002 -0.0007 -0.0000 -0.0007
& 1 223.71465 -2.7402 37.5894 ¢,0001 -2,0007 -3, 0002 -0, 0005
6 2 221.,1303 ~-3.2483 33.9287 -0.0003 -0.0009 0.0002 -0.000¢9
& 3 221.5364 -3.76%91 A0.3465 -0.0004 -0.0008 0.0002 -0.0009
6 4 221.9370 ~4.3034 41.7660 -0.0004 -0.0r11 -0.0002 -0.,0012
5 S5 222.3309 ~4.8509 43.1843 -0.0004 ~0.00607 0.0002 -0.0007
7 1 227.,3934 -6.7766 34,8099 -0.0002 -0.0008 -0.0002 -0.0008
7 2 227.8601 -7.3568 36.2948 -0.0006 -0.0008 0.0002 -0.0010
7 3 228.3186 -7.9515 37.7777 -0.0005% ~0.0009 -0.0006 -6.0011
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:i TARIE 2. (Cont'd)

o = =M s S smnaT = [

ciLri X i k4 | Z { Dy | DY 1 Dz i EN

EUNSZIILUIEINITXITISSN [== == B )

i 7 4 228.7769 ~-8.5609 39,2638 -0.000% -0.0009 -0,0002 ~06.0010
7 3 229.215% ~9.1825 40,7471 -0.08000 -0.000% -G.00080 -0.0007

8 1 233.8700 -11.217¢ 32,1118 -0.0007 ~0.0008 €.0004 ~0,0818

8 2 234,3847 ~11.8789 33,6581 -6.000% -0.0009 -0.0002 ~0.0010

g 3 234.2¥25 -12.5569 35,2050 8.0096 -0.0013 v.0016 -0.0005

8 4 235.3917 -13,2488 36.7574 -0,0063 -0.0010 0.0002 -0,0909

8 3§ 235.88635 -12,v562 Ig.3093 -0.0067 -0.v008% =-0,0000 ~0.0011

9 1 246,142 -16.0746 29,4066 -0.0902 -0.0009 0.0032 -6,0608

9 2 240.7d07 -156.8278 31,0240 ~2.0308 -0.0010 06,0002 -0.0613

? 3 241.2507 -17.%5953 32,6416 -0.0005 -0.0214 -~0.0002 ~0.0014

? 4 241,7960 -1£,3013 34,2556 ~5.0064 -0.0008 0.0000 ~0.0009

9 S 242.3357 -19.178% 35.875: -0.c004 -0.0011 -0,0002 ~0. 00180

TOOTH 10 FLANK 1

3 11 184.3812 11.4649 56,9999 0.0003 6.8007 -0,000% 6.¢007
1 2 184.4749 i1.2044 S2.093% 6.0201 g.0004 -~0.500 0.G004

1t 3 184,5656 10.934¢ u3.1939 ~0.0064 ~0.0008 6.0010 -0.0307

1 4 1B4.4512 13.6600 54,2890 -0.0007 ~6,00i3 -@.n002 ~0,0015

1t S 184.7296 10.3776 55,3324 -0.9803 ~0.0010 0.001¢0 -0.0088

2 1 192.0446 9.4242 48,3015 L. 02305 -3.0000 ~0.0002 0.0801

2 2 192.211%9 9.1282 47.4642 -8.0%584 -~0.0089 -0.0004 -0.9619

2 3 192.3731 8.87721 50.623% ~0.0018 -9.0819 --3.8001 -0. 0021

2 4 192.527% 8.5184 &1.7822 ~-0.00064 -0.0014 f.0001 ~2.0014

2 5 192.47352 8.1252 S2 9417 ~3,0006 -0.3008 8.0001 -0,0609

3 1 199.50¢%5 £.9770 45,6071 ~0.0686 ~0.,0011 -9.0001 ~-0.0012

3 2 199.743¢ 6.642) 46,8330 ~0.6011 -0.002% 0.000¢ ~0.0023

] 2 3 199.9%674 6.3009 48,8532 -8.00083 -0.0012 -0.0002 ~0.0013
3 4 200.1882 5.9439 49.2788 -0.0004 ~0 8007 -0C.0002 ~0. 9008

3 S 200.405% 3.5756 54,5048 -0.0202 -0,0011 f.0000 -0, 0911

4 1 236.7736 4.1342 42,9117 -0,8003 -~0,002% 0.6001 =0, on24

4 2 207.0757 3.7524 45,1973 -8.6018 -0,0012 0.0001 =0.8015

4 3 207.3607 3.3559 45,4829 -8, 3064 -n,00:2 ~2.0001 ~-5.0013

4 4 207,444y 2.94%¢ 46,7758 -0.45884 -2.8011Y 0.p002 ~0.0011

4 5 207.9234 2.35277 46,8427 -8.9306 -~2.G60B -~0.08G2 -¢.0010

S 1 213.84444 0.8%44 46,2088 -4.0612 --0.0019 0.00660 -0,0022

5 2 28,1991 0.4%41 41.355635 ~8.0068 ~&.00312 -0.0001 -0.0¢011

5 3 214.54%% ~5.8817 42,9172 ~0 £806 <0.0013 8.0601 -0,0014

S 4 214.8947 ~0.4594 44,2708 ~0.468053 -8,0015 -0.0001 -¢. 00135

5 35 215%.2318 ~0.»482 4%, 6248 ~6.6004 -06.0068 -0.0002 -0.0009

6 1 226.7165 ~2.7412 37.5894 -3.0397 -0.0012 0.00082 ~0.0013

6 2 221.1383 ~3,248%5 38.9287 -0.a208 -5.00086 8.6003 ~§.007%1
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TABLE 2. (Cont'd)

" [Ty pepn gyttt = == =

ciLi X | Y § z | DX | DY | 4 1 EN
= zIn=cs == s==row IRSSEEITSSZESS
6 3 221.5364 -3.7697 40,3465 -0.0008 -0.0012 -0.0001 ~-0.0014
& 4 221.,9370 -4,302. 41.7669 -0.0003 -0.0009 -0.0001 ~0.0009
& 95 222.3309 -4.8513 43.1843 ~0.0004 -0.G013 -0.0000 -0.0010
7?7 1 227.3934 -6.7776 34,8099 -0.0012 -0.0012 0.¢0002 -0.0016
7 2 227.8601 ~7.3977 36,2948 -0.0008 -0.0015 -0.0001 -0.0017
: 7 3 228.3186 ~7.9516 37.7777 -¢.0004 -0.0011 0.0001 ~0.001%
7 4 22a4.7789 -8.5615 39.2638 -0.0008 -0.0013 0.0002 -0.0015
7 % 227.2151 -9.1851 40.7471 -0.0011 -~0.00826 g.o0000 -0.0027
8 1 233.8700 -11.2190 32.11186 -0.0011 -0.00:9 0.0000 -0.0021
8 2 334.3847 -11.,3796  33.46581 -0.0011 -8.0011 ~0.0001 -0.0016
8 3 234.8728 -12.5%72  35.2059 0.0001 -0.4014 0.0020 -0.0007
8 4 235.3917 -13.2510 36.7574 -0.0010 -0.0025 -0.0004 ~0.0026
8 S 235.8845 -13,9581 38.309% ~0.0014 -0.002& 8.0001 -0.0026
7 1 240,425 -15,0753 29.4080 -0.0006 ~0.001C 6.0001 ~0.0013
% 2 240.7007 -16.8280 31,0240 -0.0007 ~0.6013 c.o002 -0.00%4
9 3 241.2507 -17.5986 32.6416 -0.0017 -0.0036 0.0000 -0.0038
9 4 241.7960 -18,3831 34,2556 ~0.0008 -0.0028 0.0013 -0.0024
9 9§ 242,3359 -19.1790 35,875t -0.0009 -0.0014 0.0005 -0.0017

TOOTH 26 FLANK 1
1 1 184.3812 11,4663 50.9900 0.0014 0.0017 -0.0003 0.0020
1 2 184.474% 11.2015 92.093% . =0.0000 -0.0004 0.0003 -6.0003
i3 184,5656 13.9328  53.1939 -0.0011 -0.001R -0.0000 -0.0020
4 184.6512 10.46579 54.28%90 ~0.3019 -0.9031 0.0002 -0.0034
1 S 184.7299 10.3761 55.3824 -0.0010 -0.0019 -0.00¢02 -0.00%l
2 1 192.0426 9.4234 AR.3015 -0.0067 -0.0005 ~0.0000 -0.0036
2 2 i92.211% ?.,1272 49 .4642 ~0.0008 -0.0019 0.0000 -0.0020
2 3 192.3731 8.8249 $0.6235 -0.0017 -0.0038 -0.0001 -0.0041
& 4 12,5271 8.5152 51.7822 -0.0014 ~0.0023 -0.9003 -0.0027
2 5 192.6752 8,1951 52.9417 -0.0002 -0.001¢C e.0004 -0.0010
3 1 199.5096 6.9759 A5.56071 -0.0011 -0.0021 0.0003 -0.0023
3 2 199,7430 6.6403 46.8330 -0.0019 -0.0GA3 -6.0003 -0.0047
3 3 197.9674 $.2988 48.0532 -0.0018 ~0.0027 -0.,0000 -0.0C32
3 4 205.1882 9.9440 49,2788 -0.0001 -0.0008 0.00G0 -0.0008
3 5 200.2457 $.5766 S50.5046 ~0.0002 -0.0002 0.0n01 -0.0003
4 1 204.7736 4.1316 42.9117 -0.0015 ~-3.0044 -0.0004 -G.00456
4 2 207.0707 3.7499 44,1974 -0.0018 -0.0033 -0.0001 ~0.0037
4 3 207.3637 3.3548 45.4820 -0.0005 -0.0014 6.0001 -0.0014
4 4 207.6460 2,9465 46.7755 -0.0003 -0.0005 -0.0000 -0.0806
4 S e07.9224 2.5285 48.9627 -0.0002 -0.000t -0.,0001 -0.0002
5 1 213.8444 $.8913 40,2085 -0.0024 -0.0043 0.0001 -0.0048
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TABLE 2. (Cont'd)
= == =DRr
c1i1 L X Y } ¥4 i DX DY } Dz EN
t-1-t-¢4.1 1.7 1 44 +'4- 4+ -t -2 -3 == === -t i1ttt ittt At 1 3 1
5 2 214,197 0.4532 41.5636 -0.0008 -~0.0016 -0.80049 -0.0039
5 3 214.5491 -0.0012 42,9172 ~3.0004 -0.0069 -0.0001% -0.0010
S 4 214.894% -0.4683 44,2708 ~0.6004 ~0.0006 g.e004 -0,0006
s 95 215,2316 ~0.9484 45,6245 ~-0.0007 -0.0808 -0.0004 -9,0011
6 1 220.7165 -2. 7430 37.50%4 -85.0012 -0.0%27 0.¢c001 ~0,002°
6 2 221.1303 -3 .2485 38,9287 ~-¢.%5004 -0.0010 ~0.0002 -0,.0011
6 3 221.5364 ~-3.75687 40,3465 ~-0.0801 ~-0.0006 0.0001 -0.0006
& 4 221.9370 -4,3033 Al,75660 -0,00863 -0.0011 =~0.0200 ~4.0011
h S 222,3309 -4,8534 AJ,1843 -0.0013 +~0.0023 ~0,0005 ~-0.0027
7 1 227.3934 -~h.,7773 34.309¢ -0.8004 <0,0014 0.0001 -0,0014
7 2 227.8601 -7.3566 36.2948 -0.6008 ~0,0005 g.0002 -¢.0008
7 3 228,.3186 -7.9517 37.7777 ~-0.0005 ~0,8612 ~0.0002 -0.0013
7 A 228,7709 -8.5631 32.267¢ -~0.0013 ~0.,0025 -~-0.0004 -0,00626
7. 9 229.2151 -9.1848 40.7471 ~0.0017 ~0.0037 G.QBOG -0,003%
1
8 1 233.8700 -—-11.2181 32,1118 -¢.,0010 -0.08010 -0.,0003 -0,0014
6 2 234,.3847 -~11,8788 33,6581 -0,0061 -0.001t 0.46000 ~-0.000%9
g8 3 234.8925 -12.,5592 30.2059 -0.00:2 -4.,0020 -0.0001 -0,0023
8 4 235.3917 -13.2529 36.7574 -0.0020 -0.0037 g.0000 -0,0041
8 S 235.8865 -13.9573 38.3098 -0.0012 -0.0016 0.00C1 -0, 0020
® 1 240.1425 -16.0743 29.4080 0.0001 -~0.0009 0.0003 -0.0006
? 2 240,7007 -14.8297 31.0240 -0.0013 -0.0024 -0.3003 -0.0026
? 3 241.2507 -17.6005 32.6416 -0,0026 -0.0047 -0.0009 -0,0052
9 A4 241.7960 -18.3834 34,2554 -0.0010 -0.0028 0.0001 -0,0027
? 5 242.3359 -19.1750 35.8751 0.0008 0.0009 0.0000 0.0012
TOOTH 30 FLANK 1
1 1 184.3812 11.4651 50,9900 0.0009 0.0006 0.0000 0.0008
1 2 184,4749 11.2009 52.0935 ~-0.0003 -0.0008 6.0000 -0.0008
1 3 184.5656 10.9318 53.1939 -0.0012 -0.0028 -0.0001 -0.0030
i 4 184.6512 10.6558 54,2890 -0.0023 -0.0049 ~0.0003 -0.0053
) 1 184,7290 10.3742 55.3824 -0.0020 -0.0038 0.0006 -0.0040
2 1 192.0446 9.4230 48,3015 -0.0003 -0.0011 0.0002 -0.0010
2 2 192.2119 9.1257 49 .4642 -0.0017 ~0.0030 -0.0002 -0.0034
2 3 192.3731 8.8231 50.623% =-0.0026 -0.0053 -0.0001 -0,00586
2 4 192.5271 8.5135 91,7822 -0.0017 -0.0039 -0.0001 -0,0042
e S 192.6752 8.1946 52.9417 -0.0007 =-0.0013 -0.0002 -0.0015
3 1 199.5096 6.9746 45.6071 -0.0014 -0.0032 g8.0002 -0.0034
3 2 199.7430 6.6385 46.8330 -0.3028 -0.0059 6.0005 -0.0063
3 3 199.9674 6.2971 48.0932 -0.0022 -0.0042 -0.0003 -0.0047
3 4 200.1882 5.9430 49,2788 -0.0009 -0.0015 -0.0000 -0.0017
3 S 200.,4059 8.5768 50.5046 ~0.0000 =-0.0001 0.0002 ~0.0001
34
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TABLE 2. (Cont'd)
(o3 T N | X I Y 1 Z | DX i DY i ¥4 | EN
=== == e e=a= ===SSo==c === = ==
4 1 206.7736 4.1294 42.9117 -0.0027 -0.0061 -0,0002 -0.0067
4 2 207.0707 3.7471 44,1974 ~-0.0028 -0.0057 0.0005 -0.0062
4 3 207 .3607 3.3534 45,4820 ~-0.0010 -0.0025 -0.0001 -9,0027
A A 207.6460 2.94565 46,7759 ~6.0003 -0.0005 -0,0002 -0.0006
4 5 207.9234 2.5290 48.0627 0.0004 0.0001 ~-0.0001 0.0002
S 1 213.8444 0.8889 40,2085 -0.0033 -0.0061 -0.0000 -0,0069
5 2 214,1991 0.4515 41,5636 -0.0014 -0.08030 -0.0001 -0,0033
5 3 214,%54%91 -0.0012 42,9172 -0.0006 =-0.0008 0.0002 -0,000%
S 4 214.8949 -0.4677 44,2708 -0.0001 -0,0001 0.0003 -0.0001
5 S 215.2316 -0.9477 45,6245 -0.0003 -0.0005 0.0001 -0.,000%
6 1 220.,7165 -2.7449 37.5094 -0.0018 <-0.0042 -0.0002 -0.9045
& 2 221.1303 -3.2481 38,9287 -0.0004 ~-0.0007 0.0003 -0.0007
6 3 221.5364 -3.7682 40,3465 -0.0004 -0.000G6 ~0.0000 -0.0002
6 4 221.9370 -4,3029 41,7660 ~0.0003 -0.0007 -0.0001% -0.0nN0g
6 S 222.3309 ~4.8532 43,1843 ~0.000s ~0.002% -u.0U04 -, 0v0
7 1 227.3934 -6.7780 34,8099 -0.0008 -0.0018 ~-0.0000 -0.001¢9
7 2 227.8601 -7.3563 36.2948 -0.0003 -0.0005 0.0001 ~-0.0006
7 3 228.,3186 -7.9512 37.7777 -0.0002 -0.0008 -0.0004 -0.0008
7 4 228.770% -8.5631 39.2638 -0.0017 -0.0023 0.0003 -0.0028
7 S 229.2151 -9.1866 40,7471 ~-0.0020 -0.0035 0.0001 -0.0040
8 1 233.8700 -11.,2173 32.1118 ~-0.0004 -0.0007 ~0.0G00 -0.0¢008
8 2 234.3847 -11.8779 33.6581 -0.0002 -0.0001 -~0.0001 -0.0003
8 2 234.8925 -12.5585 35,2059 ~-0.0003 -0.0023 0.0018 -0.0018
8 4 235.3917 -13.2536 36,7574 ~0.0019 -0.004% -0.0000 -0.0046
8 S 235.8865 -13.9586 38.3098 -0.0014 -0.,0028 0.0001 -0.002%
? 1 240,1425 -16.0735 29.4080 -0.0003 0.0003 -0.0002 6.0000
¢ 2 240.7007 -16.8290 31,0240 -0.0011 -0.0020 0.0005 -0.0021
? 3 241.2507 -17.60607 32.6416 -0.0024 =-0.00852 -0.0001% -0.0654
9 4 241.7960 -18.3843 34,2556 -0.0015% -0.,9032 0.0000 -0,0033
—2 3 242,3359 _-19.1773 _ 35.8251 .___.=0.0003 _-0.0004 .0.0004__  _-0.0004
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Discussion of Results

The improved measurement process for spiral bevel gears was succes: fully
demonstrasted using the Zeiss UMM 3500 Coordinate Measuring Machine fitted with
the Rotary Table. The gear set up and measurement process was accomplished
easily and quickly with excellent repeatability. The total savings in
inspection and grinding time is estimated to be 7 3/4 hours per gear.

As expected, the tooth profiles of the teeth on the master pinion and gear
showed little deviation from the reference master tooth. The maximum deviation
ranged from +.00009 to -.0U015 for the pinion with corresponding values +.00005
and -.00032 for the gear.

Correlation with Taped Pa.terns

A comparisen of the Zeiss readings taken on the selected master goar set
and the contact pattern observed in the Gleason test machine showed good
correlation as evidenced by the fact that where a minus condition (negative
derivation from the nominal values) was indicated by a Zeiss reading, a cor-
responding movement was noted in the contact pattern. Figure 21 shows a plor
of derived test machine values compared to the UMM500 values. The test machine
values plotted are the observed distances from the end of the test machine
pattern to the toe end of the tooth. The UMMS500 wvalues are the measured
surface deviation at the same point.

.400 - 200
300 1 -150
Gleason Zeiss values
test in miilionths
machine of an inch
valuss 200 00

T T T T T T
1, 10 20 30 40 50 60 70
Tooth no.

Fire 21. Comparison of Measurement Systems
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Comparison of Nominal Values

To judge the effectiveness of the Gleason computer program in determining
nominal coordinate values based upon the final grinding machine settings, the
; coded data supplied by Gleason, for the selected master gear set, was loaded
into the HP computer as the theoretical nominal values. The master gear set
was then measured, as described above, and compared with these nominal values.
The results are shown in the contour plots of Figures 22 and 23, and as tabular
: velues in Tables 3 and 4. The tabular values are in mm.

At first glance, there appears to be an obvious and significant difference
between the profile coordinates of the manufactured master gear set and the
theoretical contour coordinates both produced by the same grinding machine
settings. The maximum measured normal deviations between the two were
-.00228/-.00223 inches for the pinion and +00057/-.00188 incher for the gear.

After consultation with Gleason, who reiterated their confidence in the com-
puter program based upon ccrroborative evidence from their own research ef-
forts, it was concluded that the actual machine settings used to produce the
gears must have been different than the caiculated theoretical values, possikly
because cf errors in machine gaging ¢r machine set uvp. This is the reason that
develocped machine settings may be different for different machines, or for
machires of different vintage, and that the final proof of compliance is
comparison with an establishecd master gear.

The conclusion drawn from this comparison is that the best way to obtain
nominal values is digitization of an existing master gear which is traceable to
the gear used in the qualification test program run on the actual gearbox.

317

LU RLUL S LU L ARG AR R A B 6 (P A1t R Tt T S A e (R RURVRS TP IR I ERELTLE



]

©

:;l : 1 2 i} 4 3 7 8 a9

ALIMNT MO0E = 0 pab = 283.2400 ____g_m‘r HOL* 1-13
B}—m T pROFILE MEASURING PINION 1 2 OPEART .1 0 DORNELL

aaK 28 pax Pi yoorH-No: 3 ONE _°

4 =0

Comparison of Nominal yalues - pinion

Figure 22.

Figure 23- Comparison of Nominal yalues - Gear

. WWJ‘J{\‘NJ!‘.‘{E&&‘?&'M 'a‘i.’\il.'*;“v’s"f.n“-‘. RIS




TABLE 3. COMPARISON OF NOMINAL VALUES-PINION

poyes 3 CEHUNAMEER

MEASURE RECORD  ZEISS RAM 2B
PIRICK 0810447

DRAWING NO I PARY NG { ORDER NO 1SUPPLIER/CUSTOMER| GPERATIGHN

P1 i T~18 I ¥R I SIKORSR I INSP FLANK

OPERATOR | DATE

O/DONNELL i 19Jan1%83

==an ® = === EREESIEST = == HI[_WWMR2ITST == =

ctiLt X | Y | A t bX H DY i 174 | EN

== IE=ZRzn==x b PRt e Rt S -

ALIGNMENT MODE 0 MOUNTING DIT5T. DmG = 269 .24¢C6

TOOTH 1 FLARK 1
1 1 38.5027 0.6225 ~197.81335 -5.8002 0.0175 -0.95003 0.0164
1 2 39.3178 0.4587 -197.6658 ~g.g%202 0.052¢ 0.9604 3.047%
1 3 40.4567 0.0585 -197.4371 ¢.0001 6.0565 0.c0a8 0.0bL21
1 4 41,8490 =0.5%930 -197.1430 -8.0001 8.0679 8.0000 0,0579
1 S 43,4264 -1.5361 ~196.7924 ~0.6000 0.0790 6.0002 0.8567
2 1 39.7209 2.90546 -204.565607 -8.8502 0.0027 -0.0003 0,0024
2 2 40.5999 2.7663 -204.488% ~-0.6629 0.0367, 0.0000 0.07314
2 3 41.8158 2.4043 -204.2417 -0.6024 0.0473 -0.0001% 0.0416
2 4 43.2988 1.7885 -203.9302 -0.00C8 0.0520 -5.000% 0.0437
2 5 44,9801 0.8929 -203.5630 ~0.06029 #.0572 9.0e02 0.045%
3 1 40.7552 $.4945 ~-211.3789 ¢.,0216 -0.0092 ~0.003% -6.0685
3 2 41.6974 5.3893 -211.19067 -3.9¢92¢ 0.4235 0.96064 £.98213
3 3 42.9902 5.87n¢ -210.9282 -0.3e37 0.0309 -3.39002 0.0268
3 4 44.5645 4.5122 ~-210.6019 -0.5048 0.6372 ~0.,0002 0.0308
3 S 46.3515 3.6817 ~210.220¢ -0.00%6 0 0466 -0.00060 0.03568
4 1 41.5641 8.3631 -217.9704 8.06937 -¢.0297 -9.0008 -0.861%%
4 2 42.5&77 8.2693 -217.7683 -2.0013 €.9063 -0.920% 3.0056
4 3 43.9357 8,5435 -R17.4928 -5.0030 0.01S% -0.0608 9.0137
4 4 45,6008 7.85%0 -2.7.1542 -0.08046 9.0252 9.0601 b 0210
4 5 47,4933 &,8C11 -2t6.7519 -0.486S3 0.02383 -~0.6991 6.6223
S 1 42.1073 11,4823 -R234.4317 $.0690 -0,0363 -0.98002 ~€.08334
S 2 43.1695 11,4261 ~224.2180 G.6822 -0.0808¢ §.060% ~0,6072
S 3 44.6092 11.2%37 -2033.9315 §.03804 9.9001 6.0001¢ 38,0001
5 4 46.3601 10.8247 -223.35331 ~8.8012 8.0865z -5.000¢ £.0043
5 5 48,3582 15.2352 -233.1822 -1.6036 6.013¢9 0.0043% a.¢3118
& 1 42.3471 14,8256 -830.759¢ 8.01£9 -0.0477 ~6.0002 -8, 244
& 2 43,4639 14.9853 ~2353.53%9 §.6660 ~5.5208 8.09301 -2.G166
& 3 44.9700 14.78%1 -239.2488 £.0053 -~9.618% ~6.00%Q% ~0. 0164
& 4 46,8019 14,2879 -227.5848 §.8633 -0.3:06 -~3.0001 ~£.0068
5 % 48.8941 13,9835 ~229.47277 ¢.go%8 ~0.398S5% -3.8001 -G. 8547
7 ¢ 42.2488 18,3481 ~236.9502 6.2246 -85 0621 §.60802 ~8,0572
7 2 43.4148 16.4831 -235.7188 §.216%  -05.0393 -3.0%4090 -6, 8358
7 3 44,9802 18.4865 -235. 4168 8.0137 -0.0315 ¢.gces ~8. 0274
7 4 44,9853 12,3000 -234.48534 2.612% -35.6319 §.6001 ~6.0258
7 S £9.04L54 17,8934 -33C.¢6444 ¢.3636 ~£.0214 $.839% ~8.0149
& 1 41,7819 Z2.0142 ~J4%.0007 #.8085  -0.6719 ¢.626! ~0.867¢
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TABLE 3. (Cont'd)
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citL X ! Y | z l DX | DY I 174 1 EN

=ac = ==zes=x I===== === T T===o oL ===
8 2 42,9907  22.2370 -242.7626 0.0273 -0.0327 0.0001 -0.0483
8 3 44,6069 22.3474 -242.4561 0.0254 -0.0500 g.0002 =0.0441
8 4 46,5748 22.3008 -242.0917 0.0214 -0.0429 0.0000 =0.0363
8 S 48,8337 22.0337 -241.6791 0.0218 -0.0429 0.0001 =0.0343
9 1 40.9205 25.7734 -248.9080 0.0517 ~-0.0867 -0.0001 -0.0832
? 2 42,1644 26.0962 -248.6648 0.0398 -0.06S6 0.0001 ~0.0614
¢ 3 43.8212 256.3313 -248.3552 0.0369 -6.0616 0.0000 =0.0554
9 4 45.8396  26.4249 -247.9897 0.0361 -0.0599 0.0001 -0.0516
? S 48.1628 26.3274 -247.5777 6.0330 -0.0551 -0.0002 ~0.0452

TABLE 4. COMPARISON OF NOMINAL VALUES-GEAR

MEASURE RECORD ZEISS RAM 2B
RGEAR 08114

DRAWING NO 1 PART NO | ORDER NO ISUPPLIER/CUSTOMER| OPERATION

SIKORSKY I T1S I NA | SIKORSKY | INSP FLANK

OPERATOR | DATE

0’ DONNELL | 30Nov1982

=2 nE= -

ciit X Y 1oz I DX 1 DY 1 oz I EN

BT ARECRRENONSST TSRS SEsmsozI==ISSnSCEx= == MESSE=SSTSSIRSSRS

ALIGNMENT HMODE 0 MOUNTING DIST. DmP =  120.9548

TOOTH 1 FLANK 1
1 1 188.4783  §.7157 -70.9360 -0.0221 ~-0.0443  0.0061 -0.0481
1 2 188,9199  5.3330 -69.8849 -0.0131 ~0.0269 ~-0.0000 -0.0292
1 3  189.3409  4.9418 -68.8010 -0.0039 -0.0088 -0.0001 -0.0094
1 A 1897401  4.5366 -67.6863 0.0021  0.0647 0.0003 0. 0051
1 5 190.1163  4.1179 -66.5430 0.2064 0.0132 -0.0001 0.0142
2 1 194.9522  3.4746 -73.3879 -0.0197 -0.0298  0.c002 ~0.0435
2 2 195.4139  3.2630 -72.2960 -6.0103 -0.0209 0.0003 -0.0227
2 3 195.8524  2.8408 -71.1713 -0.0023 -0.0049 =-0.,3003 -0.0053
2 4 196,2668  2.4055 -70.0158 0.0029 0.0055 =-0.0000 0.0060
2 5 196.6559  1.9611 -68.8314 0.0064 0.0127 0.0005 0.0140
3 1 201.3221 1.3060 ~75.8079 -0.0159 -0.0340  0.0003 -0. 0369
3 2  201.8012  0.8618 -74.6745 -0.0072 -0.0147  0.0006 -0, 0160
3 3 202,2548  0.4042 -73.5083 ~0.0008 -0,0028 0.0000 -0.0028
3 4 202.6817 -0.0610 -72.3114 0.0027 0.0065 -0.0062 0.0068
3 § 203.0811 -0.5325 -71.0856 5.0060 0.0124  0.0000 0.013%
4 1 207,5723 -1.3855 -78.1931 -0.0128 -0.0268  0.00C3 -0 0292
4 2 208.0661 -1,8684 =-77.0175 -0.0050 =-0.0110  0.0000 -0.0119
4 3 208,5319 -2.3610 -75.8094 -0.0008 -0.0010 ~-0.0004 ~0,00132
4 4 208.9687 -2.8572 -74.5706 0.0030  0.0062 0.0008 0.0068
& 5 209.37%" -3.3593 -73.303u 0.0048  0.0090 -0.0001 0.0100

40

B o e R B S X 2 A NS o M ST 2O IO 1, S S I R O U L 0 A S L U M M i O M ¥ VT T o T Y



TABLE 4. (Cont'd)
c1 L X | Y | Y4 [} DX i DY ! Y4 | EN
5 1 213.4873 -4.,3965 -~B80.5409 -0.0103 -0.0211 0.0001 -0.0231
5 2 214.1928 ~4,9200 -~79.3225 -0.0044 -0.008%5 0.0003 -0,0093
S5 3 214.6678 -5.4477 -~78.0719 0.0001 -0.0005 -0.030% -0._0004
S 4 215.1117 ~5.9771 ~76.7908 0.0024 0.06048 -0.0002 8.0052
S S 215.5236 -6,.5%5098 ~75.,4812 0.0027 0.0048 -0.0901 0.0054
& 1 219.6516 ~7.7206 -~82.8488 -0.009¢ -0.0172 -0.0901 -5.0191
6 2 220.1657 -8.2843 -81.5872 -0.0030 -0.0074 -0.0002 -§.0077
6 3 220.5471% -8.,8490 -80.2936 -0.0003 -0.0009 -0.0002 -0.0010
& A 221.0952 ~-9.4130 ~-78.9699 0.0008 0.0011 0.0002 0.0013
6 S 221.5092 -9.9771 <77.6179 -0.00064 -0.0015 0.0008 -6.0013
7 1 225.4504 -11,3491 -85.1147 -3.0076 -0,01595 0.06004 -0.01467
7 @ 225.9699 -11.9546 -83.80694 -1.0031 -0.0075 ~-0.0004 -0,0078
7 3 226.454L -12.5574 -82.4724 -0.00i8 -0.6032 -0.0001 -0,9037
7 & 226.9039 -13.1580 -B81.103& -0.0724 ~0.064% ~0.0002 -0.0051
7 S 227.3174 -13.7530 -79.71G8 -0.00:4 ~0.,00968 -06.0001 -0. 0103
8 1 231.0690 =-15.2742 -87.3365 -0.0076 ~0.0151 g6.0002 -0.0163
8 2 231.5%906 -15.9226 -B5.9869 -8.0048 ~0.0096 -~0.0002 -8.0104
g8 3 232.07% -16.5666 -84,6061 -0.0047 =-0.0097 -0.0002 -0.0104
8 4 232.5233 -17.2019 -83.1958 -0.0060 <~0.0137 6.0009 ~g3.0141
8 5§ 232.9324 ~17.8287 -81.7580 -3.0101 -=-0.0211 g.0008 ~0, 0223
9 1 236.4932 -19.4857 -89.5122 -0.0072 -0.0174 0.0002 -0.017¢
g 2 237.0137 -20.1803 -88.1179% -0,0072 -0.0157 0.0003 ~0.0163
9 3 237.4957 -20.8646 -86,.6927 -0.0087 ~0.0189 0.0007 -0, 019%
Q@ 4 237.9389 -21.5355 -85.2386 -8.0121 -~0.0244 -~0.0001 -0.02&0
¢ 5 238.3430 -22.1919 -83.7574 -0.0162 =-0.0338 ~0.600% -0,0355
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DEVELOPMENT OF AN IN-PROCESS INSPECTION TECHNIQUE

One of the prime requirements identified at the outset for an improved
spiral bevel gear inspection method is that; if the profile deviations of a
production gear, as measured on the coordinate measuring machine, are beyond
acceptable limits; these deviations must be interpretable in terms of specific
delta changes to the grinding machine setting used to produce that gear. The
procedure is essentially the inverse of the mathematical simulation process
described earlier and is accomplisned by a second part of the Gleason Works
G~Age software package described below.

G-Age Corrective Process

After a spiral bevel gear set has heen "developed" for operation in a
particular gearbox, the final grinding machine settings are used to calculate
the theoretical surface coordinate and normals. This information is stored in
the measuring mach ne computer. Along with this theoretical surface data, a
corrective matrix 1s also generated and stored. The corrective matrix can be
considered as a surface sensitivity matrix. For example, changes that affect
the pressure angle and spiral angle of the tooth surface are defined. The
sensitivity of the surface to these changes is calculated and stored in the
1 corrective matrix. Changes are so defined for all Gleason cutting and grinding
3 methods.

When the tooth surfaces of the individual gears are measured and compared
to the nominal value matrix (either calculated theoretical surface points or
measured surface points from a master gear), a matrix of error data is computed
and stored. The error data is then multiplied by the corrective matrix and
corrective settings for the grinding machine are calculated and printed out.

Sensitivity Study

To evaluate this in-process inspection technique, which will convert
readings from the Zeiss UMM500 measuring machine into precise settings for the
spiral bevel gear grinding machine, a sensitivity study was made ir which gear
test specimens were ground and reground with machine settings that purposely
deviated from the developed summary settings according to the matrices of
Figures 24 and 25. This study involved 10 first order changes and 8 second and
third order changes for the pinion and 10 first order changes for the gear.
Each setting change consisted of 5 variations including omne baseline, for a
total of 91 grinds for the pinion and 51 grinds for the gear.

¥abrication of Test Gear Specimens

The 10 pinion test specimens and 5 gear test specimens, which were
machined in Phase I, were ground according to the grinding matrix of Figure 24
and 25. For each setting, two deviations above and two deviations below the
established values were used. When all of the grinds at one machine setting
were completed, a verification grind was made to reestablish the baseline
settings before proceeding on to the next machine setting.
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GLEASON GRINDER FIRST ORDER CHANGES

SETTING / GRIND # lih3asehsosnnfieziatsmhrisivan nnaMm%Mmsw«hnua 405!
BASELINE 7

b r

MACHINE CENTER TO BACK! [xxyvz|,.,.
ECCENTRIC AWGLE Xxyvz
BLANK OFFSEY
SLIDING BASE
ROOT ANGLE -
CRADLE ANGLE X X
CAM GUIDE ANGLE

CA4 POSITION

SIDE DRESSER OFFSET
PRESSURE ANGLF )

LEGEND

X = Machine Setting Change
Y = 2 times X Machina Setting Change
1 = Verification Grind
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Figure 24. First Order Grinding Matrix

GLEASON GRINDER SECOND AND THIRD ORDER CHANGES

SETTING / GRIND #  [5)s2 63 64 5 507 56 5 80 646263 64 06 8% 071|231 5% BRI 18800W0
BASELINE I
SECOND ORDER CHANGES
BIAS CHANGE
PROFILE CURVATURE X
LENGTHWISE CURVATURE
SPIRAL ANGLE CHANGE
CAM POSITION CHANGE k
THIRD ORDER CHANGES
BLANK OFFSET KX ¥ 2

INDEX INTERVAL i
GENERATING CAM NO.

LEGEND

X = Mochine Setting Change
Y = 2 times X Setting Change
Z = Verification Grind
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rigure 25. Second ard Third Order Grinding Matrix
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To accommodate the program scheuule, fabrication of the production gear
sets for the pilot production program of Phase III was initiated during this
Phase. Six pinion and 3 gears were fabricated up to the point of final gzear
grinding.

The Measurement Process

Each of the test specimens were assembled in the Gleason test machine and
run against their corresponding masters. Transfer tapes for each grind were
recorded.

These same test specimens were then measured on the UMM500 measuring
machine and the corrective machine settings determined by the Gleason-supplied
computer program.

Results of Corrective Regrinds

To illustrate the effectiveness of the conversion of UMM500 measurements
(deviations from nominal value) into delta machine settings for the Gleason
grinding machine, four specific grinding machine settings are presented.

. An eccentric angle change of zero degrees and five minutes (0°5')

. Machine center to back withdrawal of .020 inchszs

A pressure angle change of zero degrees and thirty minutes (0°30")

°

A root angle change of zero degrees and twenty rinutes (0°20')

The eccentric angle change 0°5° resulted in a maxivum deviation of -.0049
inches in the bevel pinion profile geometry as shown in Figure 26. When the
pinion was reground to the corrective delta setting calculated by G-Age, this
deviation was reduced to -.0014 inches. A second regrind resulted in a maximum
deviation of +.0003 inches as shown.

The machine center to back change of .020 inches withdrawal resulted in a
maximum deviation of +.0053 inches in the bevel pinion profile geometry as
shown in Figure 27. When the pinion was reground to the cocrrective delta
setting calculated by G-Met, the deviation was reduced to +.0009 inches. A
second regrind resulted in a maximum deviation of +.0004 inches as shown.

¥
\
¥
!
1

A pressure angle change of 0°30' resulted in a maximum deviation of -.0009
inches in the bevel pinion profile geometry as shown in Figure 28. When the
pinion was reground to the corrective delta setting calculated by G-Met, this
deviation was reduced to -.0004 inches. A second regrind resulted in a maximum
deviation of -.0002 inches as shown.

A root angle change of 0°20' resulted in a maximum deviation of -.0041
inches in the bevel pinion profile geometry as shown in Figure 29. When the
! ninion was reground tc ths corractive delta seiting calculated by G-Met, this
deviation was reduced to -.0004 inches. A second regrind resulted in a maximum
deviation of -.0002 inches as shown. '
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Discussion of Results

In all four cf the above cases, the bevel pinion tooth profile geometry
was restored to within acceptable limits in two regrinds using only first order
changes. This demonstrated that the G-Age corrective procedure is effective in
correcting an out-of-tolerance tooth profile during the production process and
can virtually eliminate the need for a final inspection process.

It will be noted that, in some cases, the correction feature of the G-Age
program indicated a change in more than one setting when only one was initially
disturbed. This illustrates the fact, previously mentioned, that a combination
of two or more moves in the Gleason grinder may produce results similar to a
single move. If the correction program can be faulted, perhaps it can be said
that it does not necessarily take the most direct path to a solution.

It should be mentioned, at this point, that the G-Age program, sophisti-
cated as it is in its present form, is undergoing changes and modifications to
improve its effectiveness. Later versions, for example, will include second
order changes as well as first order changes.

Establishment of Tolerance Limits

Based upon the results of the effo-ts of Phases I and II and the experi-
ence accummulated of the Zeiss UMM500 multi-axis measuring maching, preliminary
tolerance levels have been established for the selected BLACK HAWK bevel gear
set. Thece are shown in Table 5. Each grid point location has a specific
tolerance. If these limits are connected by straight lines the tolerance
envelope of Figure 30 is derived. this could be used in the form of a trans-
parent overlay in the inspection process.
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TABLE 5. ZEISS FLANK FORM TOLERANCE LIMITS

COORDINATE POSTTION

1-1 1-3 1-5 5-1 5-3 5-5 9-1 9-3 9-5
Class 13 1" F.W. 3 1 3 2 0 2 3 1 3
Class 13 2" F.W. 3.5 1.5 3.5 2 G 2 3.5 1.5 3.5
Class 13 3" F.W. 4.5 2 4.5 2.5 0 2.5 4.5 2 4.5
Class 13 4" F.W. 5 5 2.5 2.5 0 2.5 5 2.5 5
Class 12 1" F.W. 4 1.5 4 2.5 ¢ 2.5 4 1.5 4
Class 12 2" F.W. 4.5 2 4.5 2.5 O 2.5 4.5 2 4.5
Class 12 3" F.W. 5.5 .. 5.5 3 ¢ 3 5.5 2.5 5.5
Class 12 4" F.W. 6 3 6 3 0 3 6 3 6
Class 11 1" F.W. 5 2 5 3 0 3 5 2 5
Class 11 2" F.W. 5.5 2.5 5.5 3 0 3 5.5 2.5 5.5
Class 11 3" ¥F.W. 6.5 3 6.5 3.5 0 3.5 6.5 3 6.5
Class 11 4" F.V. 7 3.5 7 3.5 )] 3.5 7 3.5 7
Tclerance in ten thousandth ¢f an inch.

€1 er

7 ———

IXEL

Figure 30. Overlay Tolerance Chart
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PILOT PRODUCTION AND TEST PROGRAM

To verify that the improved spiral bevel gear manufacturing and inspection
techniques developed in Phases I and II does in fact produce ~n acceptable
spiral bevel gear with the desired tooth profile, six pinions and 3 gears were
manufactured from the raw forgings, heat trested, case hardened, and final
ground to the production configuration using the Zeiss MMS500 as the primary
in-process and final inspection comtrcol.

Fabrication of Pilot Production Test Gears

Three gearbox-sets {two pinions and one gear) were ground on the Cleason
grinder, using the Automated Inspection Process as the inspection control.
These test goears differ f£rom the gear test specimens used in Phases I and II in
that they conform to the production requirements dimensionglly in all respects
with the exception of the tooth geometry as described below. The three gear
members were ground to duplicate the flank form of the appropriate Reference
Master Control Gear within the preliminary tolerances established in Phase II
and shown in Table 5 and Figure 30. The six pinions were ground dccording to
the following regquirements.

Inspection Results

Configuration 1i.

Two pinions were ground %o duplicate the same flank form of the Reference
Master Control gear within the flank form tcierance of Table 5. This configur-
ation thus represents the production configuration produced using the automated
inspection/control process. The Gleascn test machine patterns and the Zeiss
UMM500 measurements are shown in Figure 31.

Configuration 2.

Two pinions were ground wick a 0° 27' decresse in pressure angle. The
co-responding Gleason taped psiterns and the flank form messurcments are shown
in Figure 32. The Zeiss UMM500 mzaszured d&ste shows a .004-inch wmwaterizl
increase in the addendum of the tooth cliong the top barnd. This value is
cutside the estzblished preliwinsry flank form tolerasce iun this area. The
Gleason test m~chine pattern, aithough siigrtly higher on the zoeth, dild meet
the production requiremenis and would bs accept:d even by zhe mnst discciwia-
ating insnector.

Configuration 3.

The last twc pinicns were ground with & lengthwise profils curvatasre
change. This was accomplished by o .QLU-ing increase {r the grinding wheel
diametar (au .020 side dresses vadial zhauge} The Zeiss flanr. form measure-
ments ({igure 33) shows & .0i%07-inck arck at the coenier of thae tooth. “he
Glesson test macnine patrern showed a total ¥-only check of .025 as compared to
.013 o0 the waster gears. This variance 1z beyond acceptable limits and the
pinicn weuld have beon r4jectad.
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H-60 Main Test Facility

The H-60 main transmission bench test facility is a regenerative power
test stand that simultaneously tests two gearboxes. Both transmissions
experience the correct loading, but while one gearbox (position #1) turns in
the normal directior, the other gearbox (positicn #2) turas in the reverse
direction. The reverse rotation transmission incorpcrates a modified lubrica-
tion pump installation to account for its reverse rotation. Since lubrication
is provided both in and out of mesh, no other changes to the reverse rotation
transmission are necessary.

In the main transmission regenerdtive power itest stand there are three
mechanical loops (LH input, RH input, and Tail Take Off) consisting of the test
gearboxes (2), commercial gearboxes (6), and interconnecting shafts. These
mechanical closed loops can be independentiy torqued while under rotation
creating a regenerating flow of power through thew test gearboxes. The loops
can be torques to simulate powers to the gearbox that are continuously veriable
from zero to 150% of the design ratings of the l-el maein transmission. Speed
is continuously variable from zero to 11C normal! rated speecd.

Acceptance Test Program

After final grinding, the test gears were assembled into the test main
gearbox, shown in Figure 34, and a production acceptance test conducted on each
configuration.

The ATP is an integrated gearbox system test run in the UH-60 main gearbox
test facility. It is used to qualiiy the gearnex betore 11 is installed on the
aircraft. The acceptance test power spectrur shown: in Table 6 encompasses the
full range of powers expected in service.

TABLE 6
ATP POWER SPECTRUM
Power (SHP) Duration
L/H Input  R/H Iaput  TIO (Minites)
406 400 25 5
700 700 85 15
1000 1000 170 10
1250 1250 230 5
700 700 85 5
1400 1400 200 3

Test Results

After completion of the ATP test, the test gearbox was disassembled to the
level necessary and the test gear sct removed for examination. The following
criteria was used for evaluation.
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Figure 34. H-60 Test Main Gearbox

The size and shape of the composite bearing pattern.

The presence of any signs of surface distress, or excessive concen-
trations of load, such as scoring, surface pitting or chipping.

General conditions and appearance of the working surface compared to
previous production runs.

Test 1

doth gears and pinion of this coufiguration looked exceptionally good
compared with previous production runs. The size and location of the pattern
were good and there were no signs of surface distress anywhere or the tooth
rlank. Figure 35 shows the condivion of the test pinion after the test.

Test 2

This configuration which was ground with a slight pressure angle variarce
showed moderate scoring along a major portion of the tooth flank on both pinion
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Figure 35. Results of Test 1

and gear. This is an unacceptable condition and is cause for rejection. Gear
tooth scoring is characteristic of excessive heat generation in the mesh caused
either by degeneration of the cil film between the contacting surfaces or by
excessive concentration of load. In this case the concentration of load in the
tooth addendum of the pinion precipitated the scoring which rapidly spread out
cver the tooth flank resulting in the condition shown in Figure 36.

Test 3

The pinion teeth in this configuration were ground with excessive length-
wise curvature, concentrating the load in the center of the tooth. These test
gears exhibited extensive scoring similar to those of Test 2 and for the same
reasons. See Figure 37.

Discussion of Results

This wverification test demonstrated the sensitivity of this selected
spiral bevel gear set to small changes in machine settings, and particularly to
changes which affect load distribution. a small distribution of load intensity
over the tooth flank is probably the primary contribution to gear scoring and
surface breakdown in spiral bevel gears.
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Figure 37. Results of Test 3
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A third conclusion that can be made from these test results is that the
proposed tolerance limits have proven to be a good starting point since the
modified pinions of both scored gear sets were outside the tolerance band. As
experience with this inspection system accumulates, the tolerance limits can be

fine-tuned with the objective of obtaining a reasonable tolerance which will
preclude scoring during the ATP.

Also demonstrated in this test was the ability of the improved inspection
method to control the surface profile to within rather narrow limits compared
to the taped pattern method. This was evidenced by the fact that the gears of
Test 2, which were acceptable by the old criteria, resulted in a scored tooth

and a scrap gear set. This pinion would nct have passed the improved
inspection criteria.
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ECONOMIC COST ANALYSIS

The projected savings in inspection and manufacturing times realized from
the installation of the improved measurement process described herein wae
estimated to be 7 3/4 hours per gear. The following analysis shows the equiva-
lent dollar savings and resulting cash flow over a five-year period.

Basis for Economic Analysis

The data upon which the economic impact of the improved bevel gear
. vection process is based is shown in Table 7. It assumes that 50 percent of
the BLACK HAWK spiral bevel gears are produced at Sikorsky Aircraft, and
estimates the benefits derived solely from that production over a five-year
period.

Income/Expense Statement

Table 8 lists the annual dollar savings and costs associated with the new
inspection method in each of the five years. Table ¢ presents the annual and
cumulative cash flow situation and shows the payback percentages.

Results

Based upon the cash flow picture presented in Table 9, the calculated
breakeven point for this investment is 1.56 years. The calculated present
worth, with an assumed acceptable rate of return of 23 percent, is §$327,7900.
The internal rate of return for zero present worth is 16.7, 39.1, 49.7, and
55.2 respectively for years 2, 3, 4, and 3.
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CUNCLUSIUNS

1. An iJimproved inspection method for spiral bevel gears was defined and
demonstrated for both in-process and final imsnection.

2. The method permits quantitative evaluation of bevel gear tooth profiles
and eliminates the subjective accept/reject decision making which is
characteristic of the present contact pattexn method.

3. The defined process automatically calculates grinding machine setting
changes necessary to correct an out-of-tolerance profile, in two grinding
cycles.

4. Manufacturing and inspection time for spiral bevel gears is reduced by 7

3/4 hours per gear resulting in significant cost savings.

5. The entire tooth contact surface can pe measured and controlled rather
than a localized contact area.

6. The measuring machine has the capability of measuring blank dimensions as
well as tooth index and spacing errors.

7. The process produces permanent digital and graphical inspection records
for each gear measured.

8. The need for maintenance and inspection of primary and sub-ties hard
master gears is eliminated.

9. The coordinate measurement machine replaces three single-purpose gear
measurement machines and has add:t:icnz. un:versal capability which can be
exploited in areas other thar gear cesz.rezon:.

10. The improved inspection system utilizing the muiti-axis coordinate measur-
ing machine will produce higher-quality gears with fewer anomaliies in
acceptance test results.
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APPERDIN |
PRNCESS SPECIFICATION
AUTOMATED INSPECTICN AND PRECISION GRINDING
OF SPIRAL BEVEL GEAKRS

1. SCOPE

1.1 Sccpr:.  This specification prescribes a3 manufacturing and inspecting
process for spiral bevel gear tooth nrefile geometry using a wmulti-axis co-
ordinate measuring machine. It also describe the measurement technique using
the Zeiss model UMM 500 and defines the quality requirements and inspection
toleraaces to be used in i*e interpretation of the measiurement data.

1.2 Classification. The procedures and tclerences prescribed herein
shall apply to aircraft-quelity primary-drive spiral bkevel gears, conforming
approximately to 4GMA classes 11, 12, and 1.,.

2. APPLICABLE DOCUMENTS

2.1 Referenced Documents. The following documents of the issue in effect
on the data of invitation for bids or request for proposal, form a part of this
specification tc the extent specified herein.

ZEIS3 DOCUMENTATION

COMET 11, Coordinate Metrology Software.
Operating Instructions.

GLEASON DOCUMENTATION
G-AGE Users Manual
Hypoid Generator Operating isstiructicn:
Hypoid Grinder Operating Instructions
Application Engineering On-Line Computer
Service Instructions

3. REQUIREMENTS

3.1 Equipment. The following =2quipment is required for the measurement
process described below.

ZEISS UNIVERSAL MEASURING MACHINE UMM 500

Basic machine, including CNC, Antivibration system, Interface,
Calibration spheire, starprobe, Frobe kit, and Peripheal station.

Optical equipment with Probe kit for gear measurcment.
Rotary table, RT05, with Interface/and Expander

Hewlett Packard Desktop Computer System including HP 9836 calculator,
HP 9862A X-Y plotter end :impact line printer
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SOFTWARE

COMET 11 Zelss Universal Measuring Program with CNC Learn
Programming
C-4GE Gleasen Spiral Bevel Gear Measuring Program with

Misalignment Corpensation on Rotary Table and
Corrective Machine Setting Feature

3.2 Required procedures and operations. The technique outlined herein
uses the Zeiss Model UMM 500 Coordinate Measuring Machine in conjunction with
an advanced Gleason software package that permits rapid three-dimensional
mapping of a spiral bevel gsar tooth profile and quantitative comparison of
surface coordinates with stored nominal values. The technique features & means
for rapidly calculating corrective grinding machine settings for controlling
the tooth profile within specified tclerance limits.

3.2.1 Determinatior of nominal values. The representative nominal values
can be derived either by digitization of an existing Master Gazar which has the
desired profile, or from theoretical values calculated from the final grinding
machine settings used to produce 1he Master Gear profile.

The theoretical flank form coordinate values are obtained from a computer data
file. this file is developed by first running the following Gleason computer
programs.

Dimension Sheet

TCA (Tooth Contact Analysis)

Cutting and Grinding Summary

Tooth Surface Point Cenerstor Program (T801)

To ctransfer the flank form data tc the HP 9336 computer, the operator must use
the Gleason T836 program.

A modem and phone hook-up are required for this computer data lirk. Refer tc
the Gleason G-AGE user's marual. The nominal data can also be purchased from
the Gleason Works in a disc format.

If the theoretical nominal data are known, the X, Y, and 2 coordinates and unit
vector normals can be entered into the ccmputer manually for each grid point.

3.2.2 Measurement of spiral bevel gear teeth. The operator should be
completely familisr with the Zeiss coocrdipate measuring machine, the Zeiss
COMET software, the Gleason G-AGE software, and the Gleason spiral bevel gear
system. Instructions and training on the Zeiss UMM 500 and the COMET program
are available from Carl Zeiss, Inc., Thornwood, NY. Training on the {leason
system and the G-AGE program is available from the Gleason Machine Divisimn of
the Gleason Works, Rochester, NY.

The work piece is vositicned on the machine bed or on the Rotary Table using
the COMET Il software and observing good machine practices. Some guidelines
are:
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Use the same tooling points as used on the Gleason grinder and/fox
generator

Do not use proof diameters because they may not be accurate
The gear axis should be in the vertical piane {Z axis}.

If stored theoretical data is not aveilable or applicable, thz reguired nominal
values can be taken from an existing Master Gear. First the corner points of
the surface grxid ars probed manually or they can be calculated, for a given
edge distance, using the formulas in Teble I. After the grid density is
chosen, the measurement process proceeds automatically.

For the case where the nominal values have already been generated and stored in
the computer, and & production gear positioned on the machine; the measuremsnt
preocess is automsatic. After initial contact hes been made, the probe is
directed by the computer to cach grid peint, measures the coordinsates, and
compares the surface normal at that locution to its nowinal value. When each
tooth is measurad, the probe automatically trsvels to the naxt designated
tooth.

The measurement data is presented both as a three-dimensional error plot snd as
a digital table of deviaticns from nominal values.

3.2.3 Comparison with nominal valves. The corrective feature of the
Gleason G-AGE computer pregram will only correct first order cnanges. The
program will print out the delta grinding machine settings requirved to correct
the profile. The program does not alweys correct the delingusnt machine
setting and in certain cases the recomrended setting changes can affect other
areas of the tooth. For asxample:

& pinion ground with a machine-genter-to-~bavk errcy will be directed
to use the eccentric angie and pressure angls to correct the first
crder variance.

&4 gear ground with 2 machine-center-to-back error will use the
sccentric angle and the root angle to ceorreat the variance.

It the case of the gear, thkz root angle change <an he detrimental to steock
removal ir the xoot of the tosth. In both casszs it may requive & sacond order
lengthwise curvature change te correct the total flank form.
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TABLE 1. FORMULA FOR CORNER POINTS

1 Mounting Distance 19 Sin@' @
2 Zero Point (Z Axis) 20 (5)-2+(9)
3 Pitch Apex to Crown 21 Cos(6)*

4 Crown Diameter 22 Sin@‘

5 Face Width 23 Cos(7)e

' 6 Tace Angle 26 sin(De

7 Root angle 25 (4)/2

8 Working Depth 26 @-@

9 FW A 27 A—X=@-®--@

10 WD A

11 Cos(6)*(s) 28 4-2=0E9+@)-@+@ -
12 sm-@ 29 B-X —O - @ - @

13 Cos(6)* 30
14 +(2) 31
15 sin(6)* (9 32
16 @D -GS 33
17 -2 - 34
18 Cos(8)s @)
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Note: See Figure 1 for identification of points A, B, §, and D; and
axes X, Y, &snd Z.
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Figure 1. Definition of Axes and Corner Points
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3.3 Recommended procedures and operations. The three-dimensional plot of
the variances from nominal values, in some cases, will suggest first order and
limited second order changes which can be made without the benefit of the G-AGE
correction program.

3.3.1 Pressure angle variance (First Oré- The pressure angle variance
can be determined by evaluating the measured data grid points at 5-1, 5-3 and
5-5 (Ref. Figure 2) of a 9 x 5 measured grid. If the total variation were
.0005 over a measured depth of .4 the correction to the machine pressure angle
would be 0.0716° (0° 04.2'). This delta correction can be calculated using the
following formula.

- -1 Ec
PAC = TAN Md
PAc = Pressure angle change
Ec = Effective change
Md = Measuring depth (see NoteA)
NOTE A: The measured depth can be derived from the Gleason computer program

Theory/T801 if the measuring data is using theoretical data or can be
derived from the program used to calculate the height and radius for
the four corner points.

The direction of the pressure angle change can be determined by referring to
the Gleason Hypoid Grinder Operating Instruction maaual.

3.3.2 Spiral angle variance (First Order). The spiral angle variance can
be determined by evaluating the measure ata at grid points 1-3, 5-3 and 9-3
(Ref. Figure 2) of a 9 x 5 measured gi... If the total variation were .001
over a face width of 3 inches and a 25° spiral angle, the eccentric angle
correction would be .01854° (0° 01.1'). The delta correction can be calculated
using the following formula.

- -1 Ec
E/h. = ™ - Gwaen 1
Cos S/A
E/Ac = Eccentric angle change
FW = Face width
FW A = Face width delta (see Note B)
S/, = Spiral angle
Ec = Effective change
NOTF B: The face width delta is derivea from the Gleason computer program,

Theory/T801 if the measuring data is using theoretical d2ta or can be
derived from the pr.gram used to calculate the height and radius for
the four corner points.

The direction of the escentric angle change can be determined by referring to
the Gleason Hypoid Grinder Operating Instruction manual.
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3.3.3 Lengthwise curvature change (Second Order). The lengthwise curvature
variance can be determined by evaluating the measured data at 1-3, 2-3, 3-3,
4-3, 5-3, 6-3, 7-3, 8-3, and 9-3 (Ref. Figure 2) of the 9 x 5 measured grid.
If the measured line in the lengthwise direction is a concave or convex curve
it requires a wheel diameter change. JIf the arc height of the curve is .001,
the change to the side dresser radial would be .041. The delta correction can
be calculated using the following formula.

1

FW, = FW - (FW 4 ¢ 2) 557
h = Rw - 1/2 J& Rw? - mez
H=h - Ah
r = FWm2 + 4H2

8H
SDRA =Rw ~ r
SDR A = Side dresser radial A change

Rw = Wheel radius

FW = Face Width

Ah = Arc height (Zeiss)

FW A = Face width delta

[72)
~
>

Spiral angle

The direction of the side dresser radial change can be determined by referring
to the Gleason Hypoid Grinder Operating Instruction manual.

4. QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for inspection. Unless otherwise specified in the
contract or order, the gear manufacturer or supplier is responsible for the
performance of all inspection requirements as specified herein.

4.2 Monitoring procedures for equipment used in process. The measuring
equipment used in this process specification shall be maintained in a environ-
mentally controlled area and shall be checked and calibrated periodically to
assure process control.

4.3 Conformity requirements. All finished ground gear tooth variances
from nominal values shall not exceed those values shown on the "Zeiss Flank
Form Tolerance Chart" (see Table II). The tolerance chart has three class
categories, Class 11, 12, 13. A 5 x 9 grid shall be used for measurement of
flank form. Three teeth approximately 120° apart on each gear. An overlay
plot as shown in Figure 3 can be used as a guide for judging acceptance.
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TABLE II. ZEISS FLANK FORM TOLERANCE LIMITS

COORDINATE POSITION

1-1 1.3 1-5 5-1 5-3 5-3 9-1 -3 9-5

Class 13 1" F.W. 3 1 3 2 ] 2 3 1 3
Class 13 2" F.W. 3.5 1.5 3.5 2 0 2 3.5 1.5 3.5
Class 13 3" F.W. 4.5 2 4.5 2.5 0 2.5 4.5 2 4.5
Class 13 4" F.W. 5§ S 2.5 2.5 0 2.5 5 2.5 5
Class 12 1" F.W. &4 1.5 & 2.5 0 2.5 4 1.5 4
Class 12 2" F.W. 4.5 2 4.5 2.5 0 2.5 4.5 2 4.5
Class 12 3" F.W. 5.5 2.5 5.5 3 0 3 5.5 2.5 5.5
Class 12 4" F.W. 6 3 6 2 0 3 6 3 6
Class 11 1" F.W. 5§ 2 5 ? r > 5 2 5
Class 11 2" F.W. 5.5 2.5 5.5 3 0 3 5.5 2.5 5.5
Class 11 3" F.W. 6.5 3 6.5 3.5 0 2.5 6.5 3 6.5
Class 11 4" F.W. 7 3.5 7 3.5 0 3.5 7 3.5 7

Tolerance in ten thousandth of an inch.
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Enclosure (1)
SEL-0584
Page 1 of 3

IMPLEMENTATION PLAN
AUTOMATED INSPECTION AND PRECISION GRINDING OF SPIRAL BEVCL GEARS

Sikorsky Aircraft has completed the technical effort of the U.S. Army AVSCOM
project to develop and document an improved automated method for the final and
in-process inspection of spiral bevel gears. This improved manufacturing method,
which utilizes a multiaxis coordinate measuring machine, was found to be tech-
nically success€ul with significant cost sacvings, and proved to be an effective
processing technique for maintaining the desired control of spiral bevel goar
tooth geometry.

Sikorsky now plans to implement this inspection process for the UH-60A BLACK HAWK
and the SH-60B SEAHAWK production spiral bevel gears manufactured at Sikorsky. A
schedule and milestone chart for this implementation is shown in Enclosure (1}.
This plan is based on the assumptiun that the Zeiss UMM 500 Coordinate Measuring
Machine, provided by the U.S. Army, and presently installed at Sikorsky, will be
retained on a i ent-free basis and converted to production usage. A second machine
(Zeiss IMC 5500), required to effectively support the BLACK HAWK and SZAHAWK
production rates, will be purchased and installed with capital funding. As noted
in the chart, approval of the capital appropriation request has already been
received. the first aircraft with the improved process control gears is expected
to be delivered in July 1987 on UH-60A Aircraft No. 996 and SH-60B Aircraft No. 91.

The controlling gear manufacturing specification, SES 50654, will be modified and
revised to include this new inspection technique, initially as a recommended
alternate to the present Gleason taping procedure. Our gear suppliers are being
encouraged to adopt this new inspeccion method as well; however, in many cases,

it is not economically feasible for them to do so at this time. The approach to

be followed in the Sikorsky gear production facility will be to use both inspection
methods in parallel for a shert trial period (not to exceed 3 months) before
converting 100 percent to the automated system. No additional material or mechan-
ical testing is anticipated for this implementation although training of additional
production personnel will be required.

The Quality Assurance plans, Quality Assurance Technical instruction (QATI) 3055
and QATI 3039; the procedures for grinding, inspection and recording of data for
spiral bevel gears; wi'l be revised to include the automated inspection process

once the requirement and effectivity of implementation is set by the app-onriate
revision to SES 506%3.

A breakdown of the Sikorsky Aircraft costs involved in the implementation of the
improved inspection process at Sikorsky is shown b.low.

Zeiss ZMC 550 system equipment and software, $424,000
including technical training and tooling

Installation 25,000

Preparation and modification of a "clean" 50,000

room

Developmant of special analysi§ file'for 8,000

gtég? gngsand SEAHAWK production spiral $507, 000
75
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Enclosure (1)
SEL-0584
Page 2 of 3

The implementation of this improved manufacturing process will improve the
quality of spiral bevel gears produced at Sikorsky with fewer rejection rates
traceable to nonconforming tooth profiles. This effect is achieved with signifi-
cant manufacturing cost savings and will result in longer life gears requiring
fewer spares.
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