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ABSTRACT

In several studies and on-going developments feamckd rotorcraft, the need for variable/multi-gbeapable rotors has
been raised. Speed changes of up to 50% havepbeposed for future rotorcraft to improve vehickrfprmance. A rotor
speed change during operation not only requiredax that can perform effectively over the opergtspeed/load range, but
also requires a propulsion system possessing gese capabilities. A study was completed investigagpossible drive
system arrangements that can accommodate up t#aspBed change. Key drivers were identified fromctv simplicity
and weight were judged as central. This paperepteghe current status of two gear train concepipled with the first of
two clutch types developed and tested thus far feiths on design lessons learned and areas regjdiewelopment. Also, a
third concept is presented, a dual input planetéfgrential as leveraged from a simple planetait fixed carrier.

INTRODUCTION

Rotorcraft propulsion is a critical element of tbeerall
rotorcraft. Unlike fixed wing aircraft, the rotprbpulsion
system provides lift and control as well as forw#ndust.
As a result, the rotorcraft engine/gearbox systenstnbe
highly reliable and efficient. Future rotorcratnds call for
more versatile, efficient, and powerful aircrafi, &t which
challenge state-of-the-art propulsion system teldgies.
Variable speed rotors have been identified as lgaaitarge
impact on many critical rotorcraft issues.

Currently, rotor speed can be varied only a smaitentage
by adjusting the speed of the engine. This is igdiye
limited by engine efficiency and stall margin peiting

efficiency and torque, is necessary to permit &ffit high
speed operation with reduced noise. The heavysliftly
suggests that increased speed variations of 50¢haik a
dramatic effect on reducing external noise whileréasing
rotorcraft performance. Previous NASA variable espe
transmission studies concentrated on 15% speedgekan
(Refs. 2 and 3). To achieve the large speed vamiat
capability for the heavy lift application, advanced
variable/multi-speed drive system concepts must be
developed.

This paper is a follow on to an earlier conceptdgtthat
identified viable concepts for both two-speed adable
speed drive transmission configurations (Ref. Bjom this
earlier study, the top three concepts were seleéted

speed changes limited to approximately 15% of th@evelopmentand testing (Ref5).

maximum operating speed (used
applications).

in current tilt-rotor

This paper provides 1) an overview of the designm of
the top three concepts selected from the earlinceqtual

The NASA Heavy Lift Study (Ref. 1) had shown thaftudy summary, as ranked from a comprehensive bfidy
variable speed propulsion is necessary for all rafirc POSSible concepts that provide up to a 50% speeakction

concepts studied. Variable speed propulsion, withass of

range, 2) an overview of the follow on design amtal test
status of a modular-multiple-configuration scaledelotest
articles currently under development and testingthes

Presented at the AHS 71st Annual Forum, May 5-1520 NASA Glenn Research Center, 3) a summary of design
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lessons learned from initial testing, and 4), aareew of a
paper-design for the third selected concept (Rgf.far
possible future development.



For the purpose of designing scale developmentsi te TEST ARTICLE DESCRIPTION

hardware to evaluate selected concepts, a 50% spagd

was identified as a notional design limit. Spelkdnges less

than the above were thought to be more easilyzaale. A o
relevant maximum input speed of 15,000 rpm, wittpot Application

speeds of 15,000 rpm (high-range hover mode) a&@d07, ) ) o
rpm (|ow-range cruise made) was selected for design The SUb]eCt fractional scale drive is a developmemiel for

an inline drive configuration intended to be an -addunit,

The test article features a modular design offetiregability ~ or directly integrated into the overall design gbr@pulsion

of testing two interchangeable simple gear traisigies, as drive system. Figure 1 shows a representativeotidtr drive

well as two clutch designs. The gear trains andcoks System schematic and the subject speed changetedoca
share common interfaces, allowing assembly djetween the engines and main combiner gearbox where
combinations of either of the two gear trains véfther of Power transfer is at high-speed and low-torque.

the two clutch configurations, resulting in theliypito test
four different configurations. The modular apptoatfers a
highly flexible baseline test article, with the addlexibility
of focused hardware refinement, while allowing fibre
retention of hardware not requiring refinement.e Tasult is

a highly exploitable, yet economically alterablaséline test | \.. :
article to identify technology barriers, and evauaesign s

Ter Mid-Wing Variable!/Multi-Speed
Gearbox Gearbox

refinements at the concept demonstration level.

The first gear train configuration is the DSI (Duatar-
Idler), a sun-gear input, ring-gear output, singigle-stage
planetary with reversing idler planet gears. Téeoad gear
train, the OCG (Offset-Compound Gear), is a unique
configuration employing an offset cluster gear casga of
both an internal and external gears. The OCG hbstao
gear meshes. The impetus behind the selectidmeadlbove
two gear trains is simplicity and minimal parts sbu Hover Ratio 131.4: 1 Forward Flight Ratio 2436 : 1

—=<¢

Combiner Gearbox

.._L\

- Tilt-Axis Gearbox

~~~—- Reduction Gearbox

The first clutch option is a single-plate dry chutahich is Figure 1. Propulsion Drive Schematic.
an automotive small diameter high performance blut€he

second clutch is a new design multi-plate wet-¢lut®oth

the wet and dry clutches employ a mechanical fdrogng

element for the 1:1 ratio hover mode, and a hydrallitch Concept Identification and Selection

release and sprag drive for the 2:1 ratio cruisdeno

) ) ) o An earlier study was completed that identified agda
The hardware described in this paper is intendedise as ymper of possible configurations (Ref. 4) of botalti and
development and test hardware and is not inten@ed \farigple speed drives. The study included a braaaber of
replicate flight hardware. ~Consideration of ligheight  ossible configurations found in the open literatand also
design yielded to that of a flexible and easilyemstble, 5 number of original concepts. A set of criterioms
easily modifiable design which can be exploitedhia test ogiaplished to permit down select from the abovecepts
ceII_ enwron_ment, _although some limited _aspectsthﬂ identifying the top three potential candidates émncept
design are light-weight, such as the gear trains. development and testing (Ref. 5). The primary roeor
. . . . ) . selection was simplicity, seen as translating gbtliweight
This design overview includes a review of desigRng ropustness. Three concepts were selectedngabt
requirements, an examination of detail cross sestaf the 5pove. Based on available funding, two of the epts
four modular test configurations, insight into tdesign ere designed and fabricated for testing. A thigthains
evolution and philosophy, as well as pointing aoritations undeveloped, although it is now possible to advaihis
and technical challenges of each. concept as a portion of the design basis is pashefof the
' . ., above concepts. An overview of an updated desagisbs
The above configurations have been manufacturecuanh given at the end of the paper. This paper focuseshe
the process of being assembled into four test lerticyesign and manufacturing of these test articlesaeas

hardware configurations for testing at NASA GRC {Qgentified for future development, and lessonsriedr
validate operational capability of the concepts.



Design Requirements
Test article design requirements are summarizdciote 1

and a representative aircraft mission cycle isnaefiin
Table 2.

Table 1. Test Article Design Requirements.

250 HP nominal (200 HP facility capacity)
Input Speed 15,000 rpm
Output Speeds 15,000 rpm (hover), 7,500 rpm<ejui
Employ straight spur gear geometry (budget c@naitbn)
Drive should fail safe to high-speed (hover) mode
aProvide high-speed positive drive element
Lubricant: DOD-PRF-85734A, synthetic ester-basiéd
40C 104F 23.0 cSt
100C 212F 4.90-5.40 cSt
-54C -65F pour point
Inline configuration (input-output shafts)
b Light-weight rotating components (flight like)
¢ Housing design (modular, possibility of windagecslus)

scale and proportion when design requirements japéeal
to design actual hardware.

Wet/Dry-Clutch

&

Input Output

AT

Star Planetary Over-Running Clutch

High Speed: W/D Clutch Engaged, Cver Running Clutch Free Wheel
Low Speed: W/D Clutch Disengaged, Over-Running Clutch Driving

arequirement dropped due to complexity and budget
b requirement dropped due to scope and budget
¢ not an original requirement

Table 2. Duty Cycle - High Speed & Low Speed Ranges Modules.

Operation time (minutes)  notes
Taxi 4

Ground check 1

(60% power)

Climb to cruise 25-30
Convert (shift) 2
Cruise 180
Transfer altitude 20
Final approach 5
Vertical landing 1

(TBD)

High Speed
Low Speed

60
180

> ~25% (TBD)
> ~75% (TBD)

Figure 2. Initial Concept Schematic.

Two-Speed Drive Rig Modules & Configurations

The test article design is comprised air f

modules consisting of two interchangeable geandraind

two interchangeable clutch systems in a single ihgus
structure as shown schematically in Figure 3 below.

Gear Module Clutch Module

Forward Aft
Bearing Bearing

Hydraulic
Control

(Adapted from Ref. 6.)

Concept Schematic

An initial impetus for a simple light weight contitation
was based on the notional schematic shown in Figurén
this schematic, a couple of observations can beenfad

/ e\ s |
Clutch Sprag

Gear ~ —p4— Low Speed Output
Train Shaft Shaft

Input
Shaft

Figure 3. Modules Schematic.

In the following sections, each of the four modukre

comparison to the designs presented later. Tinetiedie the briefly overviewed below for familiarization of theverall

simplicity of the gear trains and the relative sif¢he main
clutch and the sprag over-running clutch. The ahoil be
shown as unrealistically simplistic and poor inthotlative

test rig configuration. Later in the paper modubre
discussed in detail at the individual component famdtion
level that comprises each individual module, as! wel
comparisons between the complementary modules, (i.e



comparisons between gear trains modules and chystem
modules respectively).

Both gear train modules that follow are interchaide.
High-speed 1:1 is at the central shaft aft flange the low-
speed ~2:1 reduction output is at the ring geapuidpider
hub flange.

(OCQG) Offset Compound Gear Drive. The OCG congifts

an input gear having external teeth, an output mgegr
having internal teeth, and a cluster gear that ihtsnal
teeth on the input end and external teeth on theubend,
mating with the above, and running on a centenlvhih is
offset from the main machine axis. The OCG geginthas
two meshes and four basic bearings, two at thderlgear
and two at the input shaft. The OCG is showniguie 4.

;

Sun
Gear

Ring
Gear

Sun Ring
Gear Gear

i

Cluster Gear
(0CG)

| Offset
Axis

Figure 4. OCG Gear Train Module.

(DSI) Dual Star-Idler Planetary Gear Drive. LikeetOCG,
the DSI planetary configuration consists of an ingaar
with external teeth, a ring gear with internal teetnd the
OCG cluster gear is replaced by a set of threeg&ar pairs,
where the first meshing gear is a planet gear hadécond
meshing planet gear serves as an idler, reverdiey
direction of rotation of the ring gear, such thathbthe input
gear and ring gears rotate in the same directighasn in
Figure 5. Note that the need for reverse rotaititer gears
was a major oversight of the simple planetary mlihseline
schematic (refer to Figure 2) in which the input autput
would rotate in opposite directions as shown in figare.

For both gear trains, the input gears are coupbetheir
respective input shafts using a three-lobe polygioive
geometry and the ring gear is attached to, andesirihe
low-speed shatft.

Star Idler

Input Shaft l

1:1

Carrier (Fixed)

Figure 5. DSI Planetary Gear Train Module.

Dry-Clutch. The dry-clutch is a commercially aedile
small diameter high-performance automotive clutcthw
15,000 rpm capability. It was selected as a baseallutch
due to prior experience of having been employedniather
unrelated test rig application and thought to ke dhickest
to integrate into the overall design. A numberdesign
changes implemented to meet the current design
requirements are described later. This initiakebae clutch
was intended primarily to get the test article dadility
operational and enables tuning of the clutch corslystem.
The dry-clutch arrangement is shown below in Fidure

Dry-Clutch Low-Speed Shaft

N\,

Sprag

Rotating
Feed-Through

Intermediate Shaft

Release Bearing Qutput Shaft

Figure 6. Dry-Clutch Module.

Wet-Clutch. The wet clutch is a NASA design balsesely
on friction/steel drive elements of traditional @ubtive
automatic transmission design and uses automotige w
friction/steel drive plates. A significant differee in the
design compared to common automotive applicatisribat
instead of hydraulic force application to provideet



clamping and power transfer, and mechanical spetepse

of the drive plates, the opposite mode of operaisonsed. Balance Assemblies (OCG/Dry-Clutch)

That is, mechanical springs provide clamping fortes

transfer power through the drive plates and hyiraul

pressure is used to release the drive plates.afitiee meets / \ l v Y \
=t

1 2 3 Ass’y 5 Ass'y 6 Ass’y 1

-.r -

a basic design requirement to fail safe in the {sigbed 1:1 T T, ﬂ-_ll )
direct drive, clutch engaged, hover mode. Thiselhas - 1 0 {_ HA gl
development configuration uses some other comnierc” T @l R :
automotive transmission parts to reduce costs. \Wae | "

clutch design arrangement is shown in Figure 7. 4 Ass'y

Release Piston Low-Speed Shaft Sprag Figure 8. Configuration Balance Assembly Breakdown.

Rotating
Feed-Through

Housing - Base Arrangement: Stations, Module |atss$,
and Bearing Locations. A basic similarity existetvireen
the top two concepts, a gear train coupled to &lelult was
further observed that significantly more technologyd
experience could be gained with lower cost if theve
similarity was exploited. Two of the top three cepts
could be realized, with the third potentially realble, if a
modular design approach was undertaken. It wagftite
decided to create a modular test bed with intergeable
Drive Plates Drive Springs Output Shaft gear trains and interchangeable clutches. The ealbas
enabled additional test configurations over thatadingle
test article initially envisioned.

Figure 7. Wet-Clutch Module.

To accomplish the above, module interfaces were
established that included a number of fixed statidor

bearings and mating flanges. It was further detite

mod_ular (_jesign approach, as well as any gi_ven uver?oregoamore flight-like housing configuration atheign a
configuration assembly, often requires special riosda single common unit to permit more of the budgetbt

considerations. _ Each conflguratlon . has _some Imﬂ]erededicated to rotating components than to multiglesimgs.
geometry that warrants special considerations dt age

those considerations necessary due to the Iacen;fentA common housing approach was also deemed more
modular interfaces. For each yoverall assemtflyetk&ﬂe practical for test rig to permit integration intoet facility,

itiol b blies that spin at diff { dpeesS addition of instrumentation, and maximum accesgjbilIn
mli) ple subI_elssem_ 1es ad_?fpln at : ertenl_ PE fgrr;e i addition, the rotating parts are generally applieab future
sub-assem r']es Spin 'IQE ' (ejreln dcef‘ er mescﬁmrth design whereas the housing is application speaifid best
Egr?:glri)c/;;sc Lﬂg agleséign ebn;oinutr?)rduiisr:gn ggft:ng pzneleﬂ to later development when design requiremdatsa
required for module interchangeability, within somfethe specific application are in play. The most probakpecific

; . . future application is a mid-power level combinedjiee and
obvious balan_ce subassembl_les_. The parting femtvachn transmission test article although funding for shelhdware
modules which occur within an obvious balanc

Yevelopment and testing is not presently available.
subassembly required careful consideration of where P 9 P y

unbalance corrections are made. This is necessggrmit
direct module change out without rebalance of therall
assembly. Taking into consideration the modulerfates
and obvious balance subassemblies, a typical dvetating
assembly requires up to six balance subassembl&is.
detail parts or sub-assemblies were required rettample
overall rotating assembly are as shown in Figur@gus far
the approach to balancing the subassemblies wittutao
interchangeability has been very successful.

Balance Plan for Modular Design. The multi-configfion

The basic test article housing consists of a pi@tiground
base plate with multiple bearing supports that are
horizontally split on the center of rotation to rfora lower
saddle and upper cap and other integral features to
accommodate the rotating assembly. The base ambrsp
are shown in Figure 9. The base plate has longalénd
transverse rails both above and below adding tooteeall
stiffness.



Forward Bearing  Intermediate Aft Bearing Feed-Through

Support Bearing Support Support Support
/Base Rails .
f Plate (Upper I /|
Lower) [z,

Figure 9. Housing and Supports.

The base is enclosed with simple flat plates. Tie of
housing/bearing support arrangement is looselyogjoals to
an axial-split housing where the entire rotatingeasbly is
assembled outside of the housing and installedirwithe
split housing.
configuration is also deemed the most practicabravide
ready access to the rotating assembly and alse &iothe
possibility of adding windage reduction shieldiragel in
testing. The bearing supports, consisting of & lsasl cap,
split on the centerline, were partially machinéxrt located
and pinned on the baseplate, and align bored. aboge
was machined in a single set-up as an assemblgsiorex
that the centerline of each support was in linehwte
others, and also assuring axial position of theicsta
Within the single set-up, the intermediate bearsugpport
which differs between the gear modules, were swidcbut
and finish machined to maintain centerlines andicsta
between all of the modules, and assure interchéiggat
assembly. All machining was completed during aiti
manufacture so that configuration changes in tisée cell
would preclude the need to perform additional maicigi.
The side and top plates are not intended to cané&ito the
overall housing stiffness but provide for contaimtef oil
and possible parts failure.

Due to the difference in length of the basic OCG@ #me
DSI gear trains, the length of the DSI gear traiasw
increased to match the OCG by increasing the ispatt
length and moving the DSI planetary carrier forwarbh
addition, it was necessary that a different supgesign be
created for each gear train. The input shaft hgasupport
and the output shaft bearing support, as well astating
feed-through, were positioned to common fixed otesti
Due to the configuration being a test bed, the al/ézngth
of each module was lengthened somewhat to provadess
buffer space in the event of a need for a sigmficavision
to any of the modules or components contained mvithi
generous envelope was provided for the sprag awering
clutch area providing space for future design fewis

For the test bed housing, the abov -r

Axial position of the overall rotating assemblycisntrolled
at the gear train as shown in Figure 10. Positibrithe
overall rotating assembly is constrained at theutnghaft
duplex bearing set for both gear trains. For tl&G0Othe
cluster gear position is controlled by the clustiemplex
bearing set. For the DSI, the carrier frame isekieo the
support which in turn controls planet gear axiadipon and
also provides anti-rotation reaction point. Thépaoti shaft
duplex bearings are free to float axially for thatm
expansion without increasing or decreasing beatimgst
load (i.e., change axial preloads). The hydraudi@ating
feed-through has no bearings and is non-contaaithgr
than ring seals.

Axial Consfraint - Main Rotating Assembly

]
Axial Constraint — Offset Cluster Gear

Floating - No Axial Constraint

(=N B

Figure 10. Axial Constraints.

The rotating subsystem is fully assembled and led/énto
the bearing support saddles using a special fixtlitee dual
purpose fixture serves as both a structural lifstigg and a
precision lowering/lifting jacking frame to lowdne rotating
assembly in the bearing and seal support saddleere are
multiple simultaneous alignments required while éowg

the rotating assembly into the supports (e.g., @®iier and
OCG cluster assemblies, rotating feed through ramdtion

pin alignment, and a delicate o-ring seal engagémen

The modular base, top, side and end wall configpmat
allows for easy modification to secure and passutjin

instrumentation and any unforeseen needs withopadating

the primary base and bearing support structure. stMo
lubrication supply entry points are located intégrathe
main base. Some entry points for the rotating-tbeough
and main duplex bearings are located integral énatfh end
wall. Openings for drain sumps are integral maetiim the
base, and the sumps are attached from below. Bils ave
split at the shaft centerline for removal. Sealiighe end
walls is done using commercial non-contacting latiir
seals supplemented with splash shields and shatiraiers.



Drive Configurations and Test Status. Assembly evetall
testing has been completed for the first two camfigjons,
Configuration 1: OCG / Dry-Clutch, and Configurati@:
DSI / Dry-Clutch.
Configuration 3 are still being manufactured.

The rotating assemblies for the above three
configurations are shown below for general comparis
Figures 11, 12, and 13 respectively.

OCG Gear
IModule

Dry-Clutch
Cutput Module

Figure 11. Configuration 1: OCG/Dry-Clutch

DSI Gear
IModule

Dry-Clutch

> Cutput Module

Figure 12. Configuration 2: DSI Planetary/Dry-Clutch

TBD-Gear Wet-Clutch
IModule Cutput Module
2 P" SN =3

Figure 13. Configuration 3: Wet-Clutch & Gear? TBD.

Components — Detailed Description of Design Featuse

Dry-Clutch. The dry-clutch utilized in the testiele is not
foreseen as a candidate clutch configuration fa@ ¢nd
application, but as a baseline component used dititdde
test rig operation in the new facility. The abowas the
quickest path to gain preliminary experience irtstg and
varying the period of engagement and disengagerhernt
controls the smoothness of the transition. It desided to
pursue the dry-clutch to get the test article aalify up
and running with the available gear modules anbviolup

with the wet-clutch design in series as soon as gbar
module designs were complete and in manufacturing.

Parts for the wet-clutch used inThe dry-clutch is a commercial product targetedttes

automotive racing market.
capacity for the overall test article.

It has sufficient powed speed
Use of tbedected

teptoduct was also based on previous operationalrexpe

having been used in another unrelated test rige primary
challenge in using the above type of clutch was how
actuate release since the clutch is completelyinvitbtating
hardware (i.e., low speed shaft). This is notdgpin the
automotive application.  Details regarding this iges
restriction are discussed in detail further below.

The friction materials used in the dry-clutch test
configuration are carbon-on-carbon. This frictioraterial
combination was recommended as the best for amcapiph
involving heavy sliding while requiring good wear
characteristics. There are other friction materelailable
but no others were planned to be used with theckngh.
The configuration used is a single-disc type witbwer
capability exceeding the rig requirements. Thetcbluis
available in up to a four-disc configuration fogrsificantly
higher capacity that could permit significant HRrigase.
The commercial clutch is mounted to a clutch huteasly
which includes a rolling element bearing set primgd
support between the input and output shafts. &uely
designed at NASA for another application, the desi@s
adapted for this application. Changes to the iegstlutch
hub design included revision to the forward engrvide a
flange to mate with the output flange of the geaintshatft.
The above afforded an easy integration of the basic
mechanical aspects of the clutch. The basic dricll
assembly is shown on below in Figure 14.

Piston (Release
Bearing Ass’y)

Clutch

Clutch Hub

Hydraulic
Release

Qutput
Shaft

Intermediate
Qutput Shaft

Pre-Load
Spring

Input
Flange

Figure 14. Dry-Clutch.

A major change to incorporate the overall clutcbtem into
the subject test article was the design of theasalébearing



system which is typically mounted to static ground. the
subject test article, the release bearing, beirtpsad inside
of the rotating low-speed hollow shaft, must ratafénis in
turn further requires that the hydraulic connectibe made
through a rotating component connection. Detaflthe
hydraulic release bearing design and related ngtafeed-
through are discussed later in detail as sepacat@anents.

During initial testing some issues arose with thetch
release force/pressure required for this clutcthe flelease
force of the clutch was higher than expected. Eligklease

It was decided to utilize a number of commercialilable
clutch parts. Commercial parts include the tootfradion
and steel drive plates. This saves the cost ofufaaturing
the drive teeth and the process of applying frictioaterials
as well as selecting materials compatible with réguired
lubricant. This is certainly an area for futurevelepment
and is identified as such. Due to the popularftthe base
commercial transmission from which the drive plates
taken, a number of high performance friction platgerials
are available. In additon a number of steel plate
configurations are also available. Two multi-plaiack

pressure caused some system control issues duenp p configurations of differing materials were selectéar

capacity and also fluid leakage. In addition, tiigh release
force and hydraulic pressure negatively
performance of the
hydraulic release signal is passed from a statiotiational
reference frame, and is directly applied to interimg seals.
To address the above, the clutch disc spring andrake
cover assembly parts were altered or remade toceethe
force required to release the clutch. The resals & 50%

impactesimoothness and wear.
rotating feed-through where thdirectly interchangeable, with the inclusion of osmacer

testing to establish a minimum baseline for shiftin
The stacks are of equal theagh

plate. The two available high performance matenall be
tested in the DOD-PERF-85734A synthetic ester-b#isédl
oil and compared. Other options are available e
described as being more of a standard performaraxdeg
Although potentially being life limited, there isale in

lower release force and corresponding lower hydraultesting multiple materials with a goal of identifgi a

release pressure. This was beneficial for rotafeed-
through performance although it did not lessen

aggressive engagement characteristics of the cligsign.
The aggressive engagement characteristic is pardaé to
the friction coefficients as well as the mechanredio of the
integral release mechanism geometry.
friction materials with lower friction coefficientavere
available, the nature of use for this clutch did warrant
exploration. However, exploration of friction masds is
planned with the wet-clutch and is discussed furbietow.

Details of the resulting load reduction on the tiota feed-
through are discussed below in sections discussirey
rotating feed-through and seal rings.

Wet-Clutch. The wet clutch is an all new desigine basic
wet-clutch configuration is shown in Figure 15.

Drive

Release

Plates ™\ Piston "\

Release
Signal

Qutput
Shaft

Orifice Bleed

Figure 15. Wet-Clutch.

suitable range for friction coefficient with regardo

theperability and smoothness of engagement as a beadh

Friction material durability can be addressed ladsr a
development focus area.

While alternaps previously mentioned, to meet the design requere of

failsafe to high-speed direct-drive hover mode, the
driving/clamping force for the friction/steel platées applied
by mechanical springs. This mode of operatiorninslar to
the dry-clutch (i.e., mechanical drive - hydrauktease). A
number of spring types were explored, (e.g., diagm,
spring disc, and helical coil). For both operasiband load
considerations, a soft spring stiffness is desiaed thus
eliminated the diaphragm and disc spring due ty ¥egh
stiffness. Coil springs were identified as thettfesm the
perspective of applied loads and low stiffness.caRewith
the dry-clutch that high spring stiffness and quick
mechanical ratio were short comings relative totmling
smoothness of engagement. Since the springs eetigi
loaded, the mechanical advantage is 1:1, leaviffgess to
be the controlling mechanical variable. Due to design
requirement to failsafe to high-speed direct douwgput, the
springs must be preloaded to the force requiredhferdrive
plates to transfer the required power. To reléhseclutch
requires that the springs be further compressedgchwh
results in even higher spring loads, and requirigdhen
hydraulic release pressure. Hence a soft spriiffpests,
preloaded to provide the required driving force tiwi
suitable margin), and further compressed to releigsthe
lowest overall compressed force possible. Thabasring
the added complexity of some mechanical leveragtesy
Forty three-quarter inch diameter by two inch lengprings
were selected. The selection of coil springs epeing disc
or diaphragm springs is not without a negative etspad
that is achieving and maintaining a balanced aslsenithe
coil springs fit into counter bored pockets. Coegsing a
coil spring results in an increase in coil diametdrhis in
turn requires a clearance between the spring ankiepdo



preclude binding and provides a small error foralabce.
Small centering bosses were integrally machinetthénhub
spring seats. Considering the tradeoffs, thesping was
still selected as the best. A need to changeghiegsforce

Hydraulic Clutch Release. Due to the basic inldreve
configuration, the clutch and the release mechaaigboth
contained within the hollow low-speed shatft, thus tlesign
of a clutch release system for both the dry-cliaod wet-

was realized with the dry-clutch and was accomplish clutch is a challenge, with each requiring somewdifédring

through modifications. For the wet-clutch, sprifogece is

optimized but is also easily adjustable by simptidiag

shims to increase force or by removing springs awel

force. Despite significantly higher release forckse the
lower coefficient of friction of the wet-clutch @tion

materials, release pressure is minimized by usangel area
annular piston.

Clutch Release Closed-Loop Load Path. The desighdth
the dry-clutch and wet-clutch incorporate a clokesp load
path such that the clutch and output shaft cansbenabled
in the preloaded condition and also during openatioe
release loading is not transferred to the main naske
bearings. During operation the above clutch reldasces
are contained within a closed loop load path arel reot
transmitted to either the input shaft bearings wpuat shaft
bearings.

Thus in the assembled state, both clutches areguetl to
the required drive force and released with the iegdpl
hydraulic force, with both the driving force andease
forces contained within the respective assemblies.

The closed-loop load paths for both the dry-cluacid the
wet-clutch are shown below in Figure 16. The doteh
spring load is partially contained in the clutchuking
assembly, and the release load is contained witha
clutch-shaft assembly load path between the beswokgnut
“A” and intermediate shaft aft flange “B”. The weltitch
shaft module drive spring preload also self-corgdiin a
closed-loop load path between the shaft forwandgia“C”
and aft positioned retainer ring/shaft groove “D”.

Closed-Loop Load Path
(Dry-Clutch)

‘ T s 1y o ) A

Closed-Loop Load Path
(Wet-Clutch)

== o 0 N

Figure 16. Clutch Release Closed-Loop Load Paths.

considerations.

For the dry-clutch, the commercially available asle
bearing is typically mounted to a stationary hogsand
hydraulic lines are connected to the pressure eiegg
source. For the subject dry-clutch configuratiarrotating
hydraulic release bearing is required which is §agpoy a
multi-passage output shaft, supplied by the raafieed-
through in which the fluid signal is changed fromstatic to
rotational reference frame (discussed further dowdé¢sign
of the rotating hydraulic release bearing is baseda
commercial static mounted unit. The internal pistbard
stop, and rolling element bearing are used in aigform.

The internal geometry of the housing was redesigioed
rotation, supply entry point, air bleed, and a §larto mate
with that of the output shafts. The impact on dérgal

forces effecting the hydraulic passages was coresidand
deemed small due to the radial dimensions involvé@the

release system requires holding the pressurizelsityiring
clutch release and a vent to purge any air.

For the wet-clutch, the air bleed function is akik via
replaceable twin continuous flow metered bleedica#.

The orifices ensure that the system is bled atra#is during
operation.  Despite significantly higher mechahigpring
forces as compared to the dry-clutch, a substanteiger
annular release piston enables the use of a rellatiow

hydraulic release pressure compared to the drgitluwhere
the annual piston area was approximately one sguahe
The design includes positive lubricant flow withire clutch
to provide cooling to the drive plates, flushingaefar debris
from the area, as well as keeping drive teeth glihes
flushed and lubricated. The system lubricationpbupump
is drawn upon to support these minor flows contiralpand
can be optimized via two replaceable orifices whatle
different than those used to bleed the annulaaselgiston.

Output Shaft (Fluid Passages). Due to the
configuration, in order to provide the requireddlipassages
for both sprag and bearing lubrication, as welpes/iding
hydraulic clutch control, a multi-passage shaftagquired.
The wet-clutch configuration includes a shaft desi) to
provide three co-axial passages. The multi-passaggut
shaft for the wet-clutch is shown in Figure 17. tWfiespect
to multi-passage design, the output shaft for tiyectiitch is
similar and is not shown.

inline



Bearing Jets Drive Plate Jets

Annular Release Piston

.Tﬂ; A B C

) l Oil Inlets

Drains Orifice Drains -
(Bleed)

Low Speed Shaft

Figure 17. Output Shaft & Hydraulic Passages.

Oil flow circuit “A” provides lubrication to the spg and
aft-support bearing, “B” provides hydraulic presstio the
clutch release piston, and “C” provides lubricatiom
bearings and clutch friction/steel plates and dtéeth. The
flows and drains are also shown. The “bleed” isvan

orifice metered flow to bleed the release pistaancher.

An output shaft with three co-axial fluid passagesjuires a
complex three-piece non-separable assembly camgisfia
gun drilled primary outer shaft and two heat-shrifitk
concentric inserts. Following the above assembhal

machining of the exterior is completed (e.g. gnimgdbearing
journals and polygons as required). Radial

diameter of the aft end at the rotating feed-thhostation
are EDM (electro-discharge machined) to precludpging

machining chips which may result from conventiona
The shaft is balanced as ¢

cutting-edge machining.
individual part. Different output shaft designe amployed
for each clutch and are part of the respectiveeblatodule.

The wet-clutch output shaft is more complicatednthiae
dry-clutch output shaft. Added complications arengarily
due to increased shaft length and the addition ofisde
polygon drive feature for the mating clutch. Thifedences
in the output shafts are mainly due to the usermfraber of

passag
connecting the three annular passageways to th&deut

ring seals. The higher pressure passages for yitiedic
clutch release signal are positioned at the innstihocation,
passage “B” in Figure 17, and the passages prayildwer
pressure lubrication flow are positioned outward tbé
above to reduce the net pressure differentialssadtwe ring
seals. Pressures for the dry-clutch are consitjeragher
than required for the wet-clutch. This was govdrry
clutch release force to overcome the mechanicaigpand
existing design release piston size limitations.

The rotating feed-through is comprised of the stetiy

support housing in which a stationary stator is nted. The
stator is sealed at the exterior via o-rings anthatinterior
with ring-seals. The o-rings require care duringtallation

to avoid chafing/tearing at the longitudinal edgesthe
centerline (at cap to saddle interface) in thet splpport
housing. The stator has two anti-rotation pinsciwhengage
with the main housing. A rotor is mounted on thafsand
includes exterior grooves in which the ring seale a
installed. The stationary fluid connections aredm#o the
exterior of the housing and transferred through stegor,
into the rotor, and then into the shaft passagése three-
channel rotating feed through is shown in Figure 13il

“A”, “B”, and “C” functions below are as describearlier.

Qil Ring
AB.C Seals
|

Qil Inlet Ports
A B.C
i

0O-Rings

Feed-Through \ Main Housing Aft Wall

Figure 18. Rotating Hydraulic Feed-Through.

commercial and NASA designed parts which make @ th

dry-clutch configuration as well as being able &zampose
the dry-clutch shaft into intermediate and aft ised.

Rotating Feed-Through. A rotating feed-througheguired
for lubricating the sprag and local bearings, tovjae the
hydraulic control signal, and fluid flow other asewithin
the clutch (wet-clutch only). No commercial coniigtion
could be located that met the physical size andephent
requirements as well as operate at 15,000 rpm. ilafla
products being of physical size were generally dpiesited
to approximately 5,000 rpm or less. Those produdtEh
had the speed capability were typically both sizé ehannel
count limited. To meet the design requirementgHertwo-

Ring Seals. Initially metal ring seals were used Wwere
observed to experience high rates of wear. This paatly
due to the initial high release pressure requioedie dry-
clutch and high operating speeds, both exceedirtglmeg
seal capabilities. Current design automotive trassions
incorporate ring seals made from Ve$peh polyimide
material, (Ref. 7). Vesp®lrings seals, coupled with the
lower pressures resulting from modifications to itiry-

clutch, significantly reduced ring wear at the hjgtessure
passage and nonexistent at the 80 psi lubricatiasgyges.
Pressure and tangential speed are two paramestrdithate

ring seal performance. Earlier it was pointed ih#t the

dry-clutch release force was reduced by modifyihg t
clutch spring stiffness. Further release pressadeiction

speed drive, a three-channel design was develoggtj U could be obtained by increasing release piston lueavas
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not feasible. Within the new wet-clutch desigre telease
piston area is increased to reduce required hyidregzlbase
pressure to offset significantly higher clampingrcés
required for wet-friction drive plates due to ineetly lower
coefficients of friction compared to dry frictionaterials.

Gear mesh and rolling element bearing efficiencyigh,
thereby ring seal drag becomes a significant doutior to
overall system drag and was particularly evidernthvhe
initial high release pressure of the dry-clutched&ction in
clutch release pressure directly reduces oversiery drag.

In the wet-clutch design, release pressure is déuméduced,
and is on the order of twice the bearing lubricajoessure,
or 145 psi (1MPa), yielding a delta-pressure dromss the
ring seal nearly equal to that of the pressure dbphe
lubrication passage to atmosphere. This reductias
achieved by an increased release piston area. albbee
yields an ideal pressure distribution across afj seals and
is expected to operate at nearly the same delssyire The
ring seals for the wet-clutch are anticipated tdquen well
with reduced pressure differentials. The abovelt®sno a
significant improvement to the boundary conditiosusd
within capability of Vespél ring seals.

Sprag (Overrunning Clutch). An automotive spraghva
torque capacity exceeding the design requirementtife
two-speed drive was selected as the initial ba$ise sprag
is a sixteen element configuration. Inner and rouéees
were designed by NASA. The installation includes
generous geometric envelope for the sprag and races
future development as the sprag was identifiedegsiring
future focus development. Sprag lubrication isvigted at
the inner race by a dedicated direct pressure-femd a
passage in the output shaft. Design of the rajatéed-
through assembly and output shafts are clutch digren
and include separate passages for sprag and bea
lubrication permitting independent flow adjustment$he
sprag installation is shown in below in Figure 19.

Hub
(Outer
Race)

Low-Speed Shaft

Sprag Sprag

Oil Inlet (Shaft Feed)

A-A Drain (Hub)

Figure 19. Sprag (Low Speed Drive).
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Initial checkout testing indicated that the lubntdlow to

the sprag was insufficient and was increased. dutitian,

the lubricant flow was observed to pulse slightlyt is

believed that this condition is due the number gglaments
being an integer multiple of the lubrication pagsaf.e., 16
elements vs. four lubricant supply passages). dlbmve
geometry causes the lubricant inlet and outletgggessto be
intermittently blocked. Future design will increashe
number of supply feeds at the inner race as we#l akght
increase in the number of drain passages at tlez cates.
In the test rig hardware, additional supply passagere
added at a one-half sprag element angular spaocinthé
wet-clutch design. This was readily accomplishgdtte

addition of a circumferential groove at the insitigmeter of
the inner race and the addition of four radial ba one-
half sprag element spacing for the wet-clutch. therdry-
clutch design, a dam/deflector is added inside sheg
mounting hub to minimize lubricant entrance to thetch

local area. Increased drain capacity would be fi@akto

aid in keeping lubricant from the vicinity of theyeclutch.

This consideration does not apply to the wet-clutch

A shortcoming was identified in the design of th@yioal
sprag installation which allowed non-uniform loagliboth

in the driving (loaded) and free-wheeling modes of
operation, when used with the OCG Offset CompourdrG
Drive. Due to the single mesh engagement of th& Ofh
asymmetric load is transferred into the ring geiduys
generating an overturning moment which transferred
through the low-speed shaft to the sprag outer. racansfer

of this load to the sprag was not recognized dunitgl
design. To investigate low speed shaft movemeattduhe
overturning moment, radial proximity instrumentatizvas
added to monitor the low speed shaft. From testhange
in low-speed shaft position was measured when 86 O
transitioned from free-wheeling to driving mode.

ring

Since the initial sprag installation design did motlude
straddle bearing support, the configuration wassegl to
include the needed aft bearing at the sprag. Usieg
available design envelope space to advantage &eafing
support was incorporated. The low-speed drum wiith
gear at the forward end and sprag on the aft endow
supported on a duplex bearing set. All other duple
arrangements in the overall drive design employbnek-to-
back arrangement to maximize moment resistance to
maintain input and output shaft alignment. Duethe
overall length of the low speed shaft assembly atner
geometric considerations, the face-to-face arraegénms
employed. This duplex bearing set is axially padied as
are all other duplex bearing locations in the olatasign.

In this instance, a spring is used to apply thelopde
whereas in other locations, universally ground ibgar are
used in conjunction with matched length inner amteo
spacer tubes. Looking back, the single forwardibgaand
lack of an aft bearing at the sprag was a sigmficaersight
and should have been included for both gear trains.



Offset Compound Gear Drive. The OCG innovation
based on a novel inline gear train which provide§0a
percent speed reduction in two stages, or mesthiéging
only three gears (Ref. 8 and 9).

The heart of the concept is the offset cluster,gghich uses
internal teeth on the input and external teeth hen dutput
end, thus allowing it to simultaneously mesh iniesemwith
both a smaller external tooth input sun gear arldrger
internal tooth output ring gear. Within this gedrgethe
cluster gear rotates on a separate axis offset th@rinput
gear and output gear, which both rotate on the madxis.
The cluster gear replaces six planet gears required
comparable simple planetary stage.
eliminates the need for a reversing function asired with
a conventional planetary gear train. See Figurlee2@w.

Cluster Gear
(OCG)

Sun
Gear

Ring
Gear

—
S i =
/ N\ .

f \] ) sl =T T, *-l’“
'\\ "..f! ’ o |~ o
N Nses N

Duplex % ;
Bearings

Of'set (il Jel) Oil Slinger

Auis Ait Bearing

(Grease or Qil)

Figure 20. OCG Gear Module.

Note in the above that all bearings are oil-jetricdted
except the aft bearing, which is grease lubricathdn used
with the dry-clutch and also includes a forwardstihger to
protect against the mesh oil jets, and is replagéd an oil-
jet lubricated bearing when used with the wet-¢lutc

The OCG configuration is a simple gear arrangeméiht a
number of benefits. Compared to a planetary geém bf
equivalent ratio, the OCG configuration
significantly reduced gear and bearing count. TG
intermediate gear and bearings spin at signifigalaiver
speed compared to intermediate planet gears.

The offsettalus

bearing lubrication points were single point. Wdas in a
ifollow on, higher power design, the bearing jetrdowould
likely be increased for reliability from a singlet jto two or
more lubrication jets as a function of bearingingllelement
pitch circumferential length, and is easily accasipd.
The temperature of each bearing in the test rigasitored
using a single spring loaded thermocouple located
circumferentially at the load reaction line. Thabrication
points and thermocouple locations are shown foh kibe
input and output gear meshes in Figure 21 below.

Qil In (Typ) Mesh 1 Qil Jets

AN

Béaring TC
(Typ)

Figure 21. OCG Gear and Bearing Lube & Temps.

The OCG is not without some negative aspects. |alge
diameter of the cluster bearings result in incréagich
circumferential speed of the balls and cage. Daelihg on
the cluster support bearings is increased dueda@dsition
of the gear teeth loads being outboard of the bgsriand
the offset axis of the cluster gear relative to tentral
machine axis. However, comparing a single offseé$ &
the multiple axis of planet gears, a single oféses is not be
all that negative as will be shown below in thecdiggion of
the complementary planetary gear module.

During the course of establishing a balance plantlie
OGC module it became apparent that the cluster gear
assembly did not lend itself to a simple balandeugeon
any of the balance machines available in-house ASAN
GRC. Since this configuration must be balancedhigh-
speed operation, a major concern arose. This hedirst
potential shortcoming for the OCG and a potenteddiend
for follow on consideration if not resolved. A sbtibn to
this dilemma was devised using the input shaft supdt
gear to drive the cluster gear, both individuallgunted on

featureseparate rollers, on two axis separated by the @ff®t,

for a balance check in lieu of traditional direeltbdrive.
The above set up required separate bearing sugdportise

T®€ Ojnput shaft and an additional bearing supportsysae§l for

cluster gear teeth do not experience reversed bendithe offset axis, as well as the sensor supportthcluster,

common to planet gears in a planetary gear traieeby
potentially extending intermediate gear tooth lifthe OGC
configuration allows for both simplified optimal ste
lubrication and cooling since it requires only fdotal oil
jets to provide for mesh-in flow and mesh-out flatveach
of the two meshes. In addition, bearing oil jdbrication
requirements are minimal since the configuraticsersally
requires only four main bearings. In the test repign,
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to obtain the mass unbalance readings requirecate rany
needed mass correction. The initial concept laj®shown
in Figure 22a and a photograph of the balance macéet
up is shown in Figure 22b. A setup like this Inader been
done in the GRC balance shop. The balance wagssfat
and resulted in relatively smooth operation intte rig.



| OCG Cluster Ass'y | The design of the DSI planetary gear train and stupp
carrier is more complicated than that of the OC®@ ttuthe

significant increase in gear and bearing parts and the
required lubrication points and thermocouple terapee

- — ¢ >Imo ;
‘F_—"i—g— M— measurement points. There are significantly motie af
Drive i” 7 7 T revolution for the DSI planet star gears as contpahe
Belt / VA - // single offset axis for the OCG cluster gear. Thiewe the
%/// ] / 0CG desired accuracy in planet axis positions, the ierarr
_ 7 n Offset assembly requires simultaneous match machiningssara
_ ] B y req &
ori // L n 7 ciL that the locations for the planet bearing bores atkr
e W7 . features crossing the three-plate construction iarghe
System // v . - 9 P
// % n / proper positional relationship to the machine a@raxis as
/// 7 ' / well as being individually coaxial thorough thedamlates.
- 7 o
N7 T b el 77 The number of gear meshes and bearings in the DSI
SShaﬂrl SC‘”S‘E; SShaﬂrl increases the complexity of the lubrication delvsystem.
uppo upports uppo

The star-idler planet gears require oil jets atheat the
twelve support bearings. The six star gears requine
mesh lubricating and cooling oil jets. Some of thesh oil
jets were not incorporated due the more importaednto
provide thermocouple temperature monitoring forheat
the twelve planet bearings (i.e., nine mesh jetsnas
optimal). Providing bearing temperature monitorigk
precedence over providing optimal gear mesh lubdca A
spring-loaded thermocouple is located circumfeediytiat
the bearing load reaction centerline. An expibdiew of
the carrier plate assembly and lubrication hardwasembly
side-elevation is shown in Figure 24.

a) CAD Layout.

Qik-In Spacer Planet Pass- Qil-In
(Typ) Sleeve Gear Thru Plane
~a @ &

R & | 1] =gz e
b) Balance Shop Set-Up. S L‘ | N
) . ‘—";"E | ”'""""'r[:
Figure 22. OCG Cluster Gear Balancing. Brg _y!| HEERE Brg
Jet Jet -
Fud Af Ty,
¥ J-Plate
Carrier

Dual Star-ldler Planetary Drive. The DSI planetigry
shown below in Figure 23.

Figure 24. DSI Carrier Ass'y and Lubrication.

Significant reduction in planet bearing loads aalized by
operating the gear train in the design directiorratétion,
compared to operating in the opposite directiorhe DSI
design minimizes the planet bearing loads. A namioad
reduction to 50% at the star and reduction to 6V%eaidler
is shown in Figure 25. Reduced loads are dueptmrtzon of
the planet bearing loads reacted by the sun aryl gear
teeth whereas operating in the opposite directie gear
tooth loads are reacted solely by the planet bgarin

Figure 23. DSI Gear Module.
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Figure 25. DSI Planet Bearing Loads vs. Rotation

Comparison of Design Parameters for OGC vs. DSCGO
gear parameters are shown below in Table 3 andge&i

parameters are shown in Table 4. The differenceutput

ratio of the two gear sets is due to adjustinghtamunts to
obtain a hunting-tooth gear configuration for imgd life.

Table 3. OCG Gear Parameters.

Material: 9310, Backlash: 0.006-0.011 inch, Widit875
inch, Contact Angle 20°

Gear _ Pitch _ Pitch Dia (inch) Nt  Rpm
Input 8.727 2.865 25 15,000
2 8.727 4.240 37 10,135
3 8.0 3.875 31 10,135
Ring 8.0 5.250 42 7,481

due to mesh count (load sharing), axisymmetric nen-
axisymmetric geometry, and physical size.

The bearing location, speeds, and sizes are sumedari
below for the various configurations. OCG bearing
parameters are shown in Table 5. DSI bearing peaters
are shown below in Table 6. In both tables,ys the
bearing outside diameter, anglyds the bearing bore, units
in millimeters.

Table 5. OCG Bearing Parameters.

Site Rpm Size By Chbrg dN factor
Input 15,000 206 62 30 450,000
2 10,135 1822 140 110 1,114,850
3 10,135 1822 140 110 1,114,850
Ring 7,481 210 90 50 374,050
Table 6. DSI Bearing Parameters.
Site Rpm  Size Bq Obrg dN factor
Sun 15,000 206 62 30 450,000
Star 39,474 202 35 15 592,110
Idler 37,500 202 35 15 562,500
Ring 7,426 210 90 50 371,300

From the above tables it is observed that the OCGier
gear bearings rotate at a slower speed comparéte tBSlI
planet bearings. However, due to their physicaé,sthe
resulting dN values for the OCG bearings are sulisiy
higher than those of the DSI planet bearings. &kteeme
speeds of the DSI star-idler gears limits the lergjtservice
due to the shorter time to accumulate cycles.

Table 4. DSI Gear Parameters.

Material: 9310, Backlash: 0.010-0.015 inch, Widit600
inch, Contact Angle 20°

Gear _ Pitch _ Pitch Dia (inch) N  Rpm
Sun 12 4.1667 50 15,000
Star 12 1.5833 19 39,474
Idler 12 1.6667 20 37,500
Ring 12 8.4167 101 7,426

Duplex bearing sets at the input and output shafteze
machined equal-length spacer sleeves at inner amer o
races to achieve their axial preload. All centshiaft
bearings are oil jet lubricated with a single etl, jout are not
located at the angular orientation of maximum raktiad.
Each bearing is instrumented at the outer racéatidad
reaction angular location with spring loaded therouples.
For a follow on application design, the above beguail jet
count would be increased. For the test rig it ook an
easy revision to increase the oil jets at all shadations
other than DSI planet gear bearings but testingcated it
was not necessary. Main bearing drains are ow&tsiz

Bearings - Input / Output Shaft and IntermediaBzarings
at the input and output shafts for the various nexlare the
same respectively. A dedicated set of bearingssésl for
each module since they become part of the overtdting
assembly, precluding the need to fully disassemabfgior
configuration to reuse bearings. Radial loadshatihput
shafts differ due to the respective gear moduleghis
difference is minor. From the tables above itiersthat the
speeds of the intermediate gear elements differifgigntly
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Duplex bearing sets at the OCG cluster use mactegedl-
length spacer sleeves at inner and outer raceshteve their
axial preload. Duplex bearing sets at the DSI gigantilize
conical bearing springs to provide axial preloddrains for
the OCG cluster gear support structure are equatiple
replicating those in the main bearing configuratised for
the input and output shafts. The drains at the [@&ietary
are limited and additional drain holes would beuissf.



Retaining Rings. Retaining rings are used in theral
design to reduce costs of fabricated parts, rediedght, and
reduce the use of commercial fasteners, as welkoas
improve/simplify assembly and disassembly. A niegat
aspect of using retainer rings is the need to adctmr the
inherent unbalance. This is particularly a probfemhigh-
speed hardware when using large diameter rings eminer

unbalance can be substantial (e.g., OCG cluster).ge&prag.

Balanced rings are commercially available but aqgeasive
and often larger quantities of rings must be ordler8ince a
significant number of retaining rings are usechia modular
design, with some quite large, an

pack/sealed bearing. In both the OCG and DSI gaars

the ability to also use oil-jet lubricated beariexjsts when
used with the wet-clutch due to incorporation of jei

supply passages in the wet-clutch design. Althomngh
service issues were encountered, the slinger eutkaeter
should be increased in such a configuration. Ningks are
planned due to the planned short term use of theldtch.

The current sprag and race hardware willidesl
with the wet-clutch configuration. However, a st
made-for-application sprag and sprag races shodd b
considered in future development, such as the deasfigan

in-house balanaetermediate power level drive. An optimized desgprag

methodology was developed to eliminate the need faoonfiguration for intended operation as well aseriats and

clocking & match marking retaining rings during esbly.

surface enhancements for added durability requioeda

The ring unbalance mass correction was calculatedl amid-power level model demonstration should be used.

machined. No further corrections were requiredtypical
retainer ring unbalance mass correction of preddfidrilled
holes is shown below in Figure 26.

Figure 26. Retaining Ring Unbalance Mass Correctian

LESSONS LEARNED
(FROM ABOVE DESIGNS)

Housing Considerations. Specific to the test Ertiousing,
the housing side walls leaked at the base. Opiogisions
at these locations were intentionally excluded tmst
reduction due to this joint not being one that woble
disassembled following the initial build. It wdsought that
minor leaks would not be a concern in this arelaeakage
was minor, but o-ring grooves and o-ring stockpasther
joints should be added.

Oil control. For the OCG, when used with the diytah,
the oil slinger located at input shaft aft endrisufficient
and allows oil to enter aft bearing as discussebtistiown in
Figure 20. This applies only when used with the-dogch
since the aft bearing for this configuration is eeage-
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The feed and drain holes in the inner and outersrabould
be changed from present design and not coincidanas
integer multiple of the number of sprag elementprivent
simultaneous fluid flow blockage of elements, a thner
and outer races. The above should be increasedfégtor
of two such that the second additional set of feads is fed
from the same supply and are located at one-halfgiag
element angular spacing to completely preclude gupess
blockage and increase oil distribution during frdeeeling.

Based on the addition of an aft sprag support bgarm
better fully-integrated straddle duplex bearingaagement
to support the OCG overturning moment imposed an th
low-speed shaft as well as prevent directional ilogdf
sprag during free-wheel should be used. AltholghDRSI
gearing does not create the same overturning moasettte
OCG gearing, the aft-sprag bearing, thus formirgduplex
bearing set for the low speed shaft assembly (gegr,
shaft, sprag hub) is required for any follow oniges.

Rotating feed-through. Optimize the diametershef totor
and stator to increase net area in contact wite fade of
seal to reduce net pressure on sealing face anatedte
effective pressure on the contact area, therehycned wear
and improving service life. Low wear, high-speathrseals
such as the Vespel material are required. Rinbdsag is a
significant contributor to the overall system drageduced
clutch release pressure directly reduces oversiery drag.

Shafts and Couplings (Input/Output). Positive dikey and
grooves at input/output should be used in lieu apet
friction lock as initially used in the test rig. h& taper
friction lock configuration was employed because of
apparent advantages of interchangeability and estluc
balance mass corrections, and ease of assembbgeinaly.
No further issues with slippage of the taper loeksre
realized once the motor control and torque limitsrev
revised from initial settings. The use of tapeklbubs was
considered only for this test article as a perakive
simplification and not for follow on higher poweesigns,
which would be designed for specific interfaces.




FUTURE DESIGN
Planetary Differential (Leveraging the DSI Design).

A dual-input planetary differential has merit agpassible
variable-speed positive drive and was the thircectet
concept (Ref. 4) for possible future developmdRecently a
paper-design for a configuration based off of theSR DSI
planetary configuration was initiated. A brief oview of
the configuration is provided below.

During the design of the DSI dual star-idler fixedrrier
gear train, a significant challenge was providiflged mesh
lubrication and mesh cooling, as well as planetihgaoil-
jet lubrication. Due to the number of gears andrings,
any planetary gear train, even a simple planetay
considerably more complicated to lubricate than @@G
configuration or a parallel shaft configuration.

For the subject dual-input planetary differentiafive,

providing oil-jet lubrication to a rotating carrigith planet
gears and bearings mounted within is a significaotease
in complexity over the fixed-carrier DSI.

A starting point in the development of a possiblaldnput
planetary differential configuration is to leveragbe
matured design basis of the DSI planetary gean fiai the
basic planetary differential. Immediately the diggsarises
as to what is the best approach, carrier-contrth wing-
output, or, ring-control with carrier-output? Funlling the
creation of a few concept study
configurations, it appears employing carrier-cantwith
ring-output is less complex to develop. That isuasng
intent to utilize some of the existing DSI testdware.

For the present, consideration of the requireméotsa

second input and identification of a suitable secmput is
deferred. A secondary low level task, by othessthe
consideration and possible identification of aali second
input source but is not within current scope. Atiten is

solely focused on the gear train.

The initial challenge to provide carrier rotatiamdarequired
bearing lubrication. Having the initial design isaim hand

could then permit further development of the abowe a

more complete design. From this, a carrier coletol
(brake/release), or a dual input (fully variableeygb control)
device, can be realized.

The second challenge is to provide lubricationhi® planet
gears and bearings on the moving carrier. Thedmstoach
is to provide direct jet lubrication supplied fromithin the
rotating shaft, directed radially outward to theguieed
lubrication points. This is in contrast to attemgtto spray
lubricant inward on a rotating object (splash lahtion).
Also part of the second challenge is supplyingto@igears
which are spinning on their
simultaneously revolving around the primary machaxes
(i.e. star and idler gears on a revolving carrié$. was done
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layouts of bott

in the DSI design, it is advantageous to provideasse
channels/circuits for bearing lubrication and daérication.

It is believed that a dual-input planetary diffaiah
configuration can be leveraged from the NASA DSI
planetary gear drive, coupled with leveraging adebacing
of few other aspects of the overall drive desighe basis of
the rotating feed-through, ring seals, can be byed to
provide an integral lubrication system for the glagears
and bearings supplied through a multi-passage.st&ifice
there are planet bearings fore and aft of the suh rang
gears, lubrication must be provided individuallydoth to
the forward and aft planet bearings. Gear meshclation
and cooling can be provided from either side, buw t
obvious choice is from the forward end due to tve-$peed
putput shaft blocking access to the aft planetibgar

A possible design of the gear train for a 1:1 tbratio range
dual-input planetary differential with carrier-cooit ring-
output is shown in Figure 27.

Carrier
Input Variable
(Aor BT Qutput

Flanet
Qil Jets

Iain
Input

[/t T

=]
I
::: .—'.:::ﬂ

Rotating
Feed-Thru

Figure 27. Planetary Differential CAD Layoult.

Drains

CONCLUDING REMARKS -
RECOMENDATIONS

This paper has summarized the conceptualizatiosigule
manufacture, and initial testing of inline two-sgegrives
for advanced design tilt-rotor helicopters to pdevreduced
rotor speed. Two gear trains are offered for awersition.

A number of areas were identified for detailed dgwment
or possible alternative designs. Advancing theseponent
level areas is critical to the success of an ol/eyatem.

In addition, a number of lessons learned from #s&gh and
initial testing of the first two configurations ofir two-speed
drive rig. Some lessons can be used in the desfigin

intermediate power version while some may be apblecto

other designs using similar components.

own axis and alsdrinally, the basis for a gear train concept wasqmeed that

could be used as part of a variable-speed geag dyistem
based on a dual-input planetary differential drive.



Author contact:

Mark A. Stevens mark.a.stevens@nasa.gov

David G. Lewicki david.g.lewicki@nasa.gov

Robert F. Handschuh  robert.f.handschuh@nasa.gov

REFERENCES

1. Johnson, W. and Yamauchi, G.K., Watts, M.E.,
“NASA Heavy Lift Study,” NASA/TP-2005-213467, 2005.

2. Kish, J., “Vertical Lift Drive System Conceptusites
Variable Speed/Two-Speed Transmissions”, NASA/CR—
2002-211564, ARL-CR-495, 2002.

3. Bossler, R.B. Jr., “Vertical Lift Drive System
Concepts Studies,” NASA/CR—2002-211563, 2002.

4. Stevens, M.A., Lewicki, D.G., and Handschuh,.R.F
“Variable/Multispeed Rotorcraft Drive System Contp
NASA/TM-215456, ARL-TR-4758, 2009.

5. Stevens, M.A., Lewicki, D.G., and Handschuh,.R.F
“Concepts for Variable/Multi-Speed Rotorcraft Drive
System”, American Helicopter Society '84nnual Forum
Proceedings, Montreal, Canada, April 2008, NASA/TM-
215276, ARL-TR-4562, 2008.

6. Snyder, C.A., "Defining Gas Turbine Engine
Performance Requirements for the Large Civil TitthRo
(LCTR2), NASA/TM-2013-218101.

7. Internet - DuPont Paper on Vespel Ring Seals
http://www2.dupont.com/Vespel/en_US/assets/dowrdbad
espel_s/Vespel2515WhitePaperVan_Ryper_Sekiguchi.pdf

8. Stevens, M.A., Handschuh, R.H., and Lewicki, D.G
"Offset Compound Gear Inline Two-Speed Drive" U.S.
Patent No. 8,091445, January 2012.

9. Stevens, M.A., Handschuh, R.H., and Lewicki, D.G

"Offset Compound Gear Inline Two-Speed Drive" U.S.
Patent No. 8,668,613, March 2014

17



