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- absolute filter rating

- residual stress

- degrees of roll at highest point of single tooth contact (HPSTC)
- degrees of roll at lowest point of single tooth contact (LPSTC)
- poisson's ratio

- poisson's ratio of fibers

- coefficient of thermal expansion

- transverse coefficient of thermal expansion

- coefficient of thermal expansion normal to fiber orientation
- ultimate transverse tensile strain

- ultimate tensile shear strain

- ultimate compressive strain normal to the fiber orientation
- transverse ultimate compressive strain

- ultimate tensile strain normal to the fiber orientation
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AEO
AGMA
AHIP
AMS
ANSYS
ART
ASME
ATCI
AVSCOM
BHTI
CBN
CEVM
CNC
C/p

dB
dBA
D-H
DOC
EHD
FAAV
FEA
FM
FESTC
GAG
GFY
GPM
HCR
HOGE
HP
HPSTC
ICDS
IR&D
IRP
KSI
LAF
LOL
LPSTC
LTCA
MTBF
MTBR
NASA LeRC
NOE
ODA
OEI
PD
PEEK

LIST OF ACRONYMS

- all engines operative

- American Gear Manufacturers Association
- Army Helicopter Improvement Program

- American Materials Scoiety

Analysis Systems (finite element analysis software)
- Advanced Rotorcraft Transmission

- American Society of Mechanical Engineers
- Advanced Transmission Components Investigation
- Aviation Systems Command

- Bell Helicopter Textron Inc.

- cubic boron nitride

- consumable electrode vacuum melt

- computer numerically controlled

- capacity/load in pounds

- decibels

- 'A' weighted decibels

- double helical

- direct operating cost

- elastohydrodynamic

- Future Attack Air Vehicle

- finite element analysis

- frequency modulated

- first point of single tooth contact

- ground-air-ground

- Government Fiscal Year

- gallons per minute

- high contact ratio

- hover out of ground effect

- horsepower

- high point of single tooth contact

- interconnect driveshaft

- independent research and development

- intermediate rated power

- thousand pounds per square inch

- life adjustment factor

- loss-of-lube

- low point of single tooth contact

- loaded tooth contact analysis

- mean time between failures

- mean-time-between-removal

- National Aeronautics and Space Administration, Lewis Research Center

- nap of the earth

- offensive deep attack
- one engine inoperative
- pitch diameter

- polyetheretherketone

XV




PLANETSYS
POL

PSI

PV

Rc

RCF
RMC
RPM
RTM

S-N
SABP
SAWE
SLS

SOA
SOAT
STD
TBO
TCA
TDC
TOPREM
TTI

TTR
VAR
VIMVAR
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planetary bearing system analysis software
petroleum, oil, and lubricants
pounds per square inch
pressure-velocity

rockwell 'C' scale

rolling contact fatigue

root mean cubed

revolutions per minute
Rolls-Royce Turbo Mecca

stress level vs. cycles to failure
self-aligning-bearingless-planetary
Society of Allied Weight Engineers
sea level standard

state-of-the-art

state-of-the-art transmission
standard

time between overhaul

tooth contact analysis

thin dense chrome

spiral bevel gear flank modification
Transmission Technology Inc.
Tactical Tiltrotor

vacuum arc remelt

vacuum induction melt, vacuum arc remelt
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1.0 SUMMARY

Future rotorcraft transmissions of the 1990's and beyond the year 2000 require the incorporation of key
emerging material and component technologies using advanced and innovative design practices in order to
meet the requirements for a reduced weight to power ratio, a decreased noise level, and a substantially
increased reliability. The specific goals for the future rotorcraft transmission when compared with a current
state-of-the-art transmission (SOAT) are 1) a 25% weight reduction, 2) a 10dB reduction in the transmitted
noise level, and 3) a system reliability of 5000 hours mean-time-between-removal (MTBR) for the
transmission. This report summarizes the work conducted by Bell Helicopter Textron Inc. to achieve these
goals under the Army funded and managed Advanced Rotorcraft Transmission (ART) program contracted by
NASA Lewis Research Center (Contract No. NAS3-25455). This effort was conducted from 1988 to 1995.

The program was basically divided into the following sub-tasks:

- Selection of the procedures and ground rule assumptions to be used in conducting the tradeoff
studies to accomplish the program goals. These included the selection of a reference aircraft and a
reference SOAT.

- Preliminary design of an ART for the reference aircraft including tradeoff studies to optimize the
design to meet the program objectives.

- A mission analysis to determine the impact of the ART on the reference aircraft mission,
performance, and operating cost.

- Detail design and analysis of the critical components and subsystems of the ART selected for
substantiation tests.

- Manufacture and testing of the selected test components.

The reference aircraft selected by BHTI for the ART program was the Tactical Tiltrotor (TTR) a 17,000 1b
gross weight aircraft which meets the requirements for the Future Attack Air Vehicle (FAAV). The SOAT
selected for comparison with the ART was the left hand side transmission from the XV-15 tiltrotor. To
account for the difference between the power levels of the XV-15 and TTR, a paper study was conducted to
upgrade the XV-15 transmission to TTR power and speed requirements including the weight, noise, and
reliability levels.

The selection process for the ART preliminary configuration was centered upon defining the best gearbox to
meet the ART requirements for weight reduction, noise reduction, increased component life, and airframe
and control restrictions associated with the reference aircraft. A configuration tradeoff study was conducted
to determine the lightest transmission that could fit into the available envelope permitted by the reference
airframe and rotor controls. The three major factors contributing to the final configuration selection were the
number of reduction stages in the input helical gear train, the number of planetary systems and the location
of the overrunning clutch. The ART incorporates a two stage reduction input helical train and a single stage
reduction planetary system output to the proprotor. The overrunning clutch is located at the transmission
input from the engine. Based on the results of the design tradeoff studies, this transmission meets the three
stated goals of the program. The study comparing the SOAT with the ART showed the ART to be 29%
lighter, and up to 13 dB quieter than the SOAT. The calculated MTBR for the ART was in excess of 5000

hours as compared to 3845 hours for the SOAT.



The high risk component and material technologies selected for the component testing portion of the ART
program include the following:

- Sequential meshing high contact ratio planetary with cantilevered support posts

- Thin dense chrome (TDC) plated M50 NiL double row spherical roller planetary bearings

- Reduced kinematic error and increased bending strength spiral bevel gears

- High temperature WE43 magnesium housing evaluation and coupon corrosion tests

- Flexure fatigue tests of precision forged coupons simulating precision forged gear teeth

- Flexure fatigue tests of plasma carburized coupons simulating plasma carburized gear teeth

The tests conducted on the high contact ratio planetary were highly successful substantiating the integrity of
the lightweight design. The planetary demonstrated a gear tooth scoring resistance in excess of 650° F and no
gear tooth bending fatigue failures after one million cycles on the planet pinions at 220% load. A four hour
loss-of -lube (secondary air/oil mist only) test was successfully run at aircraft operating conditions with no
failures of any of the planetary components. A 250 hour pitting endurance test was conducted with no gear or
bearing pitting failures.

Tests conducted on the improved spiral bevel gears demonstrated up to an 18 dB noise level reduction
provided by the reduced kinematic error geometry and a 50% reduction in the measured vibration levels.
Incorporating an increased radius fillet into the gear tooth root produced up to a 24% reduction in the
measured gear tooth bending stress. Scoring tests were conducted at 150% load with both DOD-L-85734 and
MIL-L-7808 oil at 390° F with no gear tooth scoring observed.

Fatigue tests conducted on carburized, ground and shot peened notched flexure specimen manufactured from
precision forged X-53 blanks demonstrated a 20% increase in bending fatigue strength over specimen fully
machined from X-53 bar stock. Additional notched flexure fatigue tests showed a slight decrease in the
bending fatigue strength of plasma carburized specimen compared to those carburized using the conventional
gas carburizing process.

Corrosion tests conducted on ZE41 and WE43 magnesium demonstrated the superior corrosion resistance of
the WE43. Its non-galvanic corrosion resistance is similar to A357 aluminum. To prevent galvanic
corrosion, a sealing system was developed using DOW 17 and a resin topcoat which effectively insulates the
magnesium from galvanic potentials. A 576 hour corrosion test conducted on a fully sealed WE43
magnesium housing produced very little corrosion.



2.0 INTRODUCTION

With the increased performance demands placed on future rotorcraft, it has become essential that an all
encompassing design and test program be implemented in order to provide an advanced technology drive
system capable of meeting the performance objectives for future rotorcraft. The three areas of greatest
concern to improved drive system design are reduced weight and size, reduced noise level, and increased
reliability. Bell Helicopter Textron Inc. was contracted by NASA Lewis Research Center (Contract No.
NAS3-25455) under Army funding and management to design an Advanced Rotorcraft Transmission for a
Future Attack Air Vehicle. The ART was to have a system reliability of 5000 hours
mean-time-between-removal, a 25% weight reduction and a 10 dB transmitted noise level reduction when
compared to a selected SOA transmission. A smaller, lighter drive system will not only enhance the
aerodynamic performance of the aircraft but will also permit the installation of additional advanced avionics
and payload packages available for future rotorcraft. A reduction in the noise level produced by a rotorcraft
drive system reduces the noise induced fatigue experienced by the pilot thereby improving his performance.
A reduction in the vibration level reduces the fatigue damage to local components and sensors. Finally, any
increases in the reliability and maintainability of a rotorcraft drive system translate directly into savings in
operating costs and a reduction in rotorcraft accidents attributable to drive system failures.

Previous work in the area of drive system design advancement has been limited by funding and/or production
schedules. Individual components of existing drive systems were selected for design improvements and
qualification tests. The existing design of the drive system and surrounding components of course limited the
improvements available to the selected components. The next step in advancing drive system technology was
to expand the design improvements from individual components to an entire transmission. The intent of the
Advanced Transmission Components Investigation (ATCI) [1], AVSCOM Contract DAAJ02-76-C-0046,
from 1976 to 1983 at BHTI was to concentrate the design improvement efforts on the entire transmission of
an existing helicopter without the restrictive schedule requirements characteristic of helicopter market
demands. Strict schedule requirements for helicopters prevent extended development or significant design
iterations which forces the design of the required drive system for the helicopter to be conservative and not
optimized for lightweight, quiet, long-life operation. The results of the ATCI (1) program were an 18%
reduction in weight, an 85% increase in life, a 2 hour loss-of-lube operating capability at max power, and a
3% reduction in recurring cost and a 25% reduction in operating cost [1]. The ART program takes the ATCI
effort a step further by removing the obstacle of improving an existing design and allowing as it were a clean
sheet of paper to design a drive system with more room for innovation and risk. This extra flexibility in the
design is provided by the component test portion of the ART program which allows individual testing of new
and innovative designs that would be considered too risky for incorporation into a complete drive system
designed and manufactured for test.

Any realistic approach to designing an advanced drive system to meet the stated goals of the ART program
must include an existing drive system for comparison purposes, and an appropriate airframe must be
selected to introduce typical design constraints.

This report presents the results of all of the work conducted under this program including conclusions and
recommendations. The program was divided into the following 9 subtasks.

TASK I - Selection of Evaluation Procedures and Assumptions. Select the procedures and ground

rule assumptions to be used in conducting the tradeoff studies to accomplish the program
goals. These included the selection of a reference aircraft and a reference SOA

transmission.




TASKII - Preliminary Design and Tradeoff Studies. Prepare a preliminary design of an ART

for the reference aircraft including tradeoff studies to optimize the design to meet the
program objectives.

TASK III - System Performance Evaluation. Conduct a mission analysis to determine the impact
of the ART on the reference aircraft mission, performance, and operating cost.

TASK IV - Detail Design and Analysis of ART Components for Test. Conduct detail design and

analysis of the critical components and subsystems of the ART selected for
substantiation tests.

TASK YV - velopmen mponent an em Test Plans. Prepare detailed component
test plans defining tests, schedule, and data acquisition requirements for each
component and subsystem to be tested.

| TASK VI - Preparation of Component Test Rigs. Prepare test rigs as required to conduct
component and subsystem tests defined in TASK V.

TASK VII - Fabrication of Component Test Articles. Fabricate components required to conduct
tests defined in TASK V.

TASK VIII - Component Verification Testing. Conduct component and subsystem tests defined in
TASK V.

TASK IX - Final Report



3.0 SELECTION OF EVALUATION PROCEDURES AND ASSUMPTIONS
3.1 REFERENCE AIRCRAFT

The Tactical Tiltrotor (TTR) aircraft was selected as the reference aircraft for the ART program. This
aircraft was designed to meet the FAAV requirements, and the BHTI ART transmission was designed to fit
in the TTR airframe. The TTR configuration is different from the originally proposed configuration in that it
has tilting engines. An extensive trade-off study at BHTI indicated that although a fixed engine configuration
has the possibility of producing the lightest drive train arrangement, the tilting engine configuration results in
a lighter aircraft. Furthermore, since there was a better possibility of an airframe availability with the tilting
engine arrangement it was decided to choose the TTR as the reference aircraft. An artists conception of the
TTR in airplane mode is shown in Figure 1.

FIGURE 1: FAAV REFERENCE AIRCRAFT - TTR IN AIRPLANE MODE

3.1.1 TRANSMISSION RATINGS
The BHTI ART transmission (for the TTR) was designed for the following requirements:
Engine RTM 322 (anticipated growth version) or GE CT6-8

Input Power 2522 HP - for all engines operative (AEO)
2777 HP - one engine inoperative (OEI)

Input RPM 20,900 - in helicopter mode
16,720 - in airplane mode



Mast RPM 600 - in helicopter mode

480 - in airplane mode
Mast power 2444 HP (AEO)
2933 HP (1.2 Transient Factor for Sizing Planetary Gears)
3.1.2 TAKEOFF WEIGHTS
4000 t/95° F Short Takeoff 27,750 1b
4000 ft/95° F Vertical Takeoff 17,300 1b
3.1.3 PERFORMANCE
4000 ft/95° F Dash Speed 330 -350 knots
4000 ft/95° F Vertical Rate of Climb 1000 ft/min

Sea Level Std Maximum Normal Load Factors Transient 6.0 g
Sustained 3.0 g

3.1.4 MISSION TYPES

The TTR was designed to provide improved capabilities in several types of missions. These missions as well
as the design attributes they suggest are:

MISSION DESIGN FEATURE
1) Low Level Air-to-Air Good Maneuverability
2) Close Combat Good Low Speed Performance (For bob-up and NOE)
3) Offensive Deep Attack Good Cruise/Long Range

Of these mission types the Offensive Deep Attack (ODA) was critical from an aircraft sizing perspective.
Several different ODA type profiles were examined, resulting in the selection of the 4000 ft/95° F Deep
Penetration as the design mission. The fallout design was then evaluated in several other types of profiles,
including two escort missions to insure multi-mission versatility.

3.1.5 MISSION PROFILES

The following missions were synthesized for the purpose of pre-design and are thought to be representative
of FAAV and marine escort requirements.

Deep Penetration (Design Mission) - 4000 {t/95° F
1) 1 min HOGE
2) Cruise 400 km (216 Nmi) @ Vlrc
3) 20 min on-station (10 min NOE + 10 min HOGE)
4) Cruise 400 km (216 Nmi) @ Vlrc
5) Reserve (20 min @ Vbe)



Escort Mission #1 - 3000 f/91.5° F
1) 10 min idle
2) 1 min HOGE
3) Cruise 200 Nmi @ Vlrc
4) 5 min loiter @ IRP
5) Offload 1/2 Ordnance
6) 10 min loiter @ IRP
7) Cruise 200 Nmi @ Vlrc
8) Reserve (30 min @ Vbe)

Escort Mission #2
1) 10 min idle @ SL/103° F
2) 1 min HOGE @ SL/103° F
3) 40 min Vbe loiter @ SL/103° F
4) Climb to 4000 £t/87.6° F
5) 50 Nmi Vlrc cruise @ 4000 {t/87.6° F
6) 15 min IRP loiter @ 4000 ft/87.6° F
7) Offload 743 1b Ordnance
8) 50 Nmi Vmcp cruise @ 4000 t/87.6° F
9) Descend to SL/103° F
10) 25 min Vbe loiter @ SL/103° F
11) Climb to 4000 ft/87.6° F
12) 50 Nmi Vmcp cruise @ 4000 ft/87.6° F
13) 5 min IRP loiter @ 4000 ft/87.6° F
14) Offload 743 1b Ordnance
15) 50 Nmi Vlrc cruise @ 4000 t/87.6° F
16) SL/103° F reserve (30 min @ Vbe)

3.2 STATE-OF-THE-ART TRANSMISSION (SOAT)

The XV-15 left transmission, without the speed-up gearbox, was selected as the SOAT. To account for the
rather large difference between the power levels of the XV-15 and TTR aircrafts, a paper study was
completed to upgrade the gears and bearings in the XV-15 left transmission to TTR power and speed

requirements. Layouts of the present XV-15 left transmission and the transmission resized for TTR power
and speed requirements showing all the gears and bearings are shown in Figures 2 and 3.

3.2.1 XV-15 RESIZE GROUND RULES AND ASSUMPTIONS

3.2.1.1 INPUT SECTION - DOUBLE HELICAL GEARS

a) Power level: 2777 HP (OEI condition) engine input at 20,900 RPM

b) The centerline distance between the mast and the input double helical was increased from 17.00 to 24.40
inches to accommodate input from RTM 322 engine. If the original XV-15 transmission had not used an

engine speed up gearbox, the center line distance between the mast and the input to the transmission
would have been 22.80 inches.

¢) A trade-off study was made to optimize the number of idlers between the engine input and collector gear.
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d) The gears were sized for the following allowables:
- Bending stress: 39 KSI max (reversed bending)
- Hertz stress: 117 KSI max
- Scoring temperature: 330° F max (AGMA flash temp. index)
The following rationale was used in developing these allowables:

Bending stress:

The original XV-15 aircraft was designed purely as a research aircraft and therefore the drive system was
not designed to meet today's standard 125% overtorque qualification requirement. The XV-15 drive
system had a capability for 110% overtorque qualification testing. The SOAT should be designed to pass
a 125% overtorque test since the ART transmission would be designed in this way. Therefore, the new
operating bending stress allowables for the input section gears were arrived at as follows:

New operating bending stress allowable, f, was

f, = Previous max operating bending stress X (1.10/1.25)

The maximum operating reversed bending stress in the input section gears for the XV-15 was 44 KSI at
the OEI power of 1650 HP.

| Therefore,
| f,=44 X (1.10/1.25) = 38.7 KSI (rounded off to 39 KSI)
| Hertz Stress:

The rationale used for bending stress allowables also applied here. The only difference is that the
multiplication factor was (1.10/1.25)"* instead of (1.10/1.25).

Therefore, new operating Hertz stress allowable, f, was:
f. = Previous max Hertz stress allowable X (1.10/1.25)"

The maximum operating Hertz stress in the input section gears for the XV-15 was 125 KSI at the OEI
power of 1650 HP.

Therefore,
f. =125 X (1.10/1.25)"* =117 KSI
e) The bearings were sized for approximately the same unadjusted life as the present XV-15 bearings.
f) Maximum pitch line velocity was maintained at approximately the same level as the present XV-15.

g) The overrunning clutch for SOAT was sized for the same Hertz and hoop stresses as the present XV-15
clutch at the OEI power of 1650 HP.
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3.2.1.2 PLANETARY SECTION AND MAST
a) Power level: 2933 HP at 600 RPM mast output. The 2933 HP figure was derived as follows:

The mast power for ART (TTR) transmission is 2444 HP, under AEO conditions. At BHTI a 1.2
multiplication factor is used for transient loads. Therefore, the power level to be used for design of
the planetary, for bending strength, was:

2444 X 1.2=2933 HP

b) The planetaries for the resized SOAT are similar to the present XV-15 planetaries in the following areas:

No. of planetaries: 2,
Reduction ratio : 3.875 to 1 for each stage
No. of planets - lower: 3
No. of planets - upper: 6

c) The gears were sized for the following allowables:

- Bending stress: 50 KSI max (reversed bending)
- Hertz stress: 170 KSI max
- Scoring temperature: 330° F max (AGMA flash temp. index)

The following rationale was used in developing these allowables:
The rationale used for resizing the input section also applied here.
New operating bending stress allowable, f;, was:
f, = Previous max operating bending stress X (1.10/1.25)

The maximum operating reversed bending stress in the planetary gears for the XV-15 was 56.3 KSI at the
AEO power of 1460 HP.

Therefore,

f,=56.3 X (1.10/1.25) = 49.5 KSI (rounded off to 50 KSI)
Hertz Stress:

The rationale used for bending stress allowables also applied here. The only difference was that the
multiplication factor was (1.10/1.25)'” instead of (1.10/1.25).

Therefore, new operating Hertz stress allowable, {, was:

f. = Previous max Hertz stress allowable X (1.10/1.25)"*

11



The maximum operating Hertz stress in the planetary gears for the XV-15 was 181.4 KSI at the AEO
power of 1460 HP.

Therefore,
f.=181.4 X (1.10/1.25)"* = 170 KSI v
d) The bearings were sized for approximately the same unadjusted life as the present XV-15 bearings.

e) The mast was sized for TTR gross weight of 17,300 Ibs. The bending stresses for the SOAT mast will be
comparable to the stresses on present XV-15 mast.

3.2.1.3 INTERCONNECT DRIVE SECTION:
| a) Power level: 1542 HP at 9020 RPM under OEI conditions. 1542 HP was an estimated power requirement
| for the interconnect drive section and was slightly more than half the OEI power of 2777 HP, to account
| for driving the required accessories under OEI conditions.

b) The interconnect drive section gears were sized for the following allowables:

- Bending stress:

Spur gears: 44 KSI max (reversed bending)
Spiral bevel gears: 36 KSI max (reversed bending)
- Hertz stress:
Spur gears: 161 KSI max
Spiral bevel gears: 210 KSI max
; - Scoring temperature:

Spur gears: 345° F max (AGMA flash temp. index)
Spiral bevel gears: 191° F max (AGMA flash temp. index)

The following rationale was used in developing these allowables:
; Bendin €ss:

The rationale used for resizing the input section also applied here.

New operating bending stress allowable, f, was:

f, = Previous max operating bending stress X (1.10/1.25) A

Spur Gears: .

The maximum operating reversed bending stress in the interconnect drive section for the XV-15 was 50
KSI at 825 HP (OEI condition).

‘ 12



Therefore,
foepury = 50 X (1.10/1.25) = 44 KSI
Spiral Bevel Gears:

The maximum operating reversed bending stress in the interconnect drive section for the XV-15 was 40.8
KSI at 825 HP (OEI condition).

Therefore,
fopeve = 40.8 X (1.10/1.25) = 35.9 KSI (rounded off to 36)
Hertz Stress:

The rationale used for bending stress allowables also applied here. The only difference is that the
multiplication factor was (1.10/1.25)'? instead of (1.10/1.25).

Therefore, the new operating Hertz stress allowable, f, was:
f. = Previous max Hertz stress allowable X (1.10/1.25)"?

Spur Gears:

The maximum operating Hertz stress in the input section gears for the XV-15 was 172 KSI at 825 HP
(OEI condition).

Therefore,
fopun = 172 X (1.10/1.25)"2 =161 KSI
Spiral Bevel Gears:

The maximum operating Hertz stress in the input section gears for thé XV-15 was 224 KSI at 825 HP
(OEI condition).

Therefore,
fpevey = 224 X (1.10/1.25)'* = 210 KSI
¢) The bearings were sized for approximately the same unadjusted life as the present XV-15 bearings.
d) Bending stresses for the SOAT interconnect shaft were comparable to the stresses on present XV-15 shaft.

3.2.2 SOAT WEIGHT

The estimated weight of the SOAT was derived using the calculated weights of the gears and bearings shown
in Figure 3 and by increasing the weight of the remaining transmission components for the increased
horsepower using the following guidelines and assumptions:

13



1. All case and housing weights were developed using XV-15 case stresses and the following criteria:
a. Size of new gears, bearings and planetaries.
b. With increased torque, case walls were thickened to match XV-15 shear stress.
¢. With increased rotor thrust, case walls were thickened to match XV-15 tensile stress.

d. Weight penalties for bending stresses and frequency placement are considered to be
proportional to rotor thrust and are included in item c.

2. Seal, spacer, adapter, retainer, and all other hardware weights were increased by the
horsepower ratio per the factors outlined in the Society of Allied Weight Engineers (SAWE)
Paper 1120 [2].

3. Planetary weights were ratioed up from XV-15 weights based on the increased horsepower ratio and
the weight of the component gears and bearings.

4. Lubrication system weights were increased on the basis of horsepower using the methods of the
SAWE Paper 1120 [2]. Oil weight is included.

5. Spindle weights were increased on the basis of constant deflection with increased rotor thrust.

A comparison between the XV-15 transmission and the SOAT is summarized in Table 1 below.

TABLE 1: COMPONENT WEIGHT INCREASES - XV-15 TO SOAT

XV-15 SOAT WEIGHT
COMPONENTS WT(LBS) WT(LBS) INCREASE
Cases & Housings 203 427 210%
Bearings 17 33 194%
Seals, Spacers, Retainer 9 18 200%
Gears 45 78 173%
Adapters 1 2 200%
Planetaries 76 106 139%
Lube System 87 163 187%
Freewheeling Unit 5 12 240%
Hardware 17 34 200%
Spindle 34 41 120%
Torque Drive 3 3 -0-
Mast 22 35 159%
Mast Bearings 7 12 171%
TOTAL 526 964 183%

- XV-15 LBS/ENGINE INPUT HP = .329
- SOAT LBS/ENGINE INPUT HP = .347
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The design power was increased from 1600 HP to 2777 HP for the input section of the transmission assembly
(174% increase) and from 1460 HP to 2933 HP for the mast and planetary section (201% increase).

3.2.3 SOAT NOISE ESTIMATE

The noise estimate for the SOAT was made by the Gear Dynamics and Gear Noise Research Lab of Ohio

State University using the XV-15 transmission gear meshes. At 1650 HP the SOAT noise level was

estimated to be 102 to 109 dBA. At 2777 HP the noise level was estimated to be 111dBA.

3.2.4 SOAT COST ESTIMATES

The recurring production cost of the SOAT was estimated to be $297,000 projected for 1,000 transmissions.

The direct operating cost (DOC) for the SOAT was estimated to be $14.58 per flight hour based on the

MTBR of each XV-15 transmission component and $50.64 per flight hour based on the L,, life of each of the

XV-15 transmission components. Erroneous fleet cost projections may result if adjustments for fleet size

and aircraft flying hour programs are not made when using these cost estimates. These costs were derived

according to the following ground rules and assumptions for the XV-15:

1. All costs are expressed in Government Fiscal Year (GFY) 1988 dollars.

2. The recurring production cost estimate represents an average cost for 1000 transmissions; cost
improvement (90% learning curve) was assumed only for the labor component of recurring production
cost.

3. Production cost estimates based on BHTI historical data.

4. Recurring Production Burdens:

a. Standard Vendor/Raw Material Burden: 1.25
b. Subcontract Burden: 1.3
¢. Manufacturing Details Labor Rate: $100/hour

5. The DOC includes only costs associated with the left transmission.

6. The DOC includes only parts replacement cost and labor cost for the gear and bearing failures specified
in Tables 2 and 3.

7. Each part failure results in the replacement of only the failed part.

8. Replenishment spares are costed at the average of 1000 units; assume spares requirements do not
significantly lower the recurring production cost of parts.

9. Each failure results in 1000 hours of labor, equivalent to an XV-15 transmission overhaul.

10. Assumed maintenance labor rate is $11.50/hour, consistent with current Army programs.
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11. The DOC based on the MTBRs of the transmission components assumes that failures per flight hour =
(MTBR)™.

12. For the DOC based on the L,, life of the transmission components, the failure rate is determined by
assuming that at the L,, life, 10 percent of the components in the transmission have failed.

13. The DOCs are based on the aggregation of fractional numbers of failures for each component specified.
These failure rates and resulting DOCs have not been adjusted for specific aircraft flying hour programs
or specific fleet sizes.

TABLE 2: XV-15 GEAR & BEARING FAILURE RATES BASED ON MTBR

FAILURE RATE

PART NUMBER NOMENCLATURE MTBR(HR) (FAILURES/HR)
300-040-153-003 Upper Pinion 13,703 0.000072977
300-040-155-005 Upper Ring Gear 49,300 0.000020284
300-040-151-003 Upper Sun Gear 49,300 0.000020284
300-040-152-001 Lower Pinion 9,567 0.000104526
300-040-154-003 Lower Ring Gear 17,200 0.000058139
300-040-150-003 Lower Sun Gear 17,200 0.000058139
300-040-210-017 Input Gear 10,542,000 0.000000085
300-040-213-011 Idler Gear 2,975,000 0.000000336
300-040-214-007 Idler Gear 3,878,000 0.000000258
300-040-212-007 Bull Gear 60,300,000 0.000000017
300-040-107-103 Gear 49,050 0.000020387
300-040-108-003 Gear 49,050 0.000020387
300-040-302-001 Gear 49,050 0.000020387
300-040-301-001 Pinion 49,050 0.000020387
300-040-112-003 Bearing 14,200 0.000070423
300-040-113-001 Bearing 215,000 0.000004651
300-040-113-003 Bearing 60,000 0.000016667
300-040-114-001 Bearing 375,000 0.000002667
300-040-181-001 Bearing 27,000,000 0.000000037
300-040-136-009 Bearing 64,000 0.000015625
300-040-167-001 Roller Set 3,583 0.000279096
300-040-725-001 Roller Set 28,333 0.000035295
300-040-116-001 Bearing 41,500 0.000024096
300-040-117-003 Bearing 60,000 0.000016667
300-040-117-003 Bearing 42,000 0.00002381

300-040-405-001 Bearing 11,000 0.000090909
300-040-306-003 Bearing 54,000 0.000018519
300-040-406-003 Bearing 59,000 0.000016949
300-040-405-001 Bearing 14,500 0.000068966
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TABLE 3: XV-15 GEAR & BEARING FAILURE RATES BASED ON L,,LIVES

o LIFE FAILURE RATE
PART NUMBER NOMENCLATURE QrYy (HR) (FAILURES/HR)
300-040-153-003 Upper Pinion 6 2,485 0.000241449
300-040-155-005 Upper Ring Gear 1 248 0.000403226
300-040-151-003 Upper Sun Gear 1 248 0.000403226
300-040-152-001 Lower Pinion 3 867 0.000346021
300-040-154-003 Lower Ring Gear 1 173 0.000578035
300-040-150-003 Lower Sun Gear 1 173 0.000578035
300-040-210-017 Input Gear 1 637,143 0.000000157
300-040-213-011 Idler Gear 1 248,984 0.000000402
300-040-214-007 Idler Gear 1 250,456 0.000000399
300-040-212-007 Bull Gear 1 2,645,000 0.000000027
300-040-107-103 Gear 1 1,482 0.000067476
300-040-108-003 Gear 1 1,482 0.000067476
300-040-302-001 Gear 1 1,482 0.000067476
300-040-301-001 Pinion 1 1,482 0.000067476
300-040-112-003 Bearing 2 2,840 0.000070423
300-040-113-001 Bearing 2 43,000 0.000004651
300-040-113-003 Bearing 2 12,000 0.000016667
300-040-114-001 Bearing 2 75,000 0.000002667
300-040-181-001 Bearing 1 2,700,000 0.000000037
300-040-136-009 Bearing 1 6,400 0.000015625
300-040-167-001 Roller Set 6 2,150 0.000279071
300-040-725-001 Roller Set 3 8,500 0.000005294
300-040-116-001 Bearing 1 4,150 0.000024096
300-040-117-003 Bearing 1 8,400 0.000011905
300-040-117-003 Bearing 2 6,000 0.000033333
300-040-405-001 Bearing 1 1,450 0.000068966
300-040-306-003 Bearing 1 5,400 0.000018519
300-040-406-003 Bearing 1 5,900 0.000016949
300-040-405-001 Bearing 1 1,100 0.000090909

The component L,, lives and MTBRs for the gears and bearings were calculated with a methodology derived
by BHTI from empirical data and several technical sources. These life calculations are basically a function of
compressive stress, oil film thickness, surface finish, 2 Weibull distribution derived from empirical data, and
several material process and lube system adjustment factors. The specific methodology is presented in
Section 4.8 of this report.
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4.0 PRELIMINARY DESIGN AND TRADEOFF STUDIES

4.1 PLANETARY SELECTION

Prior to deriving the final preliminary configuration for the ART, a tradeoff study was conducted on several v
different planetary configurations. It was anticipated that some form of a planetary reduction would be

required to meet the required speed reduction from 20,900 RPM engine input speed to 600 RPM mast output

speed. All of the planetaries were sized for 2933 HP for gear tooth bending fatigue and scoring limits and

2444 HP for gear tooth pitting fatigue limits. All of the planetary systems except for the single stage high

contact ratio planetary were sized for approximately a 15:1 speed reduction ratio.

Each planetary design was limited in overall size by the nacelle and rotor control envelope established for
the reference aircraft, and attention was given to the assembly requirements and producibility of the
individual components of each planetary configuration.

Table 4 presents a summary of the selection process for the ART planetary in matrix form comparing the

planetaries described below. The comparative factors range from 1 for most favorable to 5 for least
favorable.

TABLE 4: PLANETARY SELECTION MATRIX

SURVIVA- SPATIAL
PLANETARY | WEIGHT |NOISE|LIFE| BILITY |COST |EFFICIENCY |RISK|ENVELOPE|TOTAL
Simple 2 5 4 5 2 3 1 2 24
Split Power 3 5 4 5 3 3 2 2 27
SABP 5 2 1 2 4 2 4 4 24
Compound 4 4 3 3 2 2 1 5 24
HCR 1 3 2 2 3 4 2 1 18

4.1.1 SIMPLE PLANETARY

The baseline planetary for these tradeoff studies is a simple two stage planetary system, shown in Figure 4,
which is similar to the SOAT planetary system except the planet bearings are spherical rollers, the carriers
are made from titanium, and the planet bearings are mounted on cantilevered posts integral with the carrier.
A weight analysis of the simple planetary assembly yielded a total subsystem weight of 144 Ib.

4.1.2 SPLIT POWER PLANETARY

One variation of the simple two stage planetary system is the split power, planetary which basically contains P
the same number of components except the planets in the low speed section are fixed and both ring gears
rotate. As shown in Figure 5, torque is split from the input sun gear and transmitted to the output carrier
along two separate paths, one path through the four planet posts and the other through the 138 tooth output
ring gear splined to the output carrier, hence the name split power planetary. As compared to the simple
planetary, the split power planetary is 15.0 Ib heavier and is configured in such a way that the high speed
planets cannot be lubricated with the supplemental air-oil mist nozzles planned for the ART (see Figure 41)
since they are completely encased by the output carrier and ring gear assembly.
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FIGURE 4: TWO STAGE SIMPLE PLANETARY - 15.01561 REDUCTION RATIO

FIGURE 5: SPLIT POWER PLANETARY - 15.0469:1 REDUCTION RATIO

4.1.3 SELF-ALIGNING-BEARINGLESS PLANETARY (SABP)
Both a four (4) and a six (6) planet configuration layout of a SABP were sized for the ART power and speed

requirements defined in Section 4.1 and are shown in Figures 6 and 7. The methodology defined in
Reference [3] was used to design each SABP. The goal was to limit the overall size of each configuration to
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the dimensions established by the nacelle and rotor control requirements for the ART airframe, but it was not
possible to meet this with the 15:1 reduction ratio requirement. Therefore, the overall diameter limit was
observed and the height limit was exceeded on each configuration. Each of the layouts was sent to
Transmission Technology Co. Inc. (TTI) to review BHTI's SABP layouts for technical and manufacturing
feasibility and provide comments and recommendations in a summary report.

18.660
DIA

18
1
s

17.93

FIGURE 6: FOUR SPINDLE SABP - 15.1345:1 REDUCTION RATIO

TTI's review agreed with the selection of gear tooth pressure angles and helix angles and gear tooth number
combinations required for assembly, but recommended that the gear tooth stresses be reduced. TTI also
recommended the use of the maximum number of spindles allowed by the overall geometry restrictions.
BHTT's layouts showed the six spindle arrangement to be lighter and more compact than the four spindle
arrangement.

With regard to the roller ring design requirements, TTI analyzed the system as a conventional roller bearing
with the same stress calculations and allowables. The recommended roller ring deflection range was .0004 to
.0015. TTI recommended gear tolerances comparable to those required for a compound epicyclic planetary
since the alignment and indexing requirements are critical to the successful operation of the SABP. Increased
alignment and indexing errors increase the magnitude of nonuniform load distribution. The required
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alignment between the three planets on each spindle complicates the manufacturing and inspection process
for the spindle, and torsional windup of the three planet spindle must be accounted for with lead correction.
Deviation from the design balance line for the SABP will result in non-uniform load distribution and all
misalignment and indexing errors will of course increase the magnitude of the dynamic gear tooth loads.

.98

FIGURE 7: SIX SPINDLE SABP - 14.984:1 REDUCTION RATIO
TTTI's specific conclusions and recommendations are as follows:

1. The two Bell SABP schematics reviewed were found to have the correct number of teeth to permit
assembly and the overall contact ratio was found to be in the desired range.

2. From a gear tooth stress and strength point of view, both schematics were found to have excessive
stresses and the gear sizing should be modified to reduce the stress levels and to achieve a better
balance between bending and compressive stresses.

3. The design procedure used by TTI, whether for conventional planetaries or SABP's, is an iterative
process. The two Bell schematics are considered to represent an excellent starting point. It is
recommended that this process be continued as the concept of SABP offers many advantages and
benefits not only to the designer and manufacturer but also to the ultimate user. Low weight,
reduced number of major components, flexibility of design, lower manufacturing cost and higher
reliability are but a few of the beneficial claims made for the SABP.
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As stated earlier, the resulting gear tooth stresses for both of the BHTI SABP layouts are within current drive
system design allowables at BHTI and are therefore not considered excessive. A decrease in design allowable
stresses would of course result in a larger, heavier planetary arrangement. While the SABP may have fewer
major components, the reduced weight benefit was not realized in any of the SABP layouts for the ART.
BHTI's weight analysis found the six spindle SABP sized for the same power, speed and reduction ratio
requirements as a two stage simple planetary was approximately 28% heavier. BHTI's four spindle SABP
was approximately 45% heavier than the two stage simple planetary. A weight analysis was also performed
on the layout of the SABP recommended by TTI (see Figure 8) for the speed and power requirements of the
ART and was approximately 88% heavier than the two stage simple planetary.

\""ﬂ_—_@ﬂ 1 =

FIGURE 8: TTI PROPOSED SABP LAYOUT FOR ART

The higher reliability claim for the SABP is very subjective since reliability is more than a function of the
number of components but also involves component life which affects the overall weight of the system. All
other factors being equal, an increase in reliability for a system requires an increase in weight. Therefore, a
simple planetary system could be made more reliable by increasing the size of the gears which would
decrease the gear tooth stresses and increase the component lives of the gears. Any reduction in
manufacturing costs due to reduction in major components for the SABP appear to be offset by the increased
manufacturing costs for the three planet spindle. Not only is the alignment procedure costly but an extra set
of planet gears must be manufactured.

The SABP would probably run quieter than the simple planetary since it uses helical gears instead of
standard spur gears. Another advantage the SABP has over a simple planetary is the elimination of the planet
bearings which could extend the operating time in a loss-of-lube situation. However, with the use of the
supplemental lube system for enhanced loss-of-lube operation (see Section 4.5.2) in the ART, this advantage
is minimized.
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4.1.4 COMPOUND PLANETARY

The compound planetary is similar to the simple planetary except that the planet gears are made up of two
gears on one shaft with the larger gear meshing with the sun gear and the smaller gear meshing with the
fixed ring gear. A preliminary effort was made in sizing a compound planetary to be used in place of the two
stage simple planetary shown in Figure 4. Figure 9 shows that the compound planetary does not yield a
sufficient reduction ratio for the space allowed by the ART rotor and nacelle and would require a preliminary
input reduction to 4897 RPM from the engine input speed of 20,900 RPM to meet the 600 RPM mast output

requirement for the ART.
18.660
DIA
5.080
600 |RPM
1
zhls [RATIO = 1501321 ' [RATIO = 81623:1 | !
: ' I 9.75
m . H [ L LE
9008 RPM 4897 RPM

THIS HALF OF FIGURE SHOWS THE SIZE OF A 19T PINIOI
REQUIRED TO ACHIEVE A 15.0132 REDUCTION RATIO
BUT THE PINION IS TOO SMALL FOR THE HP REQUIRED

THIS HALF OF FIGURE SHOWS THE SIZE OF A 18T
PINION REQUIRED TO HANDLE THE HP, BUT THIS
RESULTS IN ONLY A 8.1623 REDUCTION RATIO

FIGURE 9: COMPOUND PLANETARY SIZING REQUIREMENTS FOR ART

4.1.5 HIGH CONTACT RATIO (HCR) PLANETARY

A high contact ratio (HCR) planetary is a planetary spur gear system with tooth contact ratios in the
sun/planet and ring/planet meshes greater than 2, as compared to a simple planetary system with tooth
contact ratios less than 2. The higher tooth contact ratio for HCR planetaries results in a quieter running
planetary and a reduction in the dynamic loading of the gear teeth. From a survivability standpoint, the tooth
contact ratio greater than 2 allows the planetary system to continue to operate even with the loss of a tooth.
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One of the disadvantages of a HCR planetary is the increased sliding velocity between meshing teeth due to
the increased height of the teeth required to achieve a contact ratio greater than 2. This increased sliding
| results in higher power losses for the gear meshes and therefore less efficiency and higher surface
| temperatures (scoring problems) for the meshing gear teeth. The resultant weight savings realized for any
| HCR planetary must exceed the effective weight increase due to the loss in efficiency and often the increased
scoring temperature for a HCR gear mesh forces the gear face widths to be wider than required to meet
bending and hertz stress limits.

An initial attempt was made to size a lighter weight two stage HCR planetary with the same reduction ratio
and same tooth numbers as a previously sized two stage simple planetary shown in Figure 4. The calculated
scoring temperature for the high speed HCR planetary was excessive and the planetary bearings in the low
speed HCR planetary did not have enough capacity for the design loads. Letting the bearings size the HCR
low speed planetary, i.e. larger diameter bearings, the diametral pitch of the planetary gears was decreased
from 11.375 to 11.000 and the number of teeth on each gear was increased. This resulted in a HCR planetary
shown in Figure 10 with a slightly lower reduction ratio, 3.818 instead of 3.875, but approximately 8 Ibs
lighter than the simple planetary. The bending stress on the HCR planet gear is allowed to be 120% higher
than that of the simple planet gear because of the reduction of the dynamic load factor for HCR gears as
observed in previous HCR planetary testing at BHTI [1].

17.170
DIA 600 RPM

2300 RPM

FIGURE 10: HIGH CONTACT RATIO, LO-SPEED PLANETARY- 3.81818:1 REDUCTION RATIO

Since the HCR planetary at the high speed location was heavier than the simple planetary, due to increased
face widths required to meet the scoring limit, a transmission configuration eliminating the high speed
planetary and incorporating a two stage helical reduction gear train was investigated (see Section 4.4). The
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advantage of this type of transmission over a single stage helical reduction and a two stage planetary with a
simple high speed planetary is that all of the gear meshes in the transmission would have tooth contact ratios
greater than 2. This of course would be a quieter running transmission and more survivable should a tooth
failure occur.

4.1.6 PLANET BEARING SELECTION

The planet spherical roller bearings were analyzed using PLANETSYS, a computer program purchased from
SKF Aerospace Bearing Co. This program calculates bearing life, hertzian stress, heat loss, and roller contact
footprint, based on individual roller loads. These loads are derived from bearing geometry, planet ring
stiffness, centrifugal force, static forces and dynamic forces.

Single and double row bearing configurations were investigated for the high contact ratio planetary described
in Section 4.1.5. The following table shows the comparison of the results.

SINGLE ROW BEARING DOUBLE ROW BEARING
Weight (Ibs) 3.939 3.925
PD (in) 2.643 27
Life (hrs)* 270 240
Heat Loss (HP) 248 1.945
Hertz Stress (ksi) 300 290

* Bearing life is unadjusted, that is, no material, process, or lubrication factors have been included.

Since this evaluation showed the single and double row bearings to be similar in size, weight, and life, both
configurations were tested in the high contact ratio planetary component tests.

4.2 OVERRUNNING CLUTCH SELECTION

Two types of overrunning clutches were sized for the input section of the ART, the spring overrunning
clutch and the sprag overrunning clutch. Although the 20,900 RPM input speed presents an increased risk to
successful operation of either clutch type, the input section was chosen for sizing the clutches because the
low torque will provide the lightest overrunning clutch package. Locating the clutch assembly at the input
section as shown in Figure 16 allows the interconnect cross-shaft output gear and idler to be driven directly
by the bull gear instead of by a separate gear as required in the SOAT (see Figure 3) for proper overrunning
capabilities and also allows clutch repair or inspection without major disassembly of the transmission or
removal from the aircraft. The weight savings for moving the clutch assembly from the bull gear to the input
section is approximately 27 b for the gears, bearings, and clutch assembly alone.

Figure 11 shows the spring overrunning clutch which was sized using the guidelines from Reference [4].
This clutch assembly was primarily sized for weight comparison with the sprag clutch since the results of the
tests in the report indicate much more development work is required for the spring clutch before it can be
considered for the ART. The weight analysis found the spring clutch assembly to be 3.4 b heavier than the
sprag clutch assembly.

Figure 12 shows the sprag overrunning clutch which, because of the high input speed, incorporates four rows
of sprags as a way to decrease the diameter of the inner race and thereby the PV product which would
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FIGURE 12: MULTI-ROW, SPRAG OVERRUNNING INPUT CLUTCH
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otherwise be excessive if only two rows of sprags were used. The PV product is a function of the inner race
outside diameter and the overrunning speed of the clutch. Using four rows of sprags instead of two, it was
assumed that the maximum load carried by one row of sprags would decrease from 60% to 35%. The outer
race outside diameter was tapered to allow the windup of the sprags due to hoop deflections of the outer race
to match the torsional windup of the inner race, thereby more evenly distributing the transmitted torque
across the four rows of sprags. The sprag design is not without design risks as the use of four rows of sprags
is a new approach for helicopter applications and the 20,900 RPM operating speed exceeds those for most
sprag clutches in use today.

Realizing that any significant weight reductions in the clutch assembly will only be achieved by locating the
clutch on the input shafting, the roller ramp clutch was not investigated because of its maximum speed
limitation of approximately 12,000 RPM [3] which forces it into a higher torque location and therefore

heavier configuration.

Table 5 presents the selection process matrix for the clutch tradeoff study considering the spring, sprag, and
roller ramp clutches and showing the reason for selection of the sprag clutch for the ART. The comparative
factors range from 1 for most favorable to 5 for least favorable.

TABLE 5: CLUTCH SELECTION MATRIX

CLUTCH | WEIGHT | LIFE | SURVIVA- |COST| RISK | SPATIAL | TOTAL
BILITY ENVELOPE

SPRAG 1 3 2 2 4 2 14

SPRING 2 3 3 4 5 2 19

ROLLER 5 2 4 3 2 4 20

RAMP

4.3 INPUT GEAR TRAIN SELECTION

In high speed gear trains, where parallel axis gears are required, either helical or double helical (D-H) gears
are usually used because of the smoother running operation provided by the larger tooth contact ratio
attainable in these types of gears. When the XV-15 tiltrotor transmissions were designed in the late 1960's,
D-H gears were selected for the high speed input gear train where the pitch line velocity is 25,000 fpm. The
D-H gears were chosen over single helical gears for the following reasons:

1. The effect of the gear tooth misalignment error is only half that for single helicals because of the
ability of the D-H gears to shift axially to equalize the loads on the two rows of teeth.

2. Higher face contact ratios for the same face width are attainable on D-H gears because higher helix
angles can be used due to the resultant zero axial thrust load component inherent in 2 D-H mesh.
This cancellation of the axial loads permits thinner webs and smaller bearings and negates the
requirement for thrust bearings on the first and last gear in the train.

There are some disadvantages associated with D-H gears when compared with single helical gears:

1. Higher Cost - Making a D-H gear is similar to making two single helical gears.
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2. Less Accuracy - Electron beam welding two helical gear halves to produce one D-H gear, as was
done to manufacture the D-H gears for the XV-15, introduces some inaccuracies due to distortion.
If the D-H gear is machined from a single piece of material, then the necessary gap between the
two rows of teeth must be increased to allow even small wheel grinding of both rows of teeth. The
accuracy of a small wheel ground gear will probably be less than that of a large wheel ground gear,
such as would be possible with single helicals, because the small wheel tends to break down faster
because of the reduced grinding surface area of the wheel.

3. Higher Assembled Cost - Because D-H gears are not free to move axially relative to one another,
at least one of the members at either end of the gear train must be free to move axially to prevent
overloading one row of teeth. This freedom was provided on the XV-15 gear trains by making the
splined connection from the input shaft to the input D-H pinion a "working" crowned gear
coupling. This was accomplished by building in a 1/2° shaft misalignment. The result is that the
coefficient of friction at the shaft-to-pinion connection is kinetic and generally predictable instead
of static and unpredictable. The lower kinetic coefficient of friction combined with a 35° helix
angle on the D-H gear teeth insures the axial movement of the gear with minimal unbalanced loads
on the two rows of the gear teeth.

Since the XV-15 D-H gears were designed, BHTI has designed and put into production several single helical
gear applications comparable to D-H gears. This was accomplished by reducing the helix angle from 35° to
around 10° and extending the face width to obtain a face contact ratio of about 1.1, where 1.0 is the minimum
amount to assure uniform angular motion by helical action alone. The low helix angle of 8° to 12° produces a
sufficiently low axial thrust which does not necessitate the use of excessively sturdy gear rims and webs or
large thrust bearings.

Based on the reasons discussed above and the factors presented in the comparative matrix, Table 6, where the
factors range from 1 for most favorable to 5 for least favorable, the input gears for the ART will be single
helical with a helix angle of 10° and a minimum face contact ratio of 1.1. The gear rims and webs will be
designed using FEM analysis to insure a lightweight but sturdy gear.

TABLE 6: INPUT GEAR SELECTION MATRIX

GEAR TYPE WEIGHT | NOISE | LIFE | SURVIV- | COST | EFFICIENCY | TOTAL
ABILITY
STD SPUR 3 5 4 5 2 3 22
HIGH CONTACT 1 3 2 2 3 5 16
RATIO
SINGLE HELICAL 2 2 1 2 3 2 12
DOUBLE HELICAL 5 1 1 1 5 1 14

4.4 TRANSMISSION CONFIGURATION SELECTION

The following selection process for the ART preliminary configuration was an attempt to derive the best
gearbox to meet both the ART requirements for weight reduction, noise reduction, and increased life and
airframe and control restrictions associated with the reference aircraft. The layouts depicted in each of the
figures presented for configurations 1 thru 5 are right hand gearbox configurations (one input idler
eliminated) and provide only enough detail to determine the benefit or detriment of each configuration and
are therefore incomplete in some areas.
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Figures 20 and 21 are left hand gearboxes derived from configurations 1 thru 5 and are presented more
completely for weight analysis purposes.

4.4.1 BASELINE CONFIGURATION #1

The baseline configuration shown in Figure 13 is of course similar to the SOAT except it includes an extra
idler gear in the interconnect loop to meet the cross-shafting location requirements for the reference aircraft.
Locating the clutch in the bull gear increases the transmission survivability, since the transmission can still
be operated through the cross-shafting should any of the input power train fail. Figure 14 shows the power
loop for a normally operating gearbox, and Figure 15 shows the power loop for a gearbox with either a failed
engine or a failed gear in the input helical train. Locating the clutch in the bull gear, however forces the
removal and disassembly of the transmission for any clutch repair or inspection.

4.4.2 CONFIGURATION #2

As shown in Figure 16, the next step to decrease the weight of the ART was to move the clutch to the input
location where higher speed (20,900 RPM instead of 9,006 RPM) yields lower torque and a lighter clutch
assembly. This relocation allows the interconnect cross-shaft output gear and idler to be driven directly by
the bull gear instead of by a separate gear as required in Configuration #1 and also allows clutch repair or
inspection without major disassembly of the transmission or removal from the aircraft. Placing the clutch
forward of the input pinion is the most desirable location since it would allow clutch repair and inspection
without removing the engine. However, this is not possible since the diameter of the drive shaft which would
have to extend from the engine drive spline through the clutch inner race to drive the outer race of the clutch
assembly would not meet the torque requirements for the ART.

As shown in Figure 16, this configuration is less survivable than Configuration #1 since a failure of any of
the input helical gears could result in loss of the bull gear and therefore the entire transmission, i.e. the bull
gear is in the power loop when either engine is driving. However, this configuration yields a lighter bull gear
with smaller bearings sized by life requirements instead of geometric requirements, a lighter clutch
assembly, one less gear, one less splined shaft, two less bearings, and a more compact housing. The weight
savings for the gears, bearings, and clutch assembly alone amount to approximately 27 Ib. The vibration
monitoring portion of the diagnostic system will significantly reduce the chance of a catastrophic failure in
the input helical train.

4.4.3 CONFIGURATION #3

Locating the clutch on the input shaft presents a certain amount of risk since most sprag clutches are
designed for less than 15,000 RPM. The four row clutch assembly in Figure 16 and as described in Section
4.2 is an untested concept and requires component testing before it can be included in the final ART design.
A separate IR&D program was conducted at BHTI which successfully validated the 4-row clutch design.

Configuration #3 as shown in Figure 17 is an attempt to place the clutch assembly in a location with a lower
speed. To accomplish this, it was necessary to incorporate a speed reduction in the helical train prior to the
bull gear reduction, which also made it possible to eliminate the 1st stage high speed planetary assembly.
The clutch was sized for 12,040 RPM and 2777 HP and was located to provide access without removing the
transmission from the aircraft. This configuration however does not fit the reference aircraft envelope
restrictions since it forces the location of the rotor controls to be extended an additional 5.0 inches.
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4.4.4 CONFIGURATION #4

Configuration #4 shown in Figure 18 depicts the ART with the clutch located in the bull gear. While the
envelope restrictions of the reference aircraft are met, the weight penalty with the addition of the splined

shaft and separate drive gear for the interconnect cross-shafting remains unattractive as explained in section
442.

4.4.5 CONFIGURATION #5

Configuration #5, shown in Figure 19, shows the clutch assembly integrated into the input cluster gear
envelope. Separating the cluster gear into two separate gears forces the addition of three extra bearings, two
rollers and a ball bearing, to carry the thrust load of the helical gear. With the clutch assembly now subjected
to an axial thrust load, except for the input pinion, the interchangeability of all of the helical gears between
the right and left hand gearboxes is eliminated because the helix angle must be reversed to maintain the same
axial load direction on the clutch assembly. This configuration does not fit the reference aircraft envelope
restrictions since it forces the location of the rotor controls to be extended an additional 1.5 inches.
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4.4.6 FINAL ART DERIVATIONS - CONFIGURATIONS #6 AND #7

Configurations #6 and #7 shown in Figures 20 and 21 present the lightest combinations of configurations 1
thru 5. Figure 20 depicts the layout of the left hand ART with a single stage reduction input helical train and
a two stage planetary reduction. Figure 21 depicts the layout of the left hand ART with a two stage reduction
input helical train and a single stage planetary reduction.

A detailed layout and weight analysis was prepared for each of these configurations, #6 and #7, to determine
which would be proposed for the ART preliminary layout. Configuration #7 was selected because it is
lighter weight and has fewer gear meshes and fewer bearings. It also fits into 2 more compact housing, and
has no gears with a tooth contact ratio less than 2.

Table 7 presents a summary of the selection process for the ART configuration in matrix form comparing the
configurations described above. The comparative factors range from 1 for most favorable to 5 for least
favorable. Configuration #2 is not included in the matrix since it is a right hand version of configuration #6.

TABLE 7: ART CONFIGURATION SELECTION MATRIX

SURVIV- SPATIAL
CONFIGURATION | WEIGHT |NOISE [LIFE| ABILITY | COST | EFFICIENCY [RISK| ENVELOPE | TOTAL

#1- BASELINE 5 4 5 5 4 4 1 3 31

#3- ACCESSIBLE 4 2 2 2 3 2 3 4 22
CLUTCH

#4- BULL GEAR 4 2 3 2 4 3 3 3 24
CLUTCH

#5- 1ST STAGE 3 2 2 2 4 2 4 4 23
CLUTCH

#6- TWO STAGE 2 4 4 3 3 4 4 2 26
PLANETARY

#7- TWO STAGE 1 2 2 2 2 2 5 1 17
HELICAL
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4.5 LUBE SYSTEM EVALUATION

The lube system for the ART incorporates many low risk, available technology items. The only advanced
technology concept added to the lube system that will entail any risk for the ART is a hot running capability.
The lube system is sized by analyzing the lubrication and cooling requirements for each bearing and gear
mesh in the transmission. The oil cooler in the nacelle is located as close to the transmission as the nacelle
arrangement will allow so that the external oil lines can be kept to a minimum. The cooler is sized by the
analytical transmission heat rejection requirements. The air supply for the oil cooler will be provided by the
nacelle blower. This blower will not only provide air flow through the cooler but will also provide air
circulation through the nacelle. Air circulation will aid transmission cooling due to convection through the
cases by continually removing the heated air from inside the nacelle.

4.5.1 THREE MICRON FILTRATION

Three micron filtration will improve the reliability and service life of the dynamic components by removing
the larger physical contaminants that are flushed and suspended in the lubricant. The cleaner lubricant
results in longer life characteristics for the gears and bearings as described in sections 4.8.1.4.4 and 4.8.2.5.5.

4.5.2 SUPPLEMENTAL LUBE SYSTEM

The continuous operation supplemental air-oil mist lube system (see Figure 41) enhances operation of high
contact ratio spur gears, spiral bevel gears, and other dynamic components during loss-of-lube operation of
the transmission. The transmission cases will have several side-by-side cored passages; one for the lubricant
and one for the air. Small nozzles will be placed at selected locations along the cored passages throughout the
gearbox. Air from the air pump blowing through the nozzles will create a venturi effect that sucks the lube
out of the cored passage to create an air-oil mist. In a loss-of-lube condition, the air-oil mist will extend
operating time by keeping the dynamic components wetted with the oil mist which will retard heat
generation due to friction. This is essential especially for the high contact ratio planetary spur gears that will
be used in the ART. High contact ratio spur gears, although being lighter, quieter, and having longer service
life than standard spur gears, do not operate as long in a loss-of-lube condition due to faster heat generation
by the longer teeth. This system was demonstrated in the high contact ratio planetary component test
described in Section 6.1.

4.5.3 DESICCANT AIR SUPPLY

Air will be injected into the transmission by an air pump which supplies air to the supplemental air-oil mist
lube system. The air will provide a positive pressure inside the transmission to keep contaminants in the
outside air from entering. A desiccant air supply is used for the air supply so that any moisture in the air is
removed prior to its injection into the transmission. Moisture in a transmission interacts to form acids that are
detrimental to the transmission components service life. Removal of the moisture prior to the air entering the
transmission will help retard corrosion formation inside the transmission. Failure due to corrosion is one of
the major causes of component replacement at overhaul of rotorcraft transmissions.

4.5.4 HOT RUNNING CAPABILITY

A hot running capability tradeoff study was conducted for the ART to determine the weight savings. The
baseline for this weight saving study was the standard conditions for the lube system design that was in use at
BHTI during the time period the XV-15 tiltrotor drive system was designed. This tradeoff study revealed a
potential 40 1b weight saving.
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The hot running capability concept involves operating the transmission at elevated temperatures so that a

lighter lube system can be used. The current standard maximum oil-in operating temperature for a

transmission is 230° F. For the hot running transmission this would be increased to 284° F. By running at the

higher temperature, the difference between the oil-in and oil-out temperatures will be smaller because more

heat is lost through convection. With the smaller temperature delta, less oil flow is needed to carry the heat

away from the transmission. This results in a lighter lube system by reducing the amount of oil, the size of .
the reservoir, the size of the pump, and the size of the cooler. The hot running capability of the transmission
is made possible by the use of DOD-L-85734 oil, gears and bearings made from high hot hardness steels,
and housings made from WE43 magnesium which has properties similar to A356 aluminum at elevated
temperatures. The hot running capability was successfully demonstrated during the planetary component
tests and the spiral bevel scoring tests with a WE43 housing (see Section 6.2.8).

4.5.4.1 TEMPERATURE RISE ACROSS TRANSMISSION

The temperature rise across the baseline transmission was approximately 10° F at maximum continuous
power. With a maximum oil-in temperature of 230° F this 10° F rise results in an oil-out temperature of
240° F. The ART will have a maximum oil-in temperature of 284° F and an oil-out temperature of 334° F for
a 50° F temperature rise. The greater temperature rise is the direct result of reducing the capacity of oil in the
transmission. This 50° F plus the 54° F increase in the allowable maximum oil-in temperature provide the
beneficial condition for maximum heat rejection through the case walls.

4.5.4.2 OIL-IN TEMPERATURE

As noted above, the ART will have a maximum oil-in temperature of 284° F. This temperature level was
selected as being sufficiently high to allow a significant increase in potential weight savings but not high
enough to present a scoring problem or a coking problem for the DOD-L-85734 oil.

4.5.4.3 WEIGHT ANALYSIS

It is known that the weight of the FAAV transmission can be reduced by using a higher oil-out temperature,
but it is also known at the same time that the life of the transmission will be reduced because of the thinner
oil film in the lubricated contacts as a result of the higher temperatures. The following procedure shows how
the final 40 1b weight saving was determined.

4.5.4.3.1 WEIGHT REDUCTION

The following equations are assumed to be valid for the FAAV transmission for an oil-out temperature of
230° F:

Qr=Qo*+Q, Equation (4.5.0)
Qo=2/3Q; Equation (4.5.1) .
Q=130Q; Equation (4.5.2)

Where  Q = total power loss
Qo = power loss to oil
Q, = power loss to air
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The observation that 1/3 of the total power loss is convected/radiated was made during the 1960's on the
UH-1 transmission. For this analysis, it is assumed that the nacelle blower and the arrangement of the
transmission inside the nacelle are effective in providing a "gentle breeze" across the transmission housings,
i.e., there are no significant dead air spaces.

Assuming also that (1) the average temperature of the housing walls is equal to the oil-out temperature, (2)
the baseline oil-out temperature is 230° F, (3) the FAAV transmission oil-out temperature is 334° F, and (4)

the ambient temperature is 125° F, then it can be shown that there is a 100% increase in the amount of heat
rejected to the air:

ATy =Ty —T,=230°F-125°F=105°F
AT =T ~T,=334°F-125°F=209°F
Using the following standard heat transfer equation
Qa=UAAT Equation (4.5.3)
and noting that Q, is proportional to AT for a constant overall heat transfer coefficient (U) and a constant
area (A) then

_AT;  209°F

Qa =T, = T05F = 1.99 ~ 2 or a 100% increase

Since the total heat rejection has not changed and the heat rejected to the air has doubled, then the heat
rejected to the oil is less:

Qo =Qr-2Q,, from Eq. (4.5.0) for a 100% increase in Q,
Qo = Qr - 2(1/3)Qx, from Eq. (4.5.2)
Qo=Qr-23Q;=130Q; Equation (4.5.4)

The specific weight of a standard lube system at BHTI is approximately 4 1b per 100 HP transmitted.
Applying this factor to the FAAV transmission, its lube system weighs

(4 1b/100 HP) x (2522 HP) =101 Ib
The factor of 4 1b per 100 HP is based on Eq. (4.5.1),
Qo=2/3Qy,

Qo=13Qy, Eq. (4.5.4).

but now

Therefore,
101 Ib/X 1b = (2/3 Qp)/(1/3 Qy)

X =101/2 = 50.5 Ib, weight of FAAV lube system with 100% increase in Q,.
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This represents a potential weight savings of 101 - 50.5 = 50.5 =~ 50 Ib for the hot running FAAV
transmission. This value is based on reducing all of the components in the lube system proportionally which
is a reasonable assumption for the first 50 b weight savings.

4.5.4.3.2 WEIGHT INCREASE

The weight increase due to the higher operating temperature of the FAAV transmission was determined by
translating the loss in gear tooth pitting life into the increase in weight required to negate that loss in life. The
low speed planetary sun-planet mesh on the XV-15 tiltrotor was used to make this determination. The life of
the low speed sun gear was calculated at two oil-out temperatures: 230° F and 334° F. It was assumed that
the oil in the tooth contacts was at these oil out temperatures. The change in temperature affects only two
variables in the gear tooth pitting life equation: lubricant viscosity and the lubricant pressure viscosity
coefficient. The life calculations at the 230° F and 334° F temperature showed a 26% decrease in life at the
hotter temperature.

Recalculating the pitting life at the 334° F temperature while varying the face width of the planets until the
26% decrease in life was negated showed that the planet face width increased from 1.501 inches to 1.660
inches. This translates into 1.484 1b total for the 6 planets. Based upon the 1.484 Ib increase for the planets, it
is assumed that there would be a total increase in weight of the FAAV transmission of 10 Ib to gain back the
26% decrease in life.

4.5.4.3.3 WEIGHT SUMMARY

Based upon the above analysis and assumptions, there is a potential weight savings of 50 - 10 =40 1b in the
FAAYV transmission when designed to operate at an oil-out temperature of 334° F instead of 230° F.

4.6 ACCESSORY GEAR MANUFACTURING METHOD SELECTION

In the original proposal for the ART, a method for manufacturing accessory gears was outlined which would
reduce the cost of accessory gears previously manufactured with the same process required for power gears.
The method was as follows:

Hob gear teeth.

Green grind gear teeth using CBN grinding.

Nitride gear teeth using normal techniques.

Remove nitride white layer by chemical means (instead of grinding)
- Hone gear teeth to improve surface finish after chemical etching.

Since that time, several other processes have been considered and are presented in Table 8 for comparison.
Summing the risk/cost factors assigned to each option it can be seen that Option 6 is the most attractive.
Option 6 is also less expensive than the process outlined above since the honing operation is eliminated.
For accessory gears not requiring integral roller races and having ball bearing journals only, as do the
accessory gears presented in the ART configuration (Figure 38), induction hardening would not be required
resulting in even less expensive accessory gears.
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For the ART accessory gears the following rationale should be used for design and manufacture. For bending
stresses up to 35 KSI in reverse bending and 50 KSI in unidirectional bending the gears should be made from
VAR 300M alloy steel per AMS 6417 thru hardened to Rc 52-55. If there are integral roller races, the
raceways should be induction hardened to Rc 56 minimum. The gears should be processed as follows:

- Hob gear teeth.
- Thru harden to Rc 52-55.
- Finish grind gear teeth (CBN).

- Induction harden raceways (if applicable).
Finish grind bearing raceways and/or journals.

For bending stresses below 25 KSI reverse bending or 35 KSI unidirectional bending it is felt that shot
peening the gear teeth is not necessary. For stresses above these levels, the gear teeth should be shot peened

after finish grinding.
TABLE 8: ACCESSORY GEAR MANUFACTURING METHOD MATRIX
METHOD HEAT TREAT CVN 1=LOW
OPTION | MATL OF CORE POSITIVE NEGATIVE TESTS 5 = HIGH
CORE | TEETH | RACES
MFG (RC) (RC) (RC) (FT-LB) | FEATURES FEATURES REQD RISK| cosT
4340 |-Hob Operating No Experience on | RCF Tests
1 Aly Stl |-CBN Grind 34-38 | 50 min | 50 min | 50-60 |History . Roller Races.
-Tuftride Good Core Expensiv 4 3-
Properties. Process.
4340 |-Hob Cheaper Than |No Experience on | RCF Tests
2 Aly Stl |-CBN Grind 34-38 | 50 min | 50 min | 50-60 |Option 1. Roller Races. 4 2
-Melonize Good Core Expensive
Properties. Process.
300M |-Hob Operating No Experience on | RCF Tests
3 Aly Stl |-Heat Treat 52-55 | 52-55 | 52-55 | 15-20 |History. Roller Races. 4 1
-CBN Grind Cheaper Than |Poor Core
Options 1 & 2 Properties.
Nitr- |-Hob Operating Heat Treat Cost |CBN
4 alloy-N |-Nitride 3842 | 60 min | 60 min | 10-15 |History. More Than Grinding
-CBN Grind No Problems Options 1 Thru 3. |Qual.
With Roller Poor Core Metallurgical
Races. Properties. CBN | & Residual 2 3+
Grinding of Stress.
Nitrided Steel an
Unknown.
4340 |-Hob No Problems Risk of Induction |Tooth
Aly Stl |-Induction Harden With Roller Hardened Gear |Bending
5 GearTeeth & Brg | 32-26 | 56 min | 56 min | 50-60 |Races. Teeth. Tests. 5 4
Races
-CBN Grind
300M |-Hob Operating Cost More Than |None 2 2
Aly Stl |-Heat Treat History. Option 3.
6 -Induction Harden 52-55 | 52-55 52-55 15-20 |No Problems Poor Core
Brg Races With Roller Properties.
-CBN Grind Races.
300M |-Hob Operating Poor Core RCF Tests
Aly Stl |-Heat Treat History. Properties. 5 1+
7 -CBN Grind 52-55 | 52-55 | 60 min | 15-20 Durability of Ni
-Ni Plate Brg Races Plate Unknown.
9310 |-Hob Operating Cost More Than |None
Aly Stl |-Carburize History. Most Options.
8 -CBN Grind (.010 | 33-41 | 60 min | 60 min | 80-100 |No Problems 1 4
Max Stock Rem.) With Roller
Races.
Best Core
Properties.
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4.7 CROSS SHAFTING EVALUATION

Tiltrotor aircraft require interconnect shafting between the left and right hand proprotor gearboxes to provide
proprotor synchronization and single engine operating capabilities. Because of this requirement it is
advantageous to run the cross-shafting at high speeds to yield lower torque and therefore lighter drive system
components; drive shafts, bearings, spiral bevel gears in the tilt axis gearbox etc. A tradeoff study was
conducted to evaluate the feasibility of a high speed interconnect drive shaft system, examining the
availability of hanger bearings and the incorporation of a supercritical shafting configuration. The main
benefit to the ART is the lighter spiral bevel set in the tilt axis gearbox which is possible if high speed hanger
bearings are available. Whether the shafting is supercritical or subcritical does not affect the allowable speed.
A relatively low speed shaft system can be made supercritical simply by making the shaft segments longer.
The benefit of making a shaft system supercritical is the weight saving due to the elimination of hanger
bearings which was compared to the weight and number of dampers required for the supercritical system.

The tradeoff study was constrained by survivability requirements and airframe requirements for the reference
aircraft; wing angle, wing length, attainable output speed from the proprotor gearbox, etc. as listed below:

1. Shaft Diameter > 4.500 X .064 min wall thickness (composite tube) - survivability requirement
2. Hanger Bearing Bore = 65mm minimum - survivability requirement
3. 25,000 fpm spiral bevel gear pitch line velocity - design limit

4. 3.50° nominal driveshaft misalignment from centerline of airframe to tilt axis output - airframe
requirement

5. Maximum driveshaft length = 130.0 inches - airframe restriction
6. 1542 HP - maximum power during single engine operation
7. 6381 RPM input speed to tilt axis gearbox- maximum attainable due to ART configuration

8. 10,175 RPM tilt axis gearbox output speed to interconnect shafting. This was derived during the
configuration tradeoff study, Section 4.4.6. A faster output speed would require a larger, heavier
spiral bevel gear. Also, it was felt that speeds greater than 10,000 RPM presented too great a risk
since the current maximum shaft speed for hanger bearing supported shafts longer than 36.0 inches
on BHTI designs is less than 7,000 RPM.

4.7.1 BEARING SELECTION

Usually, the limiting factor on the speed of the shaft design is the speed limitation of the grease packed
hanger bearings. The interconnect shaft bearing design criteria specifies that the bearings shall be able to
operate at 10,175 RPM with a 10 pound axial load, a 12 pound radial load, and a 165 in-1b moment (V-22
interconnect shaft bearing loads). The bearings are to be grease lubricated. Both ceramic hybrid and steel
bearing designs were evaluated. Ceramic hybrid bearings have steel races and ceramic balls. They can be
press fitted to a shaft just as a steel bearing. The ball loads due to centrifugal force are much less with
ceramic balls than steel balls, due to the 60% lighter weight. However, ceramic hybrid bearings have a
significant disadvantage in applications involving oscillatory loading; they suffer catastrophic failure and are
primarily suited for applications at high RPM with no oscillatory loads. Eventhough the L,y calculated life for
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the ceramic bearing was twice that of a comparable steel bearing, the ceramic hybrid bearing was considered
inappropriate for this application since the interconnect driveshaft system is subject to oscillatory loading,
potentially detrimental to ceramic bearings.

Steel bearings made of M-50-NiL carburized steel races and M-50 steel balls, are the most suited for the
cross shafting bearing application. Carburized and heat treated M-50-NiL steel produces a bearing with case
hardness for increased rolling contact fatigue life and at the same time a core with lower hardness for
improved fracture toughness. The globular and uniform distribution of the carbides in M-50 NiL apparently
overcomes the problem of irregular carbides inherent with M-50 alloy.

At the loads described above, the steel bearing was modeled in a bearing computer program written by A. B.
Jones (High -Speed Ball & Radial Roller Bearing Analysis Program, 1983). The results of the computer run
are as follows:

Unadjusted Bearing Life ----------- 12,400 Hrs
Max. Inner Race Hertz Stress ----- 176,000 PSI
Max. Spin/Roll Ratio--~------------- 0.227

Max. Contact Load -----=-=====enau=- 25 18Ebs

4.7.2 CRITICAL SPEED EVALUATION

Two separate interconnect driveshaft systems were sized using the guidelines outlined, one operating below
the critical speed of the system (subcritical) and the other operating above the 2nd critical speed of the
system (supercritical). Figure 22 shows the configuration and the critical speeds of the subcritical system,
and Figure 23 shows the configuration and critical speeds of the supercritical system. To make the subcritical
system supercritical, two hanger bearing assemblies (see Figure 24) were removed to replace the three shaft
segments spanning the 130 inch maximum gap with one single driveshaft. A squeeze film damper assembly
(see Figure 25) required to safely traverse the first two critical speeds of the system was installed in place of
one hanger bearing assembly at the end of the 130 inch long driveshaft. Reducing the number of hanger
bearing assemblies also reduces the number of couplings needed to span the 3.50° wing angle. The two
remaining couplings on the supercritical system must now operate at a larger misalignment angle (increased
size and weight) than the four couplings on the subcritical system. A weight comparison of both systems is
presented in Table 9 below.

TABLE 9: SUBCRITICAL VS. SUPERCRITICAL WEIGHT COMPARISON

SUBCRITICAL SUPERCRITICAL
DESCRIPTION QTY WEIGHT (LB) QTY WEIGHT (LB)
Shaft Assembly 3 9.6 1 8.8
Hanger Assembly 4 21.2 1 6.8
Damper Assembly - --- 1 15.3
2.25° Coupling - --- 2 22
1.25° Coupling 4 72 - ---
Hanger Bearing 4 12.7 2 8.3
Support Assembly
TOTAL 66.7 61.2

45




/—PRDPROTCR CENTERLINE

BL 204.00
P 4 PLS SEE F 10O 21 BL 000@
- DIAPHRAM COUPLING 1.25 DEG ANGULAR
93.5° MISALIGNMENT CAPACITY TYP
L)
1 —
.875 o 7, rl
43.33 ) .875°
: 43.33 43,33 —
— 39.0 r 130.0 35.0 —
10175 RPM QPERATING SPEED A . _
S R R e, e T e e R e
. = \/
TICAL 21876 REM st e
\__—/

ATH T 4

IST AXIAL = 23280 RPM

FIGURE 22: SUBCRITICAL INTERCONNECT DRIVESHAFT (ICDS) ASSEMBLY

_—— PROPROTOR CENTERLINE
BL 204.00

DIAPHRAM COUPLING 2.25 DEG
ANGULAR MISALIGNMENT CAPACITY

DIAPHRAM COUPLING 2.25 DEG

ANGULAR MISALIGNMENT CAPACITY
HANGER BEARING ASSY SAME| AS
FIGURE 2| EXCEPT D

r~_DIAPHRAM COUPLING SQUEEZE FILM D ASSY
93.5°

SEE FIGURE 22

s
11 .
1.75°

p———— 39.0 t 130.0 1 85.0 ————#
IST CRITION. 2028 oM ———
oo FIGURE 23: SUPERCRITICAL INTERCONNECT DRIVESHAFT (ICDS) ASSEMBLY
10175 RPM_OPERATING SPEED __ ! o
3RO CRITEEAC 12528 RPM _ ————_ W s AR N <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>