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DEPARTMENT OF THE ARMY

U. 8. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS. VIRGINIA 23804

This report presents a part of a continuing research program to inves-
tigate new concepts of high-speed gear reducers for use as main trans-
missions in helicopters. The main effort of this particular program
was to conduct endurance tests on two 1100-hp roller gear transmissions.

Although the specific design tested under this program proved to be un-
satisfactory, minor design changes in a second-generation model should
render a successful test unit.

It is concluded from the tests conducted under this program that the
roller gear transmission represents an improvement in the state of the
art for helicopter transmissions.

The roller gear concept is being explored further under Contract
DAAJ02-69-C-0042 with Sikorsky Aircraft Division of United Aircraft
Corporation. )

It is recommended that the roller gear system be considered in advanced
gearbox and transmission system designs.
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ABSTRACT

This report presents a review of the dynamic load tests performed on
each of two roller gear test units. The primary purpose of this task
was to conduct a 200-hour dynamic load test at 100-percent design speed
and 100-percent design load.

The test units did not complete the scheduled testing because of test rig
malfunction and minor design deficiencies which became apparent durlng
the full-load portion of the test proc ‘am.

A total of 76.5 hours of testing was logged, of which 44.5 hours were at
the full-power condition of 1100 hp with an input shaft speed of 21,000
rpm and an output shaft speed of 325 rpm. Two design modifications were
necessary during the testing program.

The testing system employed the princlple of back-to-back (four-square
loop) coupling of two test units in a closed-power path. An instrumen-
tation system was provided to measure loads, speed, oil flows, pressures,
temperatures, and vibration levels. In addition, frequent analysis of
the lubrication oll was made to determine the Iron content in parts per
million to provide a warning of Inclplient fallure.

The testing performed has confirmed that the roller gear drive design Is
sound and |Is feasible for helicopter speed reductions. |t has further

Identified critical design parameters which must be considered in future
designs.
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FOREWOR

The U.S. Aviation Materiel Laborstories entered Into Contrect DA Uh-177-
ANC-30(T) (0A Task 1G162203D14kLI14) with TRW for the purpose of conducting
the analysis, design, fabrication, and test of an 1100-hp roller gear
drive. This report Is o review of the full-load testing.

The work under this contract wes conducted in the Accessories and Mech-
anical Products Divisions of TRW,

The 1lalson work with USAAVLABS has been conducted with Mr. Wayne Hudgins
ond Mr. Nelson Danlel.
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INTRODUCTION

This report presents the results of the testing performed on an 1100-hp
roller gear power transmission under Contract DA Lli-177-AMC-30(T). The
objective of this task was to conduct a 200-hour dynamic load test on
each of two roller gear transmission test units at 1100 hp with an in-
put shaft speed of 21,000 rpm and an output shaft speed of 325 rpm.

A description of the roller gear drive, the test method, and the test
results is included in this report. Load stress calculations are in-
cluded in the appendix.
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TEST HARDWARE

DES IGN CONCEPT

The basic hardware design speciflication for the 1100-hp drive require ' a
speed reduction from 21,000 rpm Input to 325 rpm output including th
ring-angle bevel gear palr. The total drive reduction ratlo Is 64.62:1.
The standard bevel pair reductlion ratio Is approximately 2:1; the remaln-
Ing ratio (32:1) Is obtained in the roller gear drive. Based on para-
metric studlies of roller reduction drives (reference USAAVLABS Technical
Report 64-29), the 32:1 ratlo Is obtained by using two rows of planets.
It is preferable to use fewer rows of planets because fewer parts result
Iin a higher efficiency due to the smaller number of power transfer con-
tacts. Usually in a two-row drive, the output Iis the rotating ring gear
and the planets are fixed. The two-row drive with rotating planets has
the output rotating in a reversed direction and at a reduced ratio.

The reversed output requires larger bearings due to higher reaction
torques. Therefore, a rotating ring output was selected for the design
to be tested.

Exploratory layouts and calculations show that four-planet drives will

be heavier and will require a larger 0D ring gear at 1100 hp. The final
decision was to use six planets in a row with staggered first-row planets.
This type of drive for the required ratio can be designed without a step
in the second-row planets. Simple second-row planets save twelve gear
elements and simplify output ring design. A welght saving results from
fewer gear elements and a narrow output ring gear. The axlal length of
the drive Is also reduced as a result of the narrow output ring gear.

Iooth Number Selection

It Is desirable to use all roller gear elements In a single row with
Identlical Indexing. Therefore, there must be even numbers of teeth on the
gears between Input and output contacts. The sun gear must have a tooth
number divisible by six. The first-row planet In contact with the sun
gear does not have a tooth number requirement. To simplify the tooth
number requirement In the second row Input-output and In the ring gear,
the selected toggle angle Is a = 30°. The roller gear cluster geometry
with the symbols used in the following discussion Is shown In Figure I,

From the roller gear cluster geometry (Figure 1), two equations can be
wrl tten:

(s + x') sin 0 = (x2 + y|) sin Yy (1)

(s ¢ x') cos 0 + (x2 & y|) sy + x, = ¢ (2)






Since (a + xl) - (x2 + yl), the linear distances c and z can be expressed

by the following equations:
o
2 (x2 + YI) cos 30" + x, = ¢

2 (x2 + y‘) cos 30° = z

From the same geometry, gear tooth assembly conditions with even numbers
of teeth are

2 (90-ax

for Y
1 360

x number of teeth In Yl = a whole number

since & = 30°

Yy
—;—- = 3 whole number

2y x number of teeth In X, = a whole number

for X
2 360 2

since v = 30°

= = a whole number

6

The minimum number of teeth for Y, Is elther 15 or 18. Elghteen wes
selected.

From the layout study, the number of teeth for X, could be 66, 72, 78, or
84. The X3 planet without steps requires that the ring gear have the

same diametral pitch as X, and Y, and that the number of teeth be divisible
by six. Since the number of teeth In the ring gear is a function of the
number of teeth in the flrst and second-row planets, a search must be made
for as close as possible a solution for the humber of teeth In the ring
gear. (An exact solution is not possible with a toggle angle of 30° since
the cosine of thls angle is not an exact number.

In Equation (2) the linear dimension can be replaced by the number of
teeth. The trial calculations are:



M| X ¢

18 66 211.490
18 72 227.885
18 78 243 .270
18 84 260.670

The combination 18-72 results in a number of teeth in the ring gear close
to a number divisible by six with an error of 228/227.88 = 1.0005.

The size of the sun gear Is based on the maximum torsional windup con-
dition and the requi rement not to exceed a .0002-In. radlal twist between
the two most remote gear edges.

From the layout study, the maxImum ratlo of xl/a = 2.75 with a = 1.200 in.
and Xy = 3.300 in.

The torsional windup calculation Indlcated a satisfactory condition for a
sun gear having a P.D. of 2.400 in. The selected number of teeth for the
sun gear was 24,

Using xj/a = 2.75, the number of teeth for X; = 24 x 2.75 = 66.

Summarles of the roller gear and bevel gear data are presented in Tables
I and Il, respectively.

Bearing Cam Preload Arrangement

The reactlon torque In the selected design Is absorbed through the second-
row planet bearings. The selected gearbox materlial was a magnesium alloy.
The approximate thermal expansion coefficient difference between the gear-
box material and the steel roller gears is 4.9 x 10-6 In./In./degree. It
Is assumed that the maximum temperature difference between ambient and
rotating parts in the box Is 180°F. The distance of the second-row planets
from the center of the gearbox is 7.794 in. Therefore. the maxImum rel-
ative growth between the steel parts and the housing Is:

Ay = 4.9 x 106 x 180 x 7.794 = .0068 In. For proper load distribution
In the roller gear drive, It Is essential that all rollers stay in proper
geometric relation. The motlon of the center of the second-row planets,
approximately .06 in., will distort the geometry of the roller gear
cluster. To eliminate this factor, either a special steel suspension In-
side the drive Is necessary or a speclial preload cam arrangement for the
bearings must be used.

One bearing reaction force from the output reaction torque is equal to
L4430 1b. The roller gear planets are subjected to reaction forces through
the rollers. The roller cluster force diagram shows that the bearing load
is equal to 4700 1b. with an outward radial component. The geometric sum
of the two separation forces from the first to the second planet contact
Is smaller than the inward force from the second planet contact with the
ring gear; additional forces are origlnated by roller contacts.

5



TABLE |

ROLLER GEAR SUMMARY DATA

A-X) 6 Contacts

Y)-X; 12 Contacts Gear A Gear X, Gear Y, Gear X,  Gear C
XZ-C 6 Contacts Sun Gear Ist Row Ist Row 2nd Row Ring Gear
Diametral Pitch 10 10 10 10 10
Pressure Angle 25° 25° 25° 25o 250
Pitch Dia., In. 2.400 6.600 1.800 7.200 22.800
Number of Teeth 24 66 18 72 228
RPM 11,333 4,121 4,121 1.030 325
Face Width, In. .872 .872 2.0 2.0 2.0
Torque, In.-Lb 6,115 2,803 * 2,803 11,210 213,000
Tooth Load, Lb 849.3 849.3 1,557 _ 1557 3,117

: ' ' ; & 3,117 :
Pitch L;:; Velocity, 7,120 7,120 1,940 1,940 1,940

] 27,500

Bending Stress, psix 33,400 33,400 27,500 48500 26,300
"K' Factor 482 482 sh2 fﬁ; 148
Hertz Stress, psi 134,750 134,750 133,350 ';g:gﬁg 0,000

Wt x DP 7,785 &
Unit Load - 9,740 9,740 7,785 15.570 15,570
Backlash, In. .006 - ,008 .004 - .006 .00+ - ,008

*Based on the Lewis Formula




TABLE 11
BEVEL GEAR SUMMARY DATA

Characteristics Pinlon Gear
Diametral Pitch 8 8
Pressure Angle 20° 20°
Pl tch Dla., In. 4,250 7.875
Number of Teeth 34 63
RPM 21,000 11,333
Splral Angle 30° 30°
Pitch Angle 28°%-21° 61°-39°
Shaft Angle 90° 90°
Hand of Spliral LH RH
Rotation cw CCw
Face Width, In. 1.128 1.125
Torque, In.-Lb 3,300 6,115
Bending Stress, psl* 26,800 26,800
Hertz Stress, psli 176,000 176,000
Pitch Line Velocity, fpm 23,400 23,400
Backlash, In. .003 - .005

*Based on the Gleason Formula




To keep all rollers In contact, the bearing must have slight inward
preloading to offset tooth separation forces. The bearing preload can
be eliminated with a cam arrangement. The cam mechanism was selected.
It consisted of a bearing mounted on an eccentric collar which, through
a needle bearing, was fastened to the stationary stud. The eccentric
collar was sltuated so that radial forces on the stud and the reaction
force on the bearing, located eccentrically in relation to the stud,
created a moment which forced the bearing collar to rotate. This forced
the bearing and the roller gear planet to move radially Inward until the
rollers of the first-row planets generated the reaction force by elastic
preload, which produced a reaction moment equal to a moment created by
the cam eccentricity. The cam preload was proportional to the transmitted
load, and the selected eccentriclity was large enough to guarantee a non-
separation condition on all the rollers. The cam mechanism eliminated
the differential thermal expansion problem. The spherical roller bear-
Ings eliminated any reaction to the roller cluster assembly which can
result due to distortion of the gearbox housing.

HARDWARE DESCRIPTION

As shown In Figure 2, the drive employed a multiplanetary arrangement of
gears and rollers. The attached input right-angle drive consisted of a
pair of straddle-mounted spiral bevel gears which reduced the Input speed
from 21,000 rpm to 11, 333 rpm Input to the roller gear drive sun gear.
The speed reduction of the roller gear drive was accomplished by a first
row of six staggered inner planet gears (three narrow and three wide),
driven by the sun gear, and a second row of six outer planet gears, driven
by the Inner planets (which, in turn, drove the integral ring gear and
output shaft at a speed of 325 rpm). Automatic centering or preloading of
the roller gear elements was accomplished by cam action on the six outer
planets to compensate for tolerance stackups, differential thermal ex-
pansion, and operational deflections. Preload automatically Increases as
a function of output torque.

Roller Gear Drive Components

The sun roller gear shown in Flgure 3 is a hollow, cylindrical, multiple-
plece element with an internal, centrally located input spline to minimize
effects of torsional windup across the face of the gear teeth. The inner
gears, which meshed with the three narrow first-row planets, are an In-
tegral part of the sun gear shaft. The outer gears, which meshed with the
three wide flrst-row planets, were splined to each shaft end. The teeth
of the four gears, A, were integrally cut and finish-ground on both ends
of the cylinder.

The outer gears were then removed from the splined shaft ends, and the
roller elements were press-fitted to the shoulders on el ther side of the
two outer gears. The gear/roller assemblies were then reinstalled on the
shaft splined ends, and the rolling surfaces were finish-ground and lapped
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Figure 2. 1100-hp Roller Gear Drive,
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to conform with and be concentric with the pitch diameter of the sun
gears. Flanges were provided on the four rollers to provide axial re-
tention of the sun roller gear element.

There are six staggered, equally spaced planet roller gears surrounding
the Input sun roller gear in the first row. Each of these first-row
roller gears consists of three gear elements: two larger gears, X,, at
each end and a smaller gear, Y, at the center.

Initially the smaller gear, Y,;,was ground to final size, after which the
two larger gears were pressed and electron-beam welded to the shaft ex-
tensions of the smaller gear, Y,. The larger gears, X, were then ground

to malntaln a tooth index relationship with the Y, gear of plus or minus
.0001 in. At this time the two roller surfaces on elther side of the Y,

gear were finish-ground and lapped *o conform with and be concentric with
the pitch diameter of the Y, gear. Finally, the two larger rollers were
pressed and then locked in place cn the ends of the two larger gears, X,
and were ground and lapped to conform with and be concentric with the pitch
diameter of the Xl gears.

This assembly constitutes the X]/Y] roller gear element shown in Figures

4 and 5. The two large gears, XI’ along with their corresponding match-
ing rolling surfaces, are in contact with the rolling and gear surfaces of

the sun roller, A, as shown in Figures 6 and 7, providing six equally
spaced line contacts.

Surrounding the first-row roller gears are six equally spaced planet roller
gears, X,, comprising the second row (Figure 8). The second-row planet
gears turn on spherical roller bearings which are mounted on eccentric
needle bearing sleeves, one end of the sleeves being flanged to retain the
roller gear inner race and the other being threaded to accept the bearing
lock nuts. Two rows of needle bearings are located between the eccentric
sleeve inside diameters and the stationary shafts, which are piloted and
bolted to the roller gear drive housing. The planet gear rollers are
piloted and bolted to each side of the gear body to allow removal and sub-
sequent assembly or disassembly of the roller drive gears. The roller
surfaces were finish-ground and lapped to conform with and be concentric
with the plitch diameter of the X, gears. Flanges were provided on the two
rollers to furnish axial retention of the planet gears (Figure 9). A re-
tainer plate, which retains the needle bearings and eccentric sleeve, was
fastened to the end of the stationary shaft by four flat-head screws.

The eccentric sleeve, or cam, in each of the second-row outer planet gears

provides a .060-in. offset or eccentricity of the gear with respect to the

stationary shaft. This cam action provided automatic centering or preload-
Iing of the gears with torque application to compensate for tolerance stack-
up, differential thermal expansion, and operational deflections.

The second-row outer planet roller gears, X,, transmit torque to the ring

gear C, at six equally spaced contacts. The ring gear is open at the drive
Input end, and the output end has a plloted mounting flange which Is doweled

11



Figure &, First-Row Planet Roller Gear (Wide).
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Figure 5. First-Row Planet Roller Gear (Narrow).
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Figure 9. Secu) d=-Row Planet Roller Gear.



and bolted to the output drive shaft flange (Figures 10 and 11). The out-
put shaft/ring gear assembly was mounted on two angular contact ball bear-
Ings (mounted back to back and spaced 4.5 in. between ball centers) at

the output shaft end. The output shaft has an internal spline to accept
the output torque coupling adapter.

The second-row planets are retained axially by the needle bearing and
eccentric sleeve retainer washer, which is bolted to the stationary shaft,
which, in turn, Is bolted to the drive housing. The second-row roller
outer flanges retain the first-row planet gears at the roller contacts on
either side of the small Y, gear. The large gear rollers at either end
of the first-row planet gears retaln the sun gear axlial location through
posi tioning of the sun gear roller flanges on elther side of the first-
row large rollers. Thus, axlal locations for the first-row gear elements
and sun gear were provided by the flanges of the roller contacts. These
contacts maintain the roller gear elements In precise alignment, result-
ing In excellent gear contact. No high-speed, anti-friction bearings with
thelr resulting looseness and locatlion tolerances are required.

The roller gear drive housing assembly consists of the flanged housing

or spider, which supports the six second-row roller ge:rs, X,; stationary
shafts and subsequently all roller gear elements; and the bell housing or
cover, which houses the ring gear, C, and cutput drive shaft. The two
halves of the housing assembly are piloted, pinned two places 180° apart,
and bolted together at eighteen places on a 25.750-in.-dlameter bolt
clrcle (Figure 12).

The roller gear support housing was machined from a magnesium casting.

Six equally spaced bosses were provided for support of the second-row
roller gear shafts. Stainless steel liners were pressed into 1.177/1.197-
in.-dlameter through-holes in each of the bosses. When assembled with the
cover, these liners were bored and reamed to 1.0000/1.0007-in.-diameter

to slip-fit with the roller gear shafts. At this time, five .457/.472-
in.-dlameter through-holes were drilled around each of the six liners for
attachment bolts for installing the roller gear shafts (Figure 13). Six
equally spaced 2.000-in.-dlameter inspection holes were provided for in=-
spection of the second-row roller gears, XZ' and ring gear, C. These

were sealed at assembly by Installing flat disk plates with annular 0-ring
seals. The disks were secured In the holes by installing snap rings on
elther side of the disk plates.

This support housing contalns the mounting flange with twelve bolt holes
for attaching the bevel gear duplex bearing support and the bevel gear
housing. Three through-holes and two threaded bosses were provided for
installing the roller gear lube system manifold. The housing pllot
(24.870/24 .866-1n.-dlameter) contalns an annular 0-ring seal when assembled
with the cover.

The roller gear cover was also machined from a magnesium casting. The
ribbed housing contalns a stainless steel bearing liner In the output

18
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Figure 10,



Figure 11, Assembled Ring Gear,
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Figure 12,

Roller Gear Support Housing,
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OUTPUT SHAFT

Figure 13. Roller Gear Housing Cover.
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shaft bearing cartridge bore. The Inner end of the liner is flanged

and attached to the housing Inner wall with four flat-head screws

which are staked in place. The bottom of the cover contains a cast

boss with a 2.5-1n., tapped hole to accept an ol 1 draln plug with chip
detector. At the top front of the cover is a tapped hole for a gear-
case vent plug. The output shaft end of the cover contalns six studs for
attachment of the output shaft seal cartridge. The open end of the cover
has a 24.879/24.875-in. ID piiot and eighteen studs for attachment with
the roller gear housing (Figure 13). Tapped bosses were provided for
lifting eyes in two planes.

At assembly of the roller gear housing and cover, two holes were drilled
and reamed 180° apart at the outer bolting flange to accept locating pins
which are press-fit in the cover and slip-fit In the housing. At this
time the six shaft liners in the roller gear housing were machined to
final size and within .001-in. true position of the axis established by
the cover output shaft bearing liner bore diameters. The pllot diameter
at the interface with the bevel gear support was also machined concentric
within .002 In. total Indicator reading with this same axls.

All gears In the roller gear drive. with the exception of the ring gear,
were made from standard AMS-6260 gear steel, Re 60 hardness, and flnish-
ground for a surface roughness of 32 4 in. The ring gear was made from
L340 steel heat-treated to Re 33-38 hardness. The gear teeth were

shaped with a surface roughness of 63 g In. All roller elements, with the
exception of the first-row small gear, Y,, rollers, were made from standard
52100 bearing steel, R_ 61-65 hardness, and finish-ground and lapped for a
surface roughness of 8 u In. The first-row small gear rollers are part

of the outer large gears and were made from the AMS 6260 gear steel. The
small rollers were carburlzed and hardened to Rc 60 wlth finished effectlve
case depth of .050-.065 In., and finlsh-ground and lapped for a surface
roughness of 8 4 in. The output shaft was made from ﬁ340 steel heat-
treated to R 33-30 hardness. The internal spline teeth were shaped with

a surface roughness of 634 In.

The drive shaft, which transmits torque from the driven bevel gear to the
roller gear drive sun gear, A, through a coupling and coupling adapter,
engages at the sun gear internal spline. The drive shaft, which Is re-
duced to 1/2-in. diameter beyond the internal spline engagement, extends
through the sun gear ID and is threaded on the end. A washer with pilot
shoulder which slip-fits Into the sun gear ID was placed on the end of
the drive shaft threaded end, and a 1/2-in. lock nut was Installed on the
shaft. Thils draws the sun gear stackup together and places thaz sun gear
end thrust collars in bearing on the drive shaft shoulder at the input
end and on the washer flange at the opposite end. The drive shaft input
or large spline is identical to the coupling adapter spline, which was
internally splined and locked to the bevel gear output shaft with a flat
washer and lock nut (Figure 14). The two splines were engaged with an
Internally splined drive coupling. The coupling Is axlally retalned by
two internal snap rings, which 1imit axlal movement at elther spline end.
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The drive shaft, coupling, and coupling adapter were made from 4340 steel,
heat-treated to R_ 33-38 hardness. All spline teeth were shaped with a

surface roughness of 63u In.

The total reduction of the roller gear drive (minus the bevel gear right-
angle'reductlon) is:

X X
AI p 2.  _C
" Xy

A = 24 teeth
x| = 66 teeth

Y, = 18 teeth

X, = 72 teeth
C = 228 teeth
.86, 12, 28
Reduction ratlo °k x 8 x 72 34.83

The approximate dimensions of the roller gear drive are 25.75 in. dlameter
x 18 In. length., Figures 15 and 16 portray the assembly of the drive and
all basic elements. Refer to Table | for gear data.

Bevel Drive Components

The right-angle bevel gearboxes, one mounted on each of the two roller gear
drives, enable the roller gear drives to be mounted In a back-to-back
(four-square loop) test stand. The high-speed bevel gear input shafts of
each gearbox face each other. Thus, the system with a high-speed torque
coupling and low-speed closing gearbox can be preloaded to the desired
torque. The right-angle bevel gear drive reduction is 1.85; thus, input
speed of 21,000 rpm is reduced to 11,333 rpm Into the roller gear drive.

The spiral bevel pinlon Is straddle-mounted. The input end of the gear
shaft was moun~ted on a stack of three angular contact bearings and a
roller bearing. Two of the angular contact bearings nearest the gear
were mounted In tandem to carry gear thrust loads. The third bearing

was mounted back to back wlth the second to carry reversing thrust loads.
The outer roller bearing carried shaft radial loads. The opposite end or
gear shaft stub end was mounted on a single roller bearing which carried
the highest gear radial loads (Figure 17).

The three angular contact bearings and roller bearing were retalned as
a cartridge by a stainless steel flanged 1iner, which In turn was pressed
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Figure 16, Roller Gear Drive Basic Components.
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into a magnesium bearing housing. A steel bearing retainer plate, through-
bolted four places to the end of the hearing housing, retained the bear-
ing stack and assured correct bearing preload. The bearing housing outer
end was flanged with six equally spaced through-holes for attachment to

the bevel gear housing with its six attachment studs (Figure 18).

The inner roller bearing is retained by a stalnless steel liner which has
an inner flange on one end and a snap ring on the other to retain the
bearing. This liner was pressed Into a bore concentric with the other
bearing cartridge bore in the bevel gear housing (Figure 19).

The three angular contact bearings, roller bearing, bearing llner and
retainer plate, bearing housing, seal gasket face seal rotating ring,
face sea! and seal housing, shaft seal spacer, and coupling flange which
is keyed to the shaft were stacked on the spiral pinion shaft as a sub-
assembly and retained by a flat washer and lock nut on the threaded input
end of the pinion shaft. The pinion subassembly was Inserted into the
bevel gear housing bore as a cartridge and positioned for correct gear
backlash (.003 - .005 in.) by inserting a machined steel shim between

the bearing housing flange and bevel gear housing mounting face.

The bevel pinion/shaft was made from standard AMS 6260 gear steel. The
gear teeth and shaft stub end roller bearing journal surfaces were car-
burized and hardened to R. 60. The gear teeth were finish-ground for a
surface roughness of 254 in. The bearing journal surface was ground to
a8u in. finlsh.

The spiral bevel-driven gear Is straddle-mounted. The output end of the
gear shaft was mounted on a pair of angular contact bearings (mounted
face to face). These bearings carry the gear thrust loads plus most of
the radial load. The bearings, along with the output coupling adapter,
were retained by a flat washer and lock nut on the threaded output end
of the gear shaft. The opposite or Inner end of the gear shaft was
mounted on a single roller bearing (Figures 20 and 21).

The two angular contact bearings were slip-fit into a stainless steel
liner, which In turn, was pressed into the magnesium bearing support.
The bearings were retained axially by retainer plates at el ther end
which were bolted to the bearing support (Figure 20).

The inner roller bearing is retained by a stainless steel liner which has
an inner flange on one end and a snap ring on the other to retain the
bearing. This liner was pressed into a bore concentric with the bearing
retainer pilot diameter in the bevel gear housing (Figure 19).

The driven gear was positioned axially for the correct mounting distance
by a shim plate that was inserted between the bearing retalner and housing
at the mounting flange interface (Figure 21).

Gear teeth of the gear ring were finlsh-ground for a surface roughness of
25u In. prior to the gear ring's being bolted to the shaft mounting flange.
The gear ring was made from standard AMS 6260 gear steel; the gear teeth
surfaces were carburized and hardened to Rc 60. The gear shaft was made
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Figure 18, Bevel Pinion Bearing Housing.
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Figure 20, Bevel Gear/Shaft and Bearing Support Assembly.
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from L340 steel, heat-treated to Re 33-38 hardness. Refer to Table |
for gear data.

The right-angle bevel gear housing was made of cast magnesium., The Inter-
face with the roller gear housing Is at the output shaft bearing support
with twelve 3/8-24 studs on a 11.625-in.-diameter bolt circle.

Four cast bosses form the corners of the support plate; 1.125-in.-diameter
through-holes in each boss on centers 21.750-1n. x 24.750-1n. were used
fo; pinning the bevel gear housing to the rig support structure (Figure
‘70

Lubricaclion

Every gear mesh In the roller gear drive was lubricated by a pressure jet,
generally orliented in the direction of the mesh and where possible, on the
outgoing side of the mesh. The roller contacts were lubricated only from
the ensuing oi 1 spray of the gear meshes. A gravity drain was used for
each test unit, with electric chip detectors mounted in the drain adepter
plugs.

The bevel gear mesh and inboard high-speed and low-speed roller bearings
were lubricated by pressure jets. The pinion outer bearing cartridge and
driven gear shaft duplex bearings were pressure lubricated through drilled
passages.

A pump, pressure regulator, filter (10 micron), flownmeter, pressure shut-
down switches, heat exchanger, and sump are used on the basic test rig.
The lubricating ol selected for the test was Humble 0!1 Turbo 35, & com-
mercially available ol similar in many characteristics to olls meeting
the MIL-L-7808 specification, but higher in viscosity and with a higher
load-carrying capability. Lube system characteristics of the roller jesr
drive and bevel gear drive are:

1. System pressure: 30 ps! minimum
2, Flow per drive: Roller gear drive, 6.2 gpm
Beve! gear drive, 3.5 gpm
3. Heat rejection Roller gear drive, 890 Btu/min
per drive: Bevel gesr drive, 465 Btu/min

L. Inlet tempersture 175%F
max | mum:
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TEST METHOD

TEST STAND

The test system employed the principle of back-to-back coupling (four-
square loop) of two test units in a closed-power path. The two output
shafts of the test units were connected by flexible couplings to the
output shafts of the closing gearbox. The closing gearbox is a standard
Industrial-type reducer unit with a fixed reduction ratlo of 5.65:1.

The input shafts of the test units were connected to each other with a
torque coupling forming a closed-power path. The torque coupling con-
sisted of two plates with holes and slots permitting the attachment of

a torque bar with calibrated weights to apply known torque loads to the
system. This preloaded torque was applied statically and locked with
bolts in the flanges of the torque ccupling, after which the torque bar
and weights were removed. The input shaft of the closing box was con-
nected to a driving dynamometer, which has a speed control that provides
varlable speeds and measures the total deiivered torque to the closed-
power-locp transmission system. Also, a lubricating and cooling system
was provided for the transmisslion system.

Figure 22 is a schematic presentation of the full-load roller gear and
bevel assembly test stand.

INSTRUMENTAT ION SYSTEM

The Instrumentation system used for testing was designed to moniltor temper-

ature, pressure, oll flow, speed, torque, vibration, chip detectors for the

test transmissions, and test stand rotating equipment. This Instrumentation
conslsted of:

1. Temperature recording equipment, including visual indlication
and a strip chart recorder.

2. Temperature monltor to scan temperatures.

3. Flowmeters, sensors, and visual indicators for display of
oll signals.

L. Pressure gages for display of lubrication oll pressures.
5. Tachometer generator and indicator for recording speed.

6. Electric chip detectors to provide a visual signal of
forelgn material in the test boxes.

7. An electrical dynamometer to provide a torque input reading.
8. Vvibration meters (horizontal and vertical).

A complete 1ist of the instrumentation used is included in Table I11.
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Figure 22, Test Rig Schematic.
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TABLE 111

INSTRUMENTS USED IN TESTING ROLLER DRIVES

Accuracy Frequency of
Instrument Range Full Scale Callbration

011 Flow Readout 0-10n 1/2% 1 Month
011 Flow Readout 0-100 1/2% 1 Month
Temperature Readout =75 to +575°F 1/4% 1 Month
Temperature Recorder -100 - +500 1/4% 1 Month
Speed 0-1MC $1 count 1 Month
Torque 0-600 ft.-1bs ti/2 1 Month
Dyno 600 hp - -

Flow Transducers 1.25-9.5 gpm 1/2% 1 Month
Flow Transducers 0.6-4.0 gpm 1/2% 1 Month
Flow Transducers 1.25-10 gpm 1/2% 1 Month
Flow Transducers 0.3-1.63 gpm 1/2% 1 Month
Flow Transducer 1.2-10 gpm 1/2% 1 Month
Flow Transducer 1.1-3.87 gpm 1/2% 1 Month
Flow Transducer 1.5-9.3 gpm 1/2% 1 Month
Flow Transducer 0.3-1.63 gpm 1/2% 1 Month
Vibration Readout 0-1000-6 Ranges 5% 1 Month
Vibration Readout 0-1000-6 Ranges 5% 1 Month
Vibration Plckup 0.1 to 1000 G's t2 1 Month
Vibration Plckup 0.1 to 1000 G's 2% 1 Month
Vibration Plckup 0.1 to 1000 G's LY+ 3 1 Month
Vibration Pickup 0.1 to 1000 G's 2% | Month
Vibration Plckup 0.1 to 1000 G's 29 1 Month
Vibration Plckup 0.1 to 1000 G's t2% 1 Month
0f1 Pressure Readout 0-60 psig 2% Monthly
011 Pressure Readout 0-600 psig 2% Monthly
01l Pressure Readout 0-100 psig 2% Monthly
0/l Pressure Readout 0-100 psig 2% Monthly
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TEST RIG CALIBRATION

Calibrations of Instruments requlred for testing were performed from one
to five days prior to actual test using TRW master callbration equipment
and applicable procedures. All calibration equipment Is traceable to the
National Buresu of Standards.
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DEVELOPMENT TEST

Bevel Box Testing

Testing was performed on each of the two bevel boxes. Each box was
checked for tooth contact pattern under no-load and full-load condltions.
The contact pattern was satisfactory, and the units were subjected to
no-load, full-speed testing.

The speed tests were stopped due to excessive roller bearing temperatures
on both the spiral bevel pinion and the spiral bevel gear. The difficulty
was traced to Insufficlent diametral looseness In the bearings. This
problem was corrected; testing continued and was successfully completed,

Two roller gear drive units were tested In a low-power back-to-back rig
for ten hours with a preload torque equivalent to 165 hp at full design
speed. The roller gear drive efficiency at these test condltions was
calculated to be 98 percent. Subsequent full-power efficiencies were
calculated to be 98.8 percent based on measured heat losses.

At completion of the test, one box was completely disassembled and the
other was partially torn down. Examination of the units revealed the
following items of distress:

1. Magnetic metal particles appeared in the lube oll.

2. There was evidence of what appeared to be slight brinelling
of the eccentric pins, caused by the load reaction of the
needle bearings.

3. A roller in one of the flrst-row roller gears had started
to fall and pleces had actually broken off and had gone
through some of the meshes; they were detected in the
lubricating ol of the particular box. The fallure was
traced to defective rollers which contalned cracks caused
by faulty grinding operations.

L. An abnormal needle bearing eccentric pin load bearing
pattern was noted and attributed to poor lubrication.
This problem was eliminated in future tests.

5. All of the small rollers of the first row gears In
both boxes showed damage which was confined exclusively

to the sharp side edges of the rollers. This problem was
attributed to Insufficlent corner breaks.

39



The most disconcerting area of distress was observed on
the sun gear. This gear showed a very dlstinct wear
contact pattern on both flanks of the pinlon teeth,
suggesting tight mesh condltions with no backlash.

Careful examination of the mating flrst-row gears showed
siightly heavier than normal tip wear on two of these
gears. Flank wear was clearly evident on the drive side
of the teeth but was very hard to detect on the nondrive
side. The only logical explanation for the near absence
of wear on both sides of these first-row gears is that
there are approximately 18 times as many load cycles on
the sun gear; therefore, this behavior Is strictly a
time function. Involute proflle measurements were made
on all these first-row gears. The results Indicated
that the wear could not be measured and that the gears
were in excellent condition. The tip wear in no case
exceeded .0005 in. and did not extend along the tooth
flank. This little wear Is within the profile tolerance
originally suggested for the manufacture of these first-
row gears,

The first mesh has a design backlash of .006 to .008 In.,
the second mesh has .004 to .006 in., and the last mesh
with the ring gear has .004 to .008 In. The ring gear
mesh was normal, with tooth contact only on the driven
sids of the teeth.

The only reasonable explanation to account for the absence
of backlash on the first mesh was that this Is the only
mesh In the entire system which did not contaln rollers

to Insure proper center distance bstween the meshing
gears. |t was expected that rollers would not be neces-
sary for the mesh; therefore, these rollers were in-
tentionally omitted. All evidence indicated that the
eccentric roller loading arrangement functioned adequately,
as witnessed by the uniformity of load marking on the
reaction eccentric pins, the uniformity of all other
roller gear tooth markings, and the fact that no jamming
ever occurred which could be detected by the test instru-
mentation used.

It was then presumed that a slight angular error could
occur for the spacing of the first-row roller gears as

8 function of the automatic preload device. The error,
which was significant, did not Interfere with the function
of the other meshes, which had even less backlash than

the first sun gear mesh, but they had rollers to maintalin
a control of the meshing center distances. The slight
tip wear of the first-row gear could also have been ceused
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by the angular mislocation of the flrst-row gears and the
absence of rollers on this mesh.

A static load rig was used to observe and to confirm the
explanations advanced for the areas of distress. This rig
perml tted statlc loads to be placed on the roller gear
drive up to a maximum of full torque. The construction
perml tted roller gear position measurements to be taken.
As a result of this evaluation, the first modification to
the design was made and rollers were provided on the sun
gear and three on the first-row gears in each box.

Static Load Test for Roller Gear Drive

For the static test, one complete roller gear drive along with the
right-angle drive was used. A special support ring was used to clamp
the normally rotating output ring gear to the roller gear housing. A
manually operated worm gearbox was attached to the input bevel pinlon
to apply Input torque load. The worm gearbox was calibrated to deter-
mine the resulting loading torque on the stationary reaction ring gear.
This rig had torque loading capabilities to 100 percent of full output
torque. Static torque loads were appllied at 15, 50, and 100 percent.

Dimensional readings for the center of each six flirst-row gears (Figures
L and 5) from the Input sun gear (Figure 3) were recorded along with

the chordal dimensions of these gears. Pins were Inserted into the six
housing shafts, and chordal dimensions were recorded center to center of
these shafts. Depth micrometer readings were taken from the speclal
support ring to the outer diameter of the ring gear at twelve equally
spaced places before and after torque loading. In addition, visual
observations were made on the functioning of the eccentrlcs and the
resulting backlash of the meshing gears.

From these measurements, it was concluded that the eccentrics were not
working In unison, causing the roller gears to be unequally loaded and
improperly positi )ned and thus, resulting in the absence of backlash In
some of the meshes. A plot of the ring gear deflection indlicated that
the ring gear deflection was two-mode Instead of six-mode. A six-mode
deflection curve should exist in an equally loaded six outer planet
roller gear system.

Because of the observations, a synchronlzer system of 1lnkages was
bullt which adapted to the existing hardware wi thout any significant
change. This synchronizer linkage permitted the adjustment of Indlvid-
ual eccentrics under load and locked them into position. A test rig
that permltted observation of the 1inkage effectiveness and perm!tted
the same type of measurement dests to be taken wes designed and bullt,
This rig differed from the previous rig because loads could be applled,
and the gears were made to rotate at low speed.
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Roller Gear Torque Load Test

Two complete gear drives along with their bevel reductions were loaded
st 5, 10, 15, 25, 50, and 75 percent torque load levels. The torques
were applled by means of a speclally furnished torque load coupling on
the high-speed Input bevel shaft which connected to form a four-square
loop. Power was applied to the output ring gear of one roller gear drive
and rotated at approximately 1 rpm., Measurements were taken for the
radlal positions and spacing of all flrst-row gears before and after
rotation. The sun gear and all first-row gears were painted with red
lead marking compound, and the meshing patterns were carefully examined.

It was concluded that the synchronizing 1Iinkage was not necessary to
Insure proper functioning of the roller gear drive, and It was not
employed in the test. The positioning of the roller gear elements, which
resulted from eccentrics located In the outer row roller gears, appeared
to be very satisfactory, and good load sharing appeared to be evident
when the meshing patterns wera studied.

A 10-hour, full-speed, back-to-back 15 percent load test of the roller
gear drive was completed. All test data Indicated a very satisfactory
test. (It should be noted that the preceding two paragraphs show re-

markable difference between static and dynamic load modes. It seemed

that variation In static friction among the contacted parts introduced
distortions which were eliminated when the rotation started.)

TEST 0BJECTIVE

The primary test objective was to run a 200-hour dynamic load test on

each of two roller gear test units, at 100 percent design speed and 100-
percent design load. During the entire 200-hour durstion, spectrographic
analysis of the gear drive lubrication ol! was to be made to determine

the iron content to detect any gradus! wear taking place in the roller
gear drives. A minimum of 20 ol] samples were to be taken for this

purpose at time Intervals not to exceed 10 hours. After the 200-hour test,
the roller gear drive and bevel boxes were to be dismentied for a com-
plete Inspection and evaluation.

Eull-load Test

A full-load, full-speed test was conducted for | hour prior to Initiation
of the 200-hour endurance test. The hardware was Inspected and asppeared
to be satisfactory for additional testing.

There was some distress evident on the |.800-in.-dlameter rollers on the
first-row roller gears. A 0.030-In. x 20° chamfer was machined on these
parts to provide additions! rellef before the test was continued. In
addition, thermocouples were Incorporated Into the beve! boxes, and en
Improvement of Instrumentation rellabllity was Incorporated throughout
the test rlg.
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Endurance Test

Full-load testing was terminated when a chip was detected In the right-
hand unit. The unit was shut down after accumulating approximately 24.5
hours. Spectrographic examination of the chip indicated that It could
be roller or gear material. Chemical lab analysls of the ol was made
every 10 hours, but there had been no significant rise in the elements
prior to shutdown.

The right-hand gearbox was completely disassembled. A plece of material
approximately 3/8 In. x 1/4 In. had spalled away from a first-row roller
gear at the 1.800-In.-dlameter roller surface. The remalinder of the
parts were Magnaglo inspected, and a crack was dlscovered In another
first-row roller gear. This crack extended from the side of the roller
onto the load-carrying roller surface.

A design study was made to conflrm what appeared to be an example of case
crushing fallures on the spalled first-row gear roller. The load on the
roller surface was 2750 1b, and It had an effective length of 0.178 in.
The calculated Hertz stress was 237,000 psi and was normally consldered
safe for the application. The contact deflection was calculated to be
0.0015 In., and the depth to the point of maxIimum shear stress wes
calculated to be 0.015 In. The drawing requirement called for & 0.020-
to 0.030-Iin. effective case depth. The design study was followed by @
complete analytical and metallurglical Investigation, which concluded

that the specified case depth of 0.020 to 0.030 in. wes Inadequate.

The second unit wes also disassembled and completely Inspected. The

outer planetary gears had Indications of surfece peeling on the rollers.
Chemical Inspection revealed that a chrome plating on the roller surface
was breaking down. Magnaglo Inspection of all gears reveasled no additional
flows.

From the sbove analysis, a second design modification wes made to Incor-
porate roller contacts at all gesr meshes In contact with the sun gear
and to Increase the case thickness on the flirst-row roller gears.

Testing of the redesigned unit wes Initiated after alignment checks had

been made on the high-speed coupling and careful balencing (.015 oz-In.

or less) of the torque coupling had been completed. The spplied load ot
the 21,000-rpm coupling was 275 ft-1b (100 percent load).

The first run wes made at 40 percent speed, oand & complete set of resd-
ings was recorded. Both boxes were listened to, and no extraneous nolse
was detected. All recorded temperstures were satlsfactory for the con-
tinuation of testing. At the end of approximstely 1S minutes of running
at 4O percent speed, the drives were brought to 60 percent speed end o
complete set of readings was recorded. The drives were kept st this
speed for about 1S minutes. Since everything looked and sounded satis-
factory, the units were brought to 100 percent speed.
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At 100 percent speed, satlisfactory flows and temperatures were recorded.
The vibration levels were observed, and the right-hand horlzontal vibra-
tion plckup read 60 G's. Inside the cell, the right-hand box was listened
to and sounded definitely rough. A shutdown was immediately ordered. The
last set of oil pressure readings Indicated a low oll pressure condition
in the right-hand unit. Investigation revealed that onz of the stainless
steel ol 1 tubes had broken off from the main oil gallery. A complete
roller gear drive disassembly was necessary.

Inspection of the roller gear drive components revealed:

1. The oll tube had gone through the gear meshes. The
probable cause of fallure was overheating of the 304
stalnless steel durlng fabrication and embrittling of
the 304 by the copper braze. Subsequently, the part
fal led because of vibration levels during testing.

2. A plece of shiny magnetic material was found In the
drive and traced to the sun gear flange.

3. One second-row roller gear had a tooth slightly bent.

L. There were numerous abrasions of varying intenslty
which were not considered serious.

5. Magnaglo Inspection of all gears revealed small in-
di cations on the load-carrying roller of a second-
row roller gear. Analysls Indlcated that grind checks
existed on the nonload side of the roller and were
propagated onto the roller surface after running under
load. Magnaglo Inspection which was used to establish
the soundness of the part did not detect the grind
checks. The mechanical construction of thls particular
roller and gear (Figure 9) prohibited the use of a
nital-etch Inspection which would have detected this
problem area.

6. Magnaglo inspection revealed small indlcations at the
machining centers on a first-row roller gear. Micro-
scopic examinatlion traced the Indication to foreign
material Inclusions. The part was considered satlsfac-
tory for future use.

7. Most of the rollers In the first-row gears had some
clrcumferential movement. Previous experience with this
type of problem (reference Report AD 471-437) Indlcated
that It did not cause any detrimental affect, and It was
declded to contlnue the use of these flrst-row com-
ponents for future tests.



8. A first-row gear had what appeared to be chatter marks
on a small roiler. Roundness was checked, and the maximum
out-of-roundness Indications were .000020. The part was
considered to be satisfactory for future testing.

The right bevel box was checked; the bevel gearing and bearings were in
excellent condition. The high-speed coupling was checked, and the only
evident area of distress was on the Input spline hub teeth to the left-
hand bevel box. The distress was very minor, and a total of 30 minutes
running time was too short to adequately evaluate the high-speed
coupling.

The test was restarted after careful reassembly of roller gearbox No. 2.
Full-load torque (1100 hp) was applled to the boxes after pre-established
procedures had been carrled out for the high-speed coupling shaft.

Test runs were made at varlous speed levels at full-load torque. Several
times during this perlod the chip detector light for the right box

(No. 2) came on. Examination by the Spectrographic Lab Indicated materials
that were nelther roller nor gear materlal, so testing was permitted to
continue. Eleven hours at full load and full speed were accumulated during
this period.

Testing was suspended when spectrographlic analysls of a chip picked up
by a detector on the right roller box (No. 2) Indicated the material to
be 52100 steel which was used for some of the rollers. Disassembly of
this box revealed that a roller on the sun gear nearest the drive coup-
1Ing had a flange completely disintegrated. The remaining three rollers
on this same part were not damaged.

All roller gears which had rollers contacting the broken flange showed
abrasion. The damage was not considered to be excessive, and the rollers
were chamfered to remove most of the distressed areas. Some of the metal
from the sun roller flange went through the meshes, and a second-row
roller gear had a damaged tooth. For the rehuild, this gear was replaced.
There were numerous abrasion marks on the other gears, but these were
almost completely removed by careful stoning.

All of the roller gears, Including the ring gear which had the most gear
teeth damaged, were Magnaglo inspected and were found to be free of any
Indication of cracks.

At this time the box fallure was attributed to the presence of an unex-
pected axlal force which reacted on the roller flanges and broke out the
rather thin sun roller flange. The flanges of the sun roller were made
only .065-.070 in. thick because of space limltations brought about in
thls design, which was conslderably compromised to Incorporate roller
contacts on all gear cointacts. The stiffness of thls system Is conslder-
ably different from the orlginal system, which did not employ roller
-antacts of the sun roller, and this may have added significantly higher
riust forces to the roller gear elements.
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In the preceding test run, the sun gear had also broken the end roller
flange nearest the drive coupling. This fallure had previously been
explained by the lube l1ine fallure. After stripping this damaged roller
from the sun gear, a roller from a spare sun gear was used as a replace-
ment. After thls roller was measured and shimmed, the sun gear for
proper running clearances, It was used for the rebulld.

To make up for the lack of suspected flange strength on this sun roller
gear, a larger diameter was incorporated in the drive spline and on the
outboard washer to provide a strong backing for the flanges. There was
no possible way to Increase the strength of the two inner flanges, but
previous running experience indlicated that there was no problem with
these flanges.

Box No. 2 was reassembled and testing was again Initiated.

Full-torque load was applied, and the system was run for 1 hour at 54-
percent speed. One set of readings was taken, and nothing unusual was
observed on the instrumentation during this l-hour run. The chip de-
tector on the right roller gearbox (Serial No. 2) shorted twice, and
because of the suspicious appearance of the metal chip, testing was
suspended. Spectrographic analysis confirmed the presence of 52100
steel, and a teardown was ordered agaln for Box No. 2.

The only serious damage discovered In this teardown was a broken roller
flange In the second-row roller gear on the side opposite the drive coup-
1Ing. This roller flange was replaced, and the gear was considered to be
satlsfactory for further testing.

Box No. 2 was reassembled and testing was again initiated. Testing was
suddenly suspended at the end of 52 minutes due to the faliure of the
high-speed flexible coupling, which resulted in considerable damage to
the bevel boxes and minor damage to the roller gear boxes.

The failure of the high-speed shaft was attributed to two causes. The
first cause was the lack of test rig stiffness, and the second cause was
Insufficient rigidity of the bevel boxes.

To correct these deficliencles, an Improved stiffened test rig was erected
and the product bevel gearboxes were supported by brackets attached
directly to the wall of the roller gear housing which carried the six

load bearing reaction pins. With thls arrangement, the high-speed coupling
was not affected by deflections resulting from the output torque ioads.

The roller gear drives were in no way connected with this fallure. The
only apparent damage to these boxes was attributed to Iradequate strength
In the fianged rollers.

All rollers in the outer row roller gear assemblies were replaced. The
flange thicknesses were increased. The roller gear drives and bevel boxes
were repalred and reassembled for test.



Testing was again initlated and terminated after approximately 6 hours
of running. Two Interruptions during the 6-hour test were the result
of a high-stress condition at the high-speed coupling preload disk and
dynamometer stator trunnion bearing problems., Testing was discontlnued
as a result of a metal chip which was discovered in the roller gear
drive lubrication fluld. The analysls showed that the chip was roller
material. Disassembly of the unit Indicated that It had come from the
sun gear. All other damage was minor In nature and easily repalred.

The roller gear drives were repalred and testing was agaln Initlated.

For a period of 2 hours and 43 minutes, the roller gear drlves performed
at fuli-lcad conditlons. Testing was terminated at this time because of
an unusual nolse. The metal chip detector 1i1ght for the south gearbox
Indicated that metal was present in the oll return line. The south gear-
box was removed for disassembly. Rotation of the south gearbox was not
possible. DIsassembly of the unit revealed that three rollers were com-
pletely disintegrzted. Both large and small segments of the rollers were
scattered throughout the box along wlih flne particles of metal.

Although the primary cause of fallure was not speciflcally ldentifled,
the evidence Indicated abnormal loading of the roller rings. Several
potential causes of the abnormal lcading exist, the most probabie of
which Is the rotation of the roller ring during operation. Furthermore,
It Is apparent that the roller ring and gear assembly must be redeslgned
and a better method devised tc ietaln the ring. At this point, testing
was discontinued.

Effliclency Data

The example used Is based on full-speed and full-load conditions:

Applied load = 275 ft-1b = 3300 in.-1b
Load Is applied at the 21,000-rpm shaft.

w = 63,000 x hp s hp = —2L000x3,300 _ 4490 pp
t
N 63,000

Average dyno torque (based on 25 readings) = 214 ft-1b = 2568 In.-1b

Dyno speed = 1,836 rpm
NxM

Input hp = raTe = ]1839 x 2,568 = 74.84 hp
63,000 03,000
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Dyno «Average Dyno M= 2568 in.-1b (measured)

1800 -
- 800-rpm shaft
iy . i e ot et 1
' |
' | . Horsburgh & Scott
Lce e — — - — — — —-l-l— —— .1 closing box esti-
325 rpm mated efficiency
TN = 98.5%+
R.G. X6 Ratio = 5.65:1
Applied load = 3300 in.-1b
21,000 rpm shaft
.. Loss In commerclal box = .015 x 1100 = 16.5 hp

Total measured loss for the two roller gear drives
and two bevel gear drives = 74.84 - 16.5 = 58.34 hp.

It Is reasonable to assume that the losses of the roller gear drives and
thelr bevel boxes will be proportional to their measured heat losses
(these losses are based on 25 readings).

Roller Gear Drlve

Average oll In = 160°F
Average ol out = 194°F
AT = 34°F

*Horsburgh & Scott calculated efficlency between speeds of 300 and 1,800
rpm Is 98.5 percent.



Average flow rate 3.75 gpm/box

1 ga!. turbo #35 oll wt. 7.7 1b/gal

$.G. = ,924

Coefficlient of spec. heat Cp = .9
= T
Q MCp A
Q = 3.75 x 7.7 x .49 x 34 = L8] Btu/min/box
481
Q = g = 11.34 hp/box

Bevel Gear Drlve

Average mesh flow = 1,28 gpm
Average ~artridge flow = 1.10 gpm
Average mix flow = .90 gpm
Total average flow = 3.28 gpm
Average o!l In = 160°F
Average ol out = 207°F
AT = U7°F
= MC T
Q " A
Q = 3.28 x 7.7 x .49 x 47 = 581.62 Btu/min/box
Q = M = 13,72 hp
L2.4
Let total roller gear loss = A
Total bevel gear loss = B
A+B = 58.34
A 113h ., 11.3h o gogss
B 13.72 ¥3.72
1.8265 B = 58.34
B = 31.94
A = 26.40

kg



..Total loss for roller gearbox 26 .40

= = 13,20
2
% loss = 1220 100 = 1.2%
1,106
.“Roller gear drive efficliency Is = 98.8%
Measured heat loss = 11.34 hp
= 3% g5 oy
13.20
Total loss for the bevel box = 31.04 = 15.97
2

% loss = 15.97

x 100 = 1.45%
1,100

Bevel drive effliclency Is = 98.55%

Measured heat loss = 85.9%

The measured results Indlcate good correlation.
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CONCLUSIONS

The roller gear drive was subjected to a total operating test time of
76.5 hours, of which 44.5 hours were at 100-percent design speeds and
100-percent design load. A total of 19.0 hours at fuil-load condition
was accumulated on the final configuration. The test objective of

200 hours was not achleved.

The testing system employed a back-to-back coupling (four-square loop)
of two test units in a closed-power path with an input shaft speed of
21,000 rpm and an output shaft speed of 325 rpm. An instiumentation
system measured loads, speed, oil flows, pressures, temperatures, and
vibration levels. During the 200-hour load tests, the lubrication oil
was analyzed frequently to determine the iron content in parts per
million.

The test program encountered difficulties due to test rig malfunction
and minor design deficiencies which became apparent during the full-
load portion of the test program. These difficulties resulted in a
number of test interruptions and two design modifications. The design
modifications were made between the fir:st-row planet gears and the sun
gear, wherein the roller contact was increased from zero roller in
design A to 100 percent roller contact in design C.

The following hours of running time were logged for each design:

Partial Full Load

Design Load and Speed Full Speed
A 10.0 Hours -

10.0 Hours 25.5 Hours

C 12.0 Hours 19.0 Hours

LOAD SHARING

An open-face test proved that all gear contacts had good load sharing
from 10 to 100 percent of design load.

EFFICIENCY

Drive efficiency calculated by torque balances or by heat balances showed
approximately $8.8 percent efficiency or 1.2 percent loss. Other compar-
able ratio drives at similar speed and load ranges have at least 2.75 to
3.0 percent loss.

DRIVE FAILURES EXPERIENCED

Except for the first failure (caused by insufficient depth-case hardening
of the rollers), other failures were caused by shoulder failures resulting
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from generally weak shoulder design. At the time that the drive was
designed, the value of the thrust forces on ''ideal' rolling surfaces
was not known. These forces were experimentally evaluated as a per-
centage of radial load forces only. A more conservative design approach
would be to increase the roller width to reduce the contact stresses.

The last failure (the exact cause of which cannot be determined) showed
that the rol!ler gear fastening methods are not 100 percent reliable and

m - improved. The roller width should be extended radially inward
be. . > gear line, or the roller and gear body contact <hould be
elece. beam welded.

The detailed failure analyses performed in this task indicate that the
basic design concept of the roller gear drive is sound and offers a
practical solution for long-life, high-speed, high-power, and high-ratio
aerospace transmissions with excellent efficiency.
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APPENDI X
LOAD STRESS CALCULATIONS, ROLLER GEAR DRIVE

1.0 Basic drive requirements - based on full speed and load conditions:

Input speed = 21,000 rpm
input horsepower = 1100
OQutput speed = 325 rpm
Overall ratio - 215000 64.61
325
Drive ratio =-i— X C o 56 X 228 2.75 x 12,667
AVT'_ZT_TH' :
= 34,83
" 63
Bevel gear ratio =3 = 1.853
Input speed = %lgggg'a 11,333 rpm

63,000 x 1100
11,333

First-row gear torque = 6114.9 x 2.75 = 16,816 in.-1b

= 6114.9 in.-1b

Sun gear input torque =

Second-row gear torque

16,816 x 15 = 67,264 in.-1b

67,264 x ZZ§.= 213,000 in.~-1b

72
NT (Sun) = %%%%32;—3-= 849.3 1b (There are

6 tooth contacts.)

16,816
.900 x 12

tooth contacts.)

We (ring contact) = g%t%%ﬁ;-z-= 3114 1b (There are 6

tooth contacts.)

Output torque

HT (Y1 contact) = 1557 1b (There are 12

2.0 Gear stresses - first mesh, A and Xl gears:

bending stress (based on Lewis formula)
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Sun input torque = 6115 in.-1b

WT = 849.3 1b

Pd = diametral pitch = 10

Ke = load distribution factor = 1,2

F = face width = .872
Y
o .35

f
Cv = 1.0

849.3 x 10 x 1.2 i .

ST =B x /T 0" 33,394 psi (tooth bending)

Hertz stress = SC = 5235

.66 _
Hg = gear ratio = %" 2.75

M +1

g 2,75+ 1
A= g5 - 1.36
g
C =1.0
S = *
¢ d = pitch diameter = 2.40
K =1.2
e

Mo+ 1
_ g 849.3 x 1.36 _
K T X = Bz x 200 - 552

9
s_ = 5235 \/-55—?]—’_‘7'—'-2“ 5235V 662.4

S 134,749 psi

(o

3.0 Gear stresses - second mesh, Y] and X2 gears:

Wy = 1557 1b
Pd = 10

K =1.2

e
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F = 2.0
Y
— = .34
Ke
CV = 1.0
1 10 1.2 " :
ST = 2?g7xx.3h : - 27,500 psi (tooth bending)
M + 1
=12 _ .9 _5_
Mg 13 L, Mg " 1.25
W M +1
% g ' ' F=2.0
K =1a* " d=1.80
_ 1557 x 1.25 _
K =35 x71.8 - M
SC = 5235 541 x 1.2 = 5235 \y 649
S = 133,335 psi (Hertz stress)

4.0 Gear stresses - third mesh, X, and C gears:

WT = 3117 1b

Fd =10

K =1.2

e

F =2.0

Y

K¢

CV = 1.0

11 10 1.2 : .

S; = 3.07xx.385xx 7o = 48,500 psi (tooth bending) X, gear
Mg =73 3.167

Mo 1 zai67 -1 2,167 _ 68k

Mg 3.167 3.167 °
WT M -1 F=2.0
K = Txd X —gﬁ;——; d =17.20
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_ 3117 x .634 _ 148

K = Fox7.20 "
SC = 5235 148 x 1.2 = 5235 178
SC = 70,000 psi (Hertz stress) X2 and C gears

5.0 Bending stress - C ring gear:

0D = 23.930
ID = 22.058
377
Wall hickness = ;9%3 = 436
Inside radius = 32;%29 = 11.529
1/2 wall thickness = 218
Mean radius 'R! = 11.747

< _L 3 3
— 1.82— |

HT (ring gear) = 3117 1b

Separating force Wg = 3117 Tan 25° = 3117 (.46631) = 1453 1b

Moment at load = KWR

S = ?E = 12126%5331§-= 26,300 psi (ring gear bending)

.089 x 1453 x 11.747 = 1519 in.-1b

6.0 Hertz stress on A-XI roller contact:

Load = 1720 1b

Dia (D|) of A 2.400

]

Dia (DZ) of Xl 6.600

.130 each roller
.260 total width

Effective roller face width
.130 x 2

]

p iy # 5y
Hertz stress = S = .591 — X E X ——e———
c t Dl D2

_ 1720 6 2.4+ 6.6
Sc—.SBI J_T.ZOXNXIO X—T—TZ. =T
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9.0
c 591 \/66]5 X 30 X ]—;-8-[;

g = <591 \/I|2,755 = 591 x 336

198.576 psi

w
]

w
]

w
]

7.0 Hertz stress on Y]—X2 roller contact:

Load = 2750 b

Dia (Dl) of Yl = 1.800
Dia (Dz) of X2 = 7.200
Effcctive roller face width = .184 each roller

.184 x 2 = .368 total width

D. + D
_ P 1 2
.591 v[— x E x ——
t D1 D2
2750 6 1.8+ 7.2
» .591 \’T?EH x 30 x 10 X'T3T77777

9.0
c = -591 J7‘073 x 30 x 1796

5 = +591 V 155,687 = 591 x 394.6

233,209 psi

Hertz stress = Sc

w
]

(%]
n

w
]

w
]

8.0 Gear stresses - high-speed bevel gear:
Engine = 1100 hp at 21,000 rpm
_ 63,000 x 1100

MT = 31000 = 3300 in.-1b
Pinion P.D. = 4,25 R = 2.125

_ 3300 _
Wp =395 = 1553 1b

NT X Ko 5 Pd X KS x K

ST = KV < x J = bending stress (Gleason formula)
NT = 1553 1b
K = 1.25 (overload factor)
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P, = 8 (diametral pitch)

=
]

.595 (size factor)

x
]

1.15 (both members straddle-mounted) -
load distribution factor

=
(]

1.0 (dynamic factor)

-
]

1.125 (face width)
J = .354

_ 1553 x 1.25 x 8 x .595 x 1.15 _ .
St T.0 x 1,125 x . 354 = 26,500 st

wT x Co | cCCcC Cf
Hertz stress = Sc = Cp : X o

2800

(g
L}

W, = 1553 1b
C,, = 1.25 (overload factor)
C =1.0 (size factor)

C = 1.15 (load distribution factor) both members
straddle-mounted

Cf = 1.0 (surface condition factor)

= 1.125 (face width)
= 4.25 (pinion P.D.)
I = .118 (geometry factor)

) 1553 x 1.25 K 1.0 x 1.15 x 1.0
S, = 2800 f T.0 X 17725 x .25 X 118

1563 x 1.25 x 1.15
S. = 2800 JI.IZS x 4.25 x .118

w
]

s 2800 396C = 176,000 psi

9.0 High-speed bevel pinion bearing loads:

_ lnput Torque _ 3300 _
F = WPR (pinion) T1.858 1776 b
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/LM \ /R \

o= =

—+®— C(Clockwise —g+—— Counterclockwise
A B
Y = arctan 34 = arctan .53968
p 63 .
Yp = 28.35° (approx.) (1/2 cone angle, pinion)
Yg = 90-28.47° = 61.65° (1/2 cone angle, gear)
. Y
Y =F (tan B cos v _ + ten & sin B
p P cos B
tan B = tan 30° = .57735
cos Yp = cos 28.35o = ,88006
tan A = tan 20° = .36397
sin Y = sin 28.35° = . L7485
cos B = cos 300 = .86603
_ .36397 x L7485
Tp = 1776 (.57735 x .88006 + 86503 )
_ .17283115
Tp = 1776 (.50810 + .19957)
Tp = 1776 (.70767) = 1257 1b
MPR = 1/2 (Pinion PD - FW sin vp)
=1/2 (4.25 - 1.125 x .47485) = 1/2 (4.25 - .53421)
= 1/2 (3.7158) = 1.858 (approx.)
T, =F (-tanBsiny +fNACST,
P cos B
_ .36397 x .88006
TG s ]776 ('-57735 X .‘*7"85 + 86603 )
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-
L]

1776 (-. 20015 « FE2A )

1776 (=.27415 + ,36987)
1776 (+.09572)
170 1b (30° spiral angle)

170 1b
IE57 V6 iy 1776 1b
|
Y

EIN

Horizontal Plane
‘ 1776 (tan force)

. 1776 x 1.25
5.25

A= 1776 - 423 = 1353 1b

8 = 423 1b

Vertical Plane

1257 1b

N e

1
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L ”A =0 1257 x 1.858 + 170 x 1.25 = 5,258

l-?gmhulb

=0 1257 x 1.858 - 170 x 4.0 - A x 5.25 =
2335.5 - 680 - 5.25A = 0

A= lgéggi = 315 1b

EHB

Resultant bearing force A = VI3532 + 3152 = 1390 1b

Resultant bearing force B = Jb232 + ll852 = 645 1b
For bearing A,

Use MR-306-EX (ABEC 5) Roller Bearing

Rating = 4130 at 1000 rpm

Rating at speed = 4130 (.40) = 1653

Load = 1390

SF = }%g% = 1.19

Life = 500 (1.19)3°33 = 890 hours

For bearing B (radial load),
Use MR-209-C (ABEC 5) roller bearing
Rating = 4855 at 1000 rpm
Rating at speed = 4855 (.40) = 1942
Load = 645

SF = 12%%-- 3.0

Life = 500 (3.0)3°33 < 18,000 hours

For bearing B (thrust load),
Use matched set (2) 209 RDT and (1) 209RDB
Bearing rating = 2260 at 1000 rpm
Rating at speed = 2260 x 1.9 x .362 = 1560

SF = %";%-- 1.24
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Life = 500 (1.20)3:33 o 950 nours
10.0 High-speed beve! gear bearing loads:

MPR (gear) = 1/2 (gear PO = FW x sin y G)
= 1/2 (7.875 = 1.125 x sin 61.65)
= 1/2 (7.875 - 1.125 x ,.88006)
= 1/2 (7.875 - .99006) = 1/2 (6.885) = 3.443

Vertical Plane

d

D Bearing

Ib (Tan Driving Load)

I
' e
3.88 2.56
g P ey
E C Bearing ! ¢
1776
170 1b : :"’
1257 1b
} 1776 1b
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1776 x 3.88 = 6.44D

p - 6890.88
T T 6.4

= 1070 1b
C = 1776 - 1070 = 706 1b

Horizontal Plane

c 3.88 2.56 D

ifg -1- -1
3.443 1257 1b
170 1b
Ic=0
6.44D = 170 (3.443) + 1257 (3.88)
6.44D = 585.3 + L4877.1 = 5L462.4
p = 223 - gug 1b
D=0

6.44C + 170 (3.443) = 1257 x 2.56
6.44C = 3217.9 - 585.3 = 2632.6

_ 2632.6
-~ T6.L54

\/ 7062 + 4092 = 815 1b
\/10702 + 8482 = 1360 1b

= 409 1b

Resultant bearing force C

Resultant bearing force D
Rpm of gear = %1ﬁ%%9 = 11,333
For bearing D,
Selecting 211RDF (ABEC 3)
P=.62 (1370) + .74 Y x 170

K=l|.h3;RI=-!1;lg-3-=38;Y=2.l
S
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P=.62 (1370) + .74 x 2.1 (170)
= 849 + 264 = 1113 1b
_ 1360 _
SF = g3 = 1.22

Life = 500 (1.22)3 = 900 hours
For bearing C,

3
Speec factor = J000 = = (.0882)'3 = 484
11,333

Bearing load = 815 ib

Selecting MR-207 EX (ABEC 3)

Bearing rating = 3490 1b at 1000 rpm

Rating at speed = 3490 (.484) = 1685 1b
_ 1685 _

SF = —sﬁ—- 2.07

Life = 500 (2.07)3:33 = 5890 hours

11. Stress and deflection under maximum loading in bevel gear housing:

Output MT = 213,000 in.-1b
-
ID = 9.185 ) ) .
~ 9.065 Wall thickness = .325 - 425

Min. ID = 9.065
Min. OD = 9.065 + .650 = 9.715

4 4

J = polar moment of inertia = JLi%i -d)

_ T (8907-82 - 6752.60) _ W (2]55-22) _
) 32 ke = 211.6
e___l_-_, L=‘|.0 in.

=376 6 = 2,400,000 psi

_ 213,000 x 4 _ .
o= 2‘1’6 X 2’1‘00’000 = 0001677 radlans
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o -y
6 = ,001677 x 12 = ,020 In. (max. deflection)

sy o g6 - HLEREOH L s

12. Ostermination of cax trave! at load through operating temperature
ronge:
At room temperature when assembled:
€ (center of drive—ecenter of ecc. pin) = 7.7526
€ (center of drive—ecenter of X, gear) = 7.7942

(normal assembly position)
¢ (center of drive—ecenter of X, gear, top dead center)

= 7.7526
+ ,0600

~7.8128

Therefore, xz gear center travels outward = 7.8126
when brought“to top dead center - z.7%lo2

Backlash at ring gear = .004 to .008

.00k = 2 & tan 25; .004 = 2 2 (.L46631)
. 004

L -m' 004 y 2= ,008

Therefore, .004 to .008 of this travel to top dead center
can be accommodated by taking up the 8.L. of the mesh. Under
full load the ring deflects .010; consequently, it is quite
feasible for the eccentrics to be assembled incorrectly and
to have them corrected automatically by simply loading the
system to full torque load. The separation force for .010
ring deflection is 1453 1b.

At temperatures of 220°F and at full load:
€ (center of drive-® center of ecc. pin) = 7.76946
€ (center of drive-scenter of X, gear) = 7.79980

(operating position)
€ (center of drive=-p=center of X, gear top dead center)
= 7.76946

+ .06000
~7.82956
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Therefore, X, gear center travels outward = 7.82946
when brought“to top dead center - 7.79980
.029

.004 to .008 of this travel can be accommodated by taking up

the B.L., but it is doubtful that this could ever be o
accomplished at full load and at a temperature of 220°F.
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Eccentric Pin
Roller Gear

L‘GQ P = RO]IeI’
Force
¢ of

I Eccentric Pin
Q' Gearbox

7.7526

00
7.79422860

£ Gearbox

This represents the eccentric when assembled with no preload but with
roller gears on center locations ready for automatic preload.
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Assuming that the eccentric
is limited to an outward
travel of 48° from the the-
oretically correct 44° by a
pin limiting outward travel
of gear center by 4°,

y = .060 sin 48° = .060(.7431k)
= .0445884

x = .060 cos 48° = .060(.66913)
= .0401478

v = 7.75262 - .ou014782

= N/60.10280676 - .00161184

V 60.10119492

Y = 7.7525
Gear center =y + Y = 7.7525
+ .04L46
71.797

With the stop pin located within an accuracy of 40, the center
of X, roller gear goes from theoretical correct C.D. of 7.7942
to 7.7971 = +.0029.

When the roller gear is loaded, the center becomes &
7.7942 - .00188 = 7.79232 (this is roller gear center at 70)
(inward compression).

Assuming ZOOF as starting condition, allow box and gear to go
up to 220°F.



7.79232 _,
(6.4 x 10°7) x 150
.00748

expansion = 7.7526 v
(14.5 x 10
= .01686

Roller gear center (at 220°) and load = 7.79232
+.00748
7.79980

Pin center (at 220°) = 7.75260
+.01686
7.76946

Roller gear center (stud) expansion

Pin center (magnesium housing)
) x 150

Roller Gear Center

.060

These are the
dimensions under

load and temperature.
\\ Pin

Center

\'€-

7.76946
7.79980

Ao

7.79980% + .060% - 7.76946>

ek 77799807 (060)
coc o - 60-83688004 + .0036 - 60. 36450869

935976
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Cos 0 = ~}I597135 _ 5ogsag

= 7935976
8 =5 26"
w - 300 34 ]

13.0 Determination of clamping force on eccentric cam pin plate:

4700 1b

L™
1.25
e
.
1 1.00 . _
=709 1 - 5T,
3
-
2 1.68 _ _
T, T 9 Ty =777,
T, X 1.00 + T, x 1.68 + T, x 2.19 = 4700 x 1.25
b5 T3+ 1.29 Ty + 2,19 T, = 5900
- 2300 _
T, = 253 = 1500 1b

The bolt size is 3/8 - six required - use 3/8 - 24 thread.
Mi=.2DxL (approx.)

MT = tightening torque = 300 in.-1b
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L = tension force, Ib

L = x°° = 4000 1b

Total clamp force = 4000 x 6 = 24,000 1b (approx.)
Friction force = 24,000 (.2) = 4800 1b -~ bearing force
= 4700 1b

14.0 Determination of loads on eccentric cam roller bearing:

Output torque = M, = 63,000 x 1100 _ 43 000 in.-1b

63,000 x 1100
Input torque = "t - 7,350 = 5611 in.-1b

Reaction torque on pins = Zl:.a.o.:"_?.'%ﬁ_‘l - %- 4430 1b

(6 pins)

Layout analysis on forces in the roller drive confirms this
horizontal torque vector.

Bearing load - 4700 1b from vector diagram,

rpm of X, roller = 117 x .',-'18-- 1030 rpm

Selecting SKF bearing 22213C
P = 1.2 x 4700 - 5650 1b

Basic dynamic rating for bearing = 26,200 1b
Life = 2500 hours
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I A“"Thl's report reviews the dynamic load tests performed on two roller gear test

units. The primary purpose of this task was to conduct a 200-hour dynamic load
test at 100-percent design speed and 100-percent design load™ Test-units did
not complete the scheduled testing because of test rlg malfunction and minor
design deficiencies which became apparent during the full-load portion of the
test program. A total of 76.5 hours of testing was logged, of which & .5 hours
were at full-power condition of 1100 hp with an input shaft speed of 21,000 rpm
and an output shaft speed of 325 rpm. Two design modifications were necessary
during the testing program.

The testing system employed the principle of back-to-back coupling (four-square
loop) of two test units in a closed-power path. An instrumentation system was
provided measure loads, speed, oil flows, pressures, temperatures, and vibrati
levels. In addition, frequent analysis of the lubrication oll was made to deter-
mine the iron content in parts per million to provide & warning of inciplent fail-
ure. The testing has confirmed that the roller gear drive design Is sound and is
feasible for helicopter speed reductions. It has further identified critica)
design parameters which must be considered in future designs.
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