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FORT EUSTIS VIRGINIA 23604

This report represents a part of the U. §. Army Aviation Materiel

Laboratories' program to investigate mechanical transmission
system concepts for a shaft-driven heavy-lift helicopter >f the
75,000- to 95,000-pound-gross-weight class. The purpcse of the
investigation was to determine the high-risk or problem areas
that could be expected in the development of a drive train for
a mechanically driven heavy-lift helicopter.

This report presents a comparative analysis of several power
train concepts for use in a single-rotor shart-driven heavy-
1ift helicopter.

This command concurs with the contractor's recommendations
and conclusions reported herein.
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SUMMARY

This report covers a 6-month design investigation of transmission
system concepts capable of operation in a2 single-rotor heavy-lift
helicopter of 75,000 to 95,00C pounds gross weight.

The study has rovered the selection of engines, considering engine
installations utilizing models of four different engines. An evalua~
tion of each engine installation and effect on overall performance has
been included herein. 7Two separate installations, the first incorpora-
ting front-drive turbines and the second incorporating rear-drive
turbines, have been utilized for the layout design of conventional and
alternate transmission s 3tem concepts.

Specific areas considered in the design have included the study of
high-speed bevel gears and bearings utilized in the initial reduction
stages, high-torque lightweight planetary gearing and bearings, and the
design of hypercritical shafting systems.

The results of this study indicate that the total power transmission
system weight for a single rotor HIH is approximately 8,850 pounds.
This weight, which includes all gearboxes, shafting, rotor brake, and
lubrication systems, is approximately 7 percent less than the results
of earlier studies, The mechanical efficiency of this traismission
system is greater than 96.2 percent.

Studies of alternate drive concepts including the harmonic drive, the
roller gear drive, and redundant power path gearing systems indicate
the suitability of the roller drive for inclusion in the HIH trans-
mission system, since this concept may afford a weight saving as high
as 10 percent over conventional planetary drives.

A comparative reliability analysis of the HIH and a current model

aircraft designed for similar mission operation (based on available
service failure data for that aircraft) has been included as appendix IV,
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PREFACE

This report covers the study of several power trans-
mission concepts capable of satisfying the power
requirements of a single-rotor heavy-lift helicopter
(contract DA 44=177-AMC-24L0(T)). Sikorsky Aircraft,

a Division of United Aircraft Corporation, was the
contractor for this study. The Gleason Works, The
Thompson Ramo Wooldridge Corporation, and the Curtiss-
Wright Division provided pertinant data upon which
portions of the study were based. Data on the growth
versions of current production engines were provided
by Allison Division of the General Motors Corporaticn,
the General Electric Company, and the Lycoming Division
of thLe Avco Corporation.

The principals for this investigation were L.R. Burroughs,
Assistant Supervisor, Mechanical Design and Development
Section, J.L. lLastine, Senior Design Analytical Engineer,
and L. Webb, Design Engineer, Sikorsky Aircraft. The
government representatives at U,S. Army Aviation Materiel
Laboratories, Fort HKustis, Virginia, were Mr. E.M. Manning,
Contracts Administrator, Mr. J. Nelson Daniel, G:oup
Leader, Aerorautical Systems and Equipment Group, a:d Mr.
W.A, Hudgins, Project cingineer,
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SYMBOLS

A Area, in.<

Number of blades

(agd

BRR Basic radial rating, 1b.
c Damping coefficient
C Blade chord, ft.
Cy Bearing load rating, 4ib.
Ce 0il flow experience factor
Cdo Profile drag ccefficient
Cp Specific heat, BTU/1b./OF
d Outside diameter - pinion bearing inner race, in,
D, Fitch diameter of circular spline, in,
Dp Pitch diameter - pinion, in.
D, Pitch diameter - ring, in,
Dy Root diameter, in,
Dy Pitch diameter - sun, in.
e Offset of hinge pin from center line of rotation,
B Modulus of elasticity, psi
14 Axial stress, psi
fy, Bending stress, psi
xvi

i v e - S




i Shear stress, psi

£ Vibratory str-ess, psi
Fe Centrifugal force, lb,, or ellowable compressive stress, psi
Fen Endurance limit, pei
Fup Friction horsepower
B Ultimate tensile strength, psi
Fstu Torsional modulus of rupture, ps.
g Distance between planetary plates, in.
G ¥, Gross weight, 1b.
HP Horsepower
gl Shaft inclination angle, degrees
I Moment of inertia, in.%
e Inside diameter, in.
J Rotor system inertia, ft.-1b. sec .
I Ratio ~ basic radial rating to basic thrust rating
Ky Stress concentration factor
L Chordal distance between center lines of planet pinions, in,
M Moment, in.-1lb.
aM Mass increment, slugs
HeSe llargin of safety
Rlafile Nautical mile
N Number of teeth
xvii
e SRS SR R .




B it o
Rl T e

Shaft critical speed (l...i...n), RPM

Number of planet pinions

Qutside diameter, in.
Axial force, 1b,

Diameteral pitch
Roller radial load, 1lb.,
Roller tangential load, 1lb,

Pitch line velocity, fpm
Profile <rag torgue, ft,-lb.

Heat generated, BTU/HR.

Jil cooler heat reiection rate, BTU/HR.

Heat conducted through case, BTU/HR,

Radial egquivalent, 1b.
Reduction ratio
Plate thickness, in.

Fed thickness, in,

A Time, seconds
& Tempzrature, OF

A Temperature, °C

Torque, in.-lb. or f{t,-1bh,

BTU/MR. /in.2/°C
Speed
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0il fliow, gallons/minute

o Ceparating fosce, 1b,
Vi Tangential force, 1b.
ﬁx Axial force, 1b,

Section modulus, in.3

™

[aN]
98}

hass eccentricity

Flapping angle, degrees

< o

u,r1 Fitch angle - bevel gears, degrees
5 Deflection, in.
e sngLlar distance, radians
A Plate slope, in./in.
‘iass density of air, lb./ft.3
ea +lass density of aluminum, lb.fft.B
Co .lass density of MIL-L-7808 oil, 1b./ft.>

Fressure angle, degrees

Spiral angle, degrees

Full load nip angle, degrees

Anguiar velocity, radians per second

Damping factor
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INTRODUCTION

The parametric study of Sikorsky Engineering Repcrt 50273, completed by
the contractor in June 1962, depicts a single rotor crane configuration
capable of carrying a 1l2- to 20-ton payload. Since this aircraft meets
the basic mission requirements of the contract, it will be used as the
airframe for the transmission study.

To determine the configuration, weight, and efficiency of the 20-ton
neavy-1lift helicopter drive train, a comparitive evaluation of several
power train cocncepts has been made and is presented herein. The initial
pover train arrangement is based on what is considered by the contractor
1o be a conventional design using currert state of the art design
procedures and parameters., Against this conventional or "basic" design,
other power transmission concepts such as the harmonic drive, roller
gear drive, and redundant power path arrangements have been evaluated,

All design evaluations have been made using allowable design stresses
to assure cperating intervals for dynamic components of at least 1,200
hours batween overhauls and minimum service life of 3,600 hours,

et A SRR WY T - = UV




As 2
that:

CONCLUSICONS
result of this power transmission design study, it is concluded

1. Shaft-driven single-rotor helicopters can successfuily fulfill
all the contract mission requirements with growth versions cf
current production engines without the necessity of thrust
augmentation or regenerative combustion cycles,

2. The engine selection 1s based on the ll-ton 0GE, 6,000-foot,
95°F hot-day hover requirement and the fuel expended during the
{erry mission. The engines best meeting the power and SFC levels
required for minimum overall zircraft weight are the T6L/S54 and
the 548-CZ. The "basic" transmission study has been made using
the TéL/SSA, and necessary modifications to accommodate the

5,8~C2 are presented as secondary evaluations,

2. A conventional geared transmission system can be designed and
fabricated for power levels up to 18,000 HP at a reauction ratio of
97 to 1 and with a mechanical efficiency of greater than 95,2 per-
cent for a weight of less than 0.4L9 pound per horsepower., No
major problems or high-risk development items are anticipated,

4. The lightest ‘.ail rotor drive is that system incorporating
hypercritical shafting (operating at 5,922 RP¥) from the main
transmission to the 1,575:1 ratio intermediate gearbox and super-
eritical (3,760 RPM) pylon shafting driving a tail rotor gearbox
of 6.18:1 ratio. In comparison to a conventional subcritical
system, a weight savings of 189 pounds is realized and the aft
weight moment affecting the center of gravity of the aircraft is
reauced by 7,800 foot-pounds.

5. The roller gear drive concept is practical for high ratio-

nigh torque nower transcission gstems and appears, fram preliminary
investigations, to afford weight savings and increased efficiency
over conventional geared systems,

6. The low efficiency and high weight of the harmonic drive make
this .oncept impractical at this stage of its development when
compared to the conventional ard roller gear drive systems,

7. Integration of the rotating control system within the main

rotor shaft of the main searbox appears entirely feasible and
affords some weight! saving over an external system,




RECOMMENDATICNS

l. nre-evaluate the selection of engines made herein based on the

results of the U. S, Army Aviation Materiel Laboratories (USAAML) HIH
vower plant studies, including the effect on the single rotor helicopier
transmission system design. Amend the analyses presented herein to
include the engine installation and transmission modifications determined
from this reiteration, including effects of weight, efficiency, and
system reliability,

<. The design investigation of the roller gear drive concept

initiated herein snould be continued. CQConduct, in thi~ extended study
phase, an analytical evaluation of all design parameters affecting
roller gear drive operation, including sun, planet, anc ring gear
stresses as well as stresses and deflections of the carrier. Develop
an analytical sclution for gear rollers and planet pinion bearings,
Journalis, ana gears for deflection and life similar to the contractoris
planetary vear.ng program. Evaluate roller gear drive empirically

and mocify the proposed analytical metheds to design a unit compatible
with heavy-lift requirements.,

3. Concauct a detail design program for the spring-type freewheel unit
leacing to a prototype component and associat=d hardaware, Initiate

a aevelopment test program to evaluate this concept in beth ariving
and long auration freewheeling modes {(i.e., ferry mission) against

tne empirical data currently available for cam roller units of the HLH
size (i.e., CH~54A, CH-534).

4. Continue design study of integrating rotat_ng controls within the
tranamission system, expanding the scope of the evaluation to include
hydaraulics and nonrotating as well as rotating controls,

5. Gomduct ¢ study to determine the design, manufacturing, ard
installation practices necessary to increase the reliability cf high
malfunction-rate components (such as seals, bearings, "O" rings, etc.,
Reference Appendix IV). The goal of thi3s follow-on study would be te
achieve a reiiavilit; »f these components approac..ng that of the
structural component: of the transmission .ystem (i.e., gearing,
shafting, couplings, hcusings, etc.).




BAS1C DATA

DESIGN CHARACTERISTICS

Gross Weight: 75,000-95,000 pounds

Turbine Powered

Autorotation Capabilities at Design Cross Weight Under
Normal Disc Loading

Design Load Factor a. Design Gross Weight: 2.5

Crew: one Pilot, one Copiiot, and one Crew Chief

Comporent TBO: 1,200 hours

Minimum Service Life: 3,600 hours

MISSION REQUIREMENTS

For the power train design covered herein, it has been assumed that the
frequency of occurrence of the transport and heavy-lift missiois is
approximately equal, The contractor's mission analysis indicates that
this assumption results in higher design horsepower requirements over
considering equal importance of all three missions,

Transport Mission

Payload: 12 tons (outbound)

Radius: 100 n.m,

Veruise: 110 knots (12-ton payload)

Veruise: 130 knots (no payloaa)

Hovering time: 3 min. at take off (with l12-ton payload)
2 win, at midpoint

Reserve Fuel: 10% of initial fuel

Hover Capability: 6,000 ft., 95°F (OGE) Take off Gross

Mission Altitude: Sea Level, Standard Atmosphere

Fuel Allowance for Start, Warm-up, and Take off:

MIL-C-5011A

tleavy-Lift Mission

Payload: 20 tons (outbound)

Radius: 20 n.m.
Veruise: 95 knots (2u-ton payload)
Vecruise: 130 knots (no payload)




Hevering Time: 5 min. at take off

1" min, at destination with payload
Reserve Fuel: 10% of initial fuel
Hover Capability: OSea Level, Standard Atmosphere
Fuel Allowance for Start, Warm-up, and Take off:
MIL-C~5011A

Ferry Misgion

Ferry Range: 1,500 n. m. (no payload, STOL. take off)
Reserve Puel: 10% of initial fuel

Fuel Al.wance for Start, Warme-up, and Take off:

M I~C~-50114A

Minimum Design Load Factor of 2.0

Mission Altitude: Sea Level, Standard Atmosphere

Beat Speed for Rangs

VEAICLE DESCRIPTION

hs indicatad in Reference 3, page 48, the selected aircraft has a
singie main rotor, 95 feet in diameter, and a single tail rotor, 22
feet in diameter, for torque balance and yaw ccntrol, The C.G. range
selected is 50 inches, which is more than adequate for crane-type
missions, A l<-foot ground clearance is provided, The fuselage and
landing gear are so arranged that standard truck trai“er containers,
35-feet long and 8 feet by 8 feet in cross section, can be trucked into
position from the rear and secured at L points to the fuselage, Winching
at these points allows subsequent lowering of the modules either after
landing or during hovering. Otler objects up to 12 feet in width can
also be winched and secured to the fuselage. The general arrangement
of this aircraft is shown in Appendix I, Figures 50 and 52,




PrBLIMINARY #J RCRAFT PERFURMANCE

As recomuended in Reference 3, all aircraft cperation will be flown

at a L.in rotor tip speed of 700 feet per second, excepting the 6,000
{feet-959F nover requirement of the l2-ton transport missicn. For tnis
design condition, hover performance has been based on a main roter tip
speec of 050 feet per second, in accordance with Reference 3, requiring
a reduction in engine free turbine RPMN,

Required Engire Power

To determine the installed eng.ne power required for tnis aircraft, it
was initially assumed that the 1l2-ton transpcrt hover requirement was
the critical design condition.

For hover at 6,000 feet-95°F at a rotor tip speed of 650 feet per
second

SHP

]

0437 (GW)3/2 4+ ,0275° (GW)(D) (Reference 3,
i} Equation 16, page 17.)

= L0437(74,000)3/2 4+ ,02755(74,000) (35)
75

= 11,300 horsepower at 95°F,

Checking the rquired pewer to hover at sea leve® on a stanaard day
(59°F) for the 20-ton heavy-lift mission, the above eqguation becomes:

.03798(a )32+ .0735(Gw)(D)
D

SHP

13,000 hcrsepower at 59°F,

Engine selection

As indicated in Appendix II to tiis report, four different manufacturers'
engines were considered, Summarized telow are the manufacturer': nodel,
number of eng:.nes, and installed weights of engine and fuel requi.ed for
the average (or prorated) power for the l2-ton transpori mission,

The aumber of en@iues required is based on the hot-day (95°F) power
requirement of 11,300 HP.




Trnie prorated engine cutput power for the l2-ton missicn, applying the
eLuation of page 15 to the power spectrun of Table 9, is as follows:

Iroratead Power = b,800 HP
Prorated Power/Engine = 6,80) HP/nurber of engines

For t.is prelirinary engine weight evaluatiocn analysis, it has been
assumea that ail instualled engines are coerating continuously through-
out tne entire nissicn at prorated power. It is believed that shutting
down one or nore engines during the mission will result in arproximately
the sane fuel sav.ng regardless of the model engine selected,

No. Total
Eng. Engine Fuel lotal
keaqd. w.eight weight weight
Model (1b.) (1e:) (06 )
T64L/S54 L 3,060 7,760 10,820
JFTD=-124 ) 8,0 1C, 500 B, 575
LICLE-11A 5 3,40 9,300 12,500
5L6=-C2 A % * 10,790

#Reference Allison Report EDR 4ClO

Basea on this simplified analysis, it appears that the most desirable
ergines lor this aircraft on the basis of engine and fuel weight are

the T6L/SSA and the 54,8-C2. A detailed evaluation of engine installations
and estimated installation losses is presented in Appendix II,

MISSIOR ANALYSIS

.{ejresentative power and flapping spectra have been derived for the
single-rotor neavy-lift helicopter using estimated gross weights and
the performance data fram Reference 3 as well as flight test infor-
ration developed from CH-54A (Sikorsky S-64LA) flying crane experience
4s a gulde, These spectra are based con the following estimat<d gross
ht,‘ghtS:




Transport Mission = 74,000 pounds
Heavy-1ift Mission = 86,000 pounds
Ferry Mission = 100,000 pounds

The anticinated frequency and breakdown of shaft horsepower to the

major segments of the power train is presented in Tables 1, 2,
and 3 ,

The folliowing charts, Tables 4 and 5, outline the anticipated main
and tail reotor blade flapping angles and freguency of occurrerce,
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me Q'
TA2Ls

REPRESENTATIVE SPECTRA,
MAIN ROTOR FLAPPING ANGLE - 8

% Time e Degrees
1Z2=Ton Transpert 2C~Ton Heavy-
Mission Lift Mission

NCIE 10,56 12.00
A 10,12 11.%5%
.40 8.86 10.07
.80 6.79 7.72
3.88 5.30 6.02
2.95 L.58 5.21
2.80 4.31 4,90
20.43 3.90 L.43
13..85 3.34 3.80
2.4 3.17 3.60
6.06 2.80 3.18
23.L6 2.56 2191
14.51 2.38 2,70
1oty 2.19 2.49
3.00 2,06 2.34
2.00 1.52 1.73
2,00 .79 .90

Note: The anticipated main rotor flapping for the 1,500-n.m. ferry
mission is less severe than either the 1l2-<ton transport or the
20<on heavy-lift mission spectra.
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TABIE 5
REPRESENTATIVE SFYECTRA ,
TAIL R™TOR FLAPPING ANGLE - 8

% Time ﬁ Degrees
177 5.00
1.77 4.00
2,00 3.40
1.15 3.20
6.1 3520
6.01 2. T5
Le29 2.50
2,00 <2.40
1.18 2,30
2.06 2,20

1Bl 3 2.0

19.21 1.9

34.13 1.8
1.80 1.6
.42 1.5

sdi2 .15
.82 1.00




DESIGN 1OAUS

To determine the required design loads for each dynaric component (i.e.,
gears and shafting), the cumulative damage theory can be applied to

the power spectra and representative S-N curves using 3,600 hours as

the winimum design life for these components.

(earing ana Shafting

The spiral bevel gear S-N curve (Reference 6, page 30) modified f-~r a
reliatility of 0.999 has been used for determination of the following
design powers:

Design Power
Component (HP)
Engine Reduction Bax 4,500

l.ain Gearbox

Input Bevel Pinions 4,500
Uriven Bevel Gear L, 500%
Planetary Stages 14,200
Tail Rotor Take off 2,300
Accessory Urive 300
Internediate Gearbox 2,300
Tail rotor Gearbox 2,300

*Note: Four pinions drive the driven bevel gear; therefore, each
mesh was designed for 4,500 horsepower,




Bearings
For vearing selection, a proratec power 1s determined for each
e dr i r the power spectra considering equal
on trarsyort and 20-ton heavy-1ift missions.
A
/

4]
4
“*-?
=
o}
-
O O
[=C)

gceurren .
Prorated {(or time-w
equation:

\ WX
-~ faa) m [— 2} ’YQJB P-PH..
Prorated Terque T « PM) = Ty | ty + 1ty | 7| .
| - 1/ RPH,
' r’n i ~ 2
-n\ )-33 RFM —t O‘J
vee by LT n
S RPM, |
1 ]
The design prorated lcads are as follows:
Prorated Power
Component (Horsepower
Zngine Reduction Gearbox 2,055
Main Gearbox
Input Bevel Pinion 2,951
Driven Bevel Gear Shaft g,070
Planetary Stages 7,03GC
Accesscory urives 150
Tail Fotor Take oft 875
Intermediate Gearbox 875
Tail Rotor Gearbox 875

power car oe determined using the foilcwing



DESIGN RECUIREMENTS

Design Lives

The single=-rotor heavy-lift helicopter transmission system components
evaluated heresin have been designed to achieve a minimum service
interval of 3,600 hours at a reliability (R) of 0.999 or greater, All
bearings have been designed to achieve a B~l0 life of approximately
3,600 hours, Based on service experience ocbtained on large singie-
rotor helicopters of gross weights between 18,000 and 42,000 pounds,
these design goals should assure a comporient time between overhaul (TBC)
of 1,200 hours or more,

Critical components such as the main and tail rotor shafts and control
systems have been designed for service intervals of at least 3,600
hours at an anticipated structural reliability (R) of 0.9999.

Materials

The selection of materials for the transmission and ccntrol system
components evaluated in this study is based cn Sikorsky Aircraft's
extensive test and production aircraflt experience. All materials
considered for the HLY are currently used in similar applications
on production aircraft.

The use of special alloys such as AMS 4265 vacuum processed alloy steel

has been limited to critical bearing aprlications ¢r components where
its higher fatigue strength justifies its use.
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t should be noted here, that while the fatigue strength of smooth
vacuum processed hardened alloy steels has been reportea to pe higher
than air processed sieels, this difference in fatigue strength
diminishes considerably when notches c¢r stress concentrations are
present,® Where stress concentration factors of 2.4 or greater are
present, no significant differences in the fatigue strength of air amd
vacuum processed steels are apparent. Fatigue testing condueted at
WADC®™% indicates that two heats of L3LC stee)l heat treated to Ftu =

190,000 psi revealed no significant difference between vacuum and air
melt materiels when usinrs notched specimens with a concentration factor
o’ 2465

Since the root radius concentration factcr on the average gear is in the
order of 2,0 ts 2.4, vacuum processed steel is not warranted,

02 highly polished (or ground) parts such as bearings there is
considersble evidence to indicate that the vacuum melt steels are
Justaified, The service life of 52200 bearings, for example, has been
reportedly increased by a factor of 3 to 10 times by the use of

vacuum processed steels, Therefore, vacuum processed steels will be
used for righly loaded bearings where the calculated B-10 life is 5,000
hours or less,

Tne use of titanium alloys has been limited to such parts as planetary
carrier plates and the tail rotor shaft., Titeanium has been used in
simijar applications on several 3ikorsky production aireraft, an
investigaticn of the resuliing weight saving by the use of this
material for the main rotor shaft is alse included in this report,
Allowable Design Stresses

Gearing
Material: AMS 6260 (SAE 9310) steel

Spiral Bevel Cears

Bending Stress,* Fy = 25,800 psi (R= 0.399)
Compressive Stress, F. = 200,000 psi

*Note: The industry accepted design stress for
R= 0,95 is 30,000 psi.

* P.E. Ruff and R.,W, Steur,"Vacuum Melting Improves Properties cf H-1l
Steely Mptal Progress, Volume 80, December 1961, pp. 79-84.
#* F, B, Stulen, WADC TR59-507, August 1959

17




Spur Gearing

Bending Stress, ry (35,750 - ,704 PLV) psi
Campressive Stress, F, = 140,000 psi

Planetary Spur Gearing

Bending Stress, Fp, =

(31,500 ~ 0,625 PLV) psi
Compressive Stress, F.

= 140,000 psi

Shafting
Material: AMS 6260 (SA:E 9310) steel
Rc 30-L5 Core Hardness
Bending Stress, F, = 19,500 psi (k= 0.9999)
Torsional Otress, F, = 30,000 psi
Material: AMS 5000 (SAZ 4L34L0) steel
Fey = 200,000 psi
Bending Stress, F, = 21,800 psi (R = 0.9999)

Torsional Stress, FS = 35,000 psi

Housings*

Material: AZ91C Magnesium Castings
ZK60A Magnesium Forgings

#.ote: For design allowables see MIL-HDBK-5, August 1962

18




Control=-System Push Rods

Material: 7075-T6 Aluminum

Bending Stress, F,. = 13,100 psi ‘2 = ,9999)

b

Planetary Carrier Plates

Material: AMS 5000 (SAE i34L0) steel

F,, = 150,000 psi

Steady Bending Stress, Fb 45,000 psi

Plate Deflection = 0.0010 inch per inch

terial: 6Al-LV Titaniun

=

“tu 130,000 psi
Py = 42,000 pei

Plate Ueflection 0.0010 inch per inch

19




SENERAL TRANSEISSION SYSTEM DESIGN

BASIC TRANSMISSION SYSTEM

The basic and alternate transmission systems have been designed and
evi.luated assuming supercritical input shafting and hypercritical tail
rotor drive shafting. A separate evaluaticn of hypercritical and
subcritical shaft operaticn including stress and weight analyses is
made in 4 separate section of this report.

Both rrent® (Figure 50, page 227) and reart (Figure 52, page 231)
drive turbine installations giving similar performance for this
aircraft have been selected for the basic transmission s*udy to
determine what weight advantage, if any, is atfecrded by this mounting
variable., In the more detailed study of Appendix II, severali other
engine arrangements are evaluated for estimated performence in
compariscon tc the preferred engines.

A schematic of tne basic transmission system incorporating front
arive engines is presented in Figure 1, page 21. The gear ratios,
maximum cesign torques (for take off power), and the shaft speeds
are given,

A similar schematic for the basic rear-drive engine system is shown in
Figure 2, page 22,

#T6L/S5h
#%5,8-C2

20
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MALN GhalBOX

Discussicn

For the Iront=drive ergine installation of Figure 1, the rain gearbox
nas been cesignea with the two aft engine speed reductions integrsted
irto the ..2in case as right angle spiral bevel gears of 2.36:1 ratic.
(The forward engines utilize individual engine reduction boxes of
similar ratio.)

The power from ail four engines has been cormbined tnrough separate
spiral bevel meshes at a common criven gear. The ratio of this set is
37/134., Two plunetary stazges, incorporating 6 and 8 planets,
respectively, arive the 95-foot-diamster main rotor at 141 RPM (700
feet per second),

The tall rotor system arive pinion meshes with the m&in driven bevel
gear forming a 3.96:1 speed increase, A spur gear mesh in turn increas=2s
tiie speed Lo arive the tall rotor drive shaft hypercritica.ly at 5,922

at the low operating stresses indicated in Aprendix 1II, a relatively
.igh degree of bevel gear relizbility (R = .999) should b. obtained
with tne following bevel gear prepcrtions.

Input Set - No. 1 and Nc. 4 Engines

Pinion Gear
Number of Teeth 34 80
Diametral Pitch 5.549
race Width 2.650
Pitcn D.ameter 6.149 14,459
Face Contact Ratio 2,112
Pressure Angle @ = 20°
Mean Spiral Angle 9A'= 200
Shaft Argle 2 = 90°
Pitch Angle Y =23021 M 660581

<3




Pinion Gear

Hand of Spiral RH 1H
Direction of Rotation CCW Cw
Second Stage Bevel Reduction

Number of Teeth 37 134
Diametral Pitch 4.092

Face Width 3.25

Pitch Uianeter 3.042 812, T
Face Contazt Ratio 1. 659

Pressure angle ¢= 20°

hean Spiral Angle ¥ = 20°

Shaft Angle Y = 022

Fitch angle ¥ = 13941 ["= 600z81
Hand of Spiral RH IH
Lirecticn of Rotation CCW CW

To transfer power to the tail rotor, a bevel pinion meshes with the
above 134 tooth gear, in turn driving the tail take oif spur gear.
Tail take off pinion proportions are as follows:

Number of Teeth 53

Diametral Pitch L,092
Face width 1.750
Pitch Diameter 12. 952
Face Contact Ratio 1.038
Pressure argle @ = 20°




_ (
lLean Spirali nngle Y = 2309261

Sraft angle > = 8(0036¢
Pitch ~igle ¥ = 20%:
Heriw of Spiral RH
Uirection cof xctation CCw

Tail Luxke off S ur Zeurs

[F

Jne reculrea il taxke oif spur gear face vidth has been determined
uein; lie stre.s level: indicated on page 18,

“€51£0 bata

in = (63,025)(<,300)/4,035
Tin = 35,900 in,-1b,
5;inion = 62
N-ear =SS
by =G
"t = 2D = 2x 30,900
D (62/6
y, = 0,950 lb.

n.lowi:ble Ltresses

PLV = ,262 (D)(RPN)
bLV = {,262)(62/6)4,035
BLV = 10,900 fpm
2 = 35,750 - .704 x 10,900
F = 28,070 psi
) Ko = 140,000 psi

25




Face Width Calculsations

N o= 62
Dojn = 10,333
X = 195
K = 1,03

FWop = 1.5 x 6,950 x 1,03
28,070 x .195

FWgp = 1.9

P = 20x10%x6 10, 15,1667
2.707511;.0,00052S

F-w.h = 14715

Therefore, required spur gear face width to provide sufficient overlap
and insure operation within allowable stress levels is 1.970 inch.

otress Analysis

The dynamic components of the mein gearbox nave been analyzed for
vibratory bending and/or steady torsion where applicable. This
analysis is presented on the following pages,

26




Figure 3, High-Spesd-Input Bevel,

Critical Section L-=A

G, = 3.7 Z = 3.4
1.D. = 2.85 Kt = 2.65
N o= 185 Y1,710° + 3,522 = 7,2L0 in.-lb,
fe = Ke¥ = (2.65)(7,200)
Z 3.4l
£y = 5,630 psi
Fen = 19,500 psi
MS. = fen -1 = 19,500 -1
v 5,630
M.S. = 42,46

27




3,100 f 4,00

ATl

Figure 4 , High<Speed-Driven Bevel,

Critical Section A-A

0.0, = 4.50 Z = 2,286
I.D. = 4,18 Kt = 1.70
- 2 2 .
M = 3,75 \/(5,160) t (G,610)° = 23,620 in,ogp,

o= A" o 10 (256000 o 17,570 psi
7 2. 286

Fen = 19,500 psi
F
WS = Zen -1 = 19500 o
fb 17)573
MS. = +,10

28




Figure 5. Guill Shaft (Input Bevel to Freewheel Shaft),

Criticai Hection A-A

¢.0., = 3.80 Z = 1,421
IaDr = 2252
i = 63,000 {4,500) = 49,050 in.-~1b,
5,780
fg = I = L4L9,050/2z (1.421) = 17,250 ps.
2%
k.S, = 115,000 -1

1.5 (2{17,550)

Mosc = 4'1.90

29




11 !

Figure 6, Freswheel Housing.

Critical sections through housing are at roller contact points.,

%

il

It

Full load Lip Angle = 5°
Roller Radial Load = 24,670 1b,

Roller Tangential Load = Ph tan (/%) = 1,08C 1b.

b

End Luad at any cross secticn cof roller housing, lt,
il s U = 224 rad. = 129511

No. Rollers J7A

8.36
Ph | Ap +(bh - Am—‘l (1 ~cote) =
2 2| o

Nl U
c*
Lt
l o
o
Nyt
>
=

24,670 [:6.50 + (8.36 - 6.50%]{: 1 - cot ;r°517]-
2 . 22L, .

1,080 (8.36 = 6.50)
2 )
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Pa =

Aping =

-’7’150 iﬂ.'lt-

+3.80

Pucot 0+ Py = 24,570 cot 12951 + 1,080
2 2 2 2
54,610 1lb,
(b = &p) /7 = (8.36 - 6,50 {2.00)
5.72 in.<
Pa = 54,610 = 14,680 psi
& ring 3.72
= 6N = 6(7,150) = 6,200 psi
7 oy, - Y% 2(8,36=6,5C)%
136,000; Fy, = 201,000
= 1 -] = b
oD ikt w SR ) 1.5 (14,680 + _6,200 )
ftu fou 136,000 201,000

-1




P

=]

5,040

Figoure 7. Input Bevel Pinior,

Critical Section A=A

Z = 2,166

& = ll77

2 2
1.5 \/(6,120) + (1,480)
11,320 in,-lb,

1,71 gl%gzzoz = 9,270 pst
2.16¢
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Fen = 19,800 psi

fan -1 = 19,800 -1
b 9,270

M.S,

MS. = + 1,13

Oute:r Shaft

To 1ndicate the design adequacy of the outer shaft, section A=A of
Figure 8 has beer analyzed, In the critical loading condition, shown
on page 35, three engines transmit torque to the main rotor shaft while
2,300 horsepower are supplied to the tail take off bevel gear shaft,




r

-
m
b

~C

17.25 '

""-..‘_\

Typical Input
Gear Loads

Figure 8, OQuter Shaft,
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,;’ b v -
4 JI ]

oy e

. -

1 o '_ S— 7\}()
lJ_’r.,r -

. 1,900 '

\//' 5,820

o

e

Section A-A of Figure 8,
Critical Section A=A

0.0. = 23,84 Z = 80,68
I0. = 3.7 K, = 235
M = 2.75 \/(20,210)2+(16,800)2
M = 72,270 in,-lb,
£, = KM o= 2,35 {72,270)

wa 80,68
fb = 2,100 psi

Fon = 15,000 psi

M.S. = Fop =1 = 15,000 -1 = + 6,14
= 2,100
*b




M

A :
- )
g —— L r S D
il
N A

2,890

i

i

f

9.

Figure

ritical Section A-A

L.37
L.OO

(=3,6L0)(3.95) + (4,780)(.7)

(-1,480)(3.95) + (1,980)(.7)

o
/]

L,780

Tail Take o7f Eevsl

7%
o

ky,

V (11,030)%+ (4,440)°

11,900 in,-lb,

36

civsl Cllys
Gear ohaft

<. 442
= 2,4

= =11,030 in.-1b,

=L,46C in,-lb,




£, = K, M = 2,00 (11,900)

b
%, 2442
fb = 9,790 psi
en, = 19,500 psi
M.S. = 19,500 =1
9,790
Mo, = +.99
1,9¢
/.,'?80
N
|

-—ﬂ/ f\‘

< ’-"79!\" l, 990
T / ‘-‘/
Lo A f 825
1,155 ht-—— 3,12 ———af

Figure 10, Tail Take off Spur Gear Shaft.

Critical Section A-A

0.D. = 3..8 Z = 1,599
I.D. = 3.09 K, = 1.5
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M

en

M.S.

Il

3.12 \/ (1,990)2 + (825)2

6, 750 in.-lb.

ﬁ = (6,750)(1.56)
7 1.599
6,590 psi
19,500 psi
Fen -'l = 19,500 -'l
iy 6,590
+ 1,96
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Bearing Analysis, Computer Solution

The lives of the high-speed-input triplex and quadruple ball bearing
sets, accompanying roller bearings, and the ‘first- and second-stage
planetary pinion bearings were obtained using an indepencently
developed general bearing life sclution, In this solution, elastic
yYielding of the shaft and supperting structure is considered, as well
as centrifugal and gyroscopic moment loading of the rolling elements
under high-speed operating conditions, A 7090 computer has been used
to achieve a numerical solution by iterative techniques,

Ball Bearings

The B-10 lives of the triplex and quadruple high-speed bearing sets can
be determined using the following equations,

Capacity

The capacity of a ball bearing race contact for one million (10%)
revolutions and 90 p- .cent probability of survival is given by the

relationship .

¢ i1 1.39
. [ qu] 2f-1] [(1: ¥cos 8q)*3? e

Note: For inner race contact use upper signs,
For outer race contact use lower signs,

B-10 Life

The livea of the inner and outer raceways for a given bearing in a
triplex or quadruple btearing set with inner race rotation, expressed
ir hours for a 90 peicent probability of survival, are given by the
following ejuations,

Inner Raceway 6
(n) 10
o = P
BT ol L ( _43)3
g=1 | Qeq

*llote: Nomenclature for bearing analysis is presented on page 4%,
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Outer Raceway

Blo = 106

60(RPM)[% éz: (gz_:\, 10/3 ].9

q-1

The life of onme complete bearing of the s¢t is expressed as
follows:

) T

The life of the entire set of (n) bearings is given by:

L set -[(_%_) 10/9 +(5%2_) 10/9 4 ... +(§11;) 10/9:‘-‘9
BL1 ]

Roller Bearings

The B-i0 life of high-speed roller bearings and planetary pinion
bearirzs can be determined by the following equatiocns.

Capacity

The capacity of a cylindrical roller or planetery pinion bearing race
contact for one million revolutions and 90 percent probability of sur-
vival is given by the following equation.

- _~129/21
Qeq = A E‘i"‘i’%‘j‘l/h

g 29 a £ 19,

* See note on page 39.

The lives of the inner and outer raceways for high-speed rollier bearings

ard planetary pinion bearings expressed in hours for 90 percent
probability of survival is calculated as follows:
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Raceway I

RE1 = 10 7 =9
60 (RPM)[1 F 9/
( )[a » (—&Qf ) 1
q=1 cq
Raceway II

RLII = _n 106 )
60 (RPM) n ggg\‘*
Qcq /

q=l

Note: In the case of the high-speed cylindrical roller bearings
accompanying the triple< end quadruple sets, raceway I
becomes the outer race and Pyy becomes P,;, while raceway
II becomes tne inner raceway and Pr1q becomes Pjq.

In the case of planetary pinion bearings, raceway 1 becomes
the inner raceway and PIq becomes Piq, whi.e racewey II
becomes the outer raceway and Pryg becomes Poq-

The life equation of a complete high-speed cylindrical roller bearing
or planetary pinion bearing, expressed in hours for 90 percent probahil-
ity of survivael, takes the following form:

RL 1 (2 + -8/
() e 2 |

In the case of planetary pinion bearing, the deflection of the pinion
gear and bearing inner race due to gear separating loads is accounted

for in the bearing life analysis.

The above bearing life analysis is similar to that presented in ASME
paper number 59-1ub-10, "A General Theory for Elastically Constrainrad
Ball ana Radial Roller Bearings Under Arbitrary load and Speed Con-
ditions", by A. B. Jones, October 20, 1959.
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The computer lives of the bearing applications described below are
based on the bearing 1ift analysis presented herein.

#1 and # high-speed inputs, Reference Figure 3, page 27
219-size triplex set, L = 3,714 hours
312-size roller bearing, L = 6,c03 hours

2 and #3 high-speed inputs, Reference Figure 17, page 73
216-size quadruple set, L = 4,072 hours _}—- Engine Reduction

I Gearbox
216-size roller bearing, L = 14,848 hours |

-

First-stage planetary pinion bearings:

Diameter over rollers = 12.20

Bore = 0.1

Length = 3.25

L = 10,656 hours
Second-stege planetary pinion beerings:

Diameter over rollers = 10.L

Bore = 7.36

Length = 6.0

L = L 474 hours

L2
y_;:;m- s g — Wm




Nowenclature

A

A!

A fatigue constant for ball bearings

A fatigue constant for :'oller bearings
Pitch diameter of bearing, inch
Fatigue life for ball bearings, hours
Fatigue life for roller bearings, hours
Speed of rotating race

Dynemic rolling element Joads at outer and inner race
contacts, pounds

Capacity of a ball and roller race contact for 90 per-
cent probability of survival to 106 revolutions of
inner race, pounds

Effective length of roller, inch

d Ball diameter, inch
p Ratio of transverse radius of ball race to ball diameter
n Number of balls in the system
e Initial contact angle of ball bearing after mounting -
degrees
¥ Ratio of d/e
Li Inper raceway fatigue life, hours
Lo Outer raceway fatigue life, hours
Subscript q refers to conditions at the q'B rolling element
position.
43
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TABLE 6
EEARING LIFE SUMMARY,

MAIN GEARBOX
Bearing Page Fig. Locat. Life
wme Location No. No. Tetter (Hr.)

Triplex Set High-Speed-Input 27 3

Bevel A 3,71k
Roller High-Speed-Input 27 3

Bevel B 6,209
Roller Driven Bevel - 1st

Stage 28 A C 8,070
Duplex Set Driven Bevel - 18t

Stage 28 A D 5,420
Tapered Roller 1Input - Main Bevel 32 7 E oo
Tapered Roller Input - Main Bevel 32 7 F 4,610
Roller Input - Main Bevel ) 7 G 5,990
Tapered Roller Outer Shaft 3l 8 H 3,860
Tepered Roller Outer Shaft 3 8 J oo
Roller Outer Shaft 34 8 K 8,340
Roller 1st-Stage Planetary " - 16 10,656
Roller 2nd-Stege Planetary - - M L,u7h
Roller Main Rotor Shaft 58 13 N k,950
Triplex Set Main Rotor Shaft 58 13 )3 3,410
Roller Tail Take off Bevel 36 9 Q 15,200
Tapered Roller Tail Take off Bevel 36 9 R o
Tapered Roller Tail Take off Bevel 36 9 S 10,950
Roller Tail Take off B 10 T 19,610
Ball Tail Teke otf 37 10 U 5,990

Note: All beerings in the primary drive train (engine through
main roto?? with B-10 lives of less than 5,000 hours will
be mede from vacuum processed 52100 steel.




Planetary Gear Reductions

The plenctary reduction stages have been designed with separate upper
and lower cage (carrier) plates connected by means of clamped spacerc
and the preload Jjournal of the planet pinion bearings. Both the
primary and secondary plenetary reduction stages are shown in

Figure 54 of Appendix 7.

W? h this design, the components are designed to stress levels con-
sistent with good reliability. Deflections of the carrier plates are
accommodated by cutting corrective helix angles in the sun and ring
gears, crowning and providing tip relief in the mating gear teeth.
This design rractice has produced reliasble, efficient, and lightweight
designs of simple planetery stages in use in current production
helicopter transmissions.

Determination of the required face widths and planetary cage plate
thicknesses fullows.

Planetary Stages - Gear Face Width Calculations

Determination of the required face widths will be based on allowable
bending (Lewis) and compressive (Hertz) stresses, as given cn page

of this report. Bending anu compressive stresses have been calculated
using the following equations:

fp = 1.5 W K
FW.) X

fc2 = 21 x 106 Wy  (1/D pinion + 1/D geer)
Sin F.W.)

Note: + for external mesh, - for internal mesh

First-Stage Planetary Datsa

No. Teeth (-N) Pitch Diameter (-D)

Sun 101 16.8333
Planct 85 14.1667
Ring 271 45.1667
Number of Planet Pinioms (Npp) = 6
Pressure Angle (@) = 22030
Sun Gear Speed = 1,59€ RPM
Gear Tooth Design Power = 14,200 HP
L5
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Allowable Stresses

PLV

PLV

= .52k x RPM sun x (Dg + Dp) x Ns x Np
2 x (Ng + %) x (Ng + KNr)

.52k x 1,596 x (16.8333 + 14.1667) x 101 x 271
2 x (101 + 85) x (101 + 271,

5,130 fpm
31,500 - 0.625 x PLV
31,500 - 0.625 x 5,130
28,290 psi

140,000 psi

63,025 x 14,200

1,596
560,750 in.-1b.
2 x Torque = 2 x 560,750
Dg 16.9333
66,600 1b.

Wy/Mesh = Wy /6 = 11,100 1b.

Face Width - Sur Gear

X

(Reference page

(Reference page

18 )

18 )

(function of pitch & number of teeth) = .2125

(function of root radius) = 1.05

1.5 Wt K

Fi (allowable)*




FW., = LLEELEJMZ

28,290 x .2125
F.W., = 2.91 in.
FMe = 20x106 W (1/np + 1/n,)

Sin 2 ¢ Fcz(a..'!.lowa.ble)
= g%#f T (l)fogooog (1/1%.1667 + 1/16.8333)
F.W.. = 2.19 in.
Face Width - Planet Pinion

X = .207
K = 1.017
FW.p = 1.5x 11,100 x 1.01

28,290 x 0.207
FW.p, = 2.89 in.

Face Width - Ring Gear

X = 0.284
K = 1.12
FW.p, = 1.5 x 11,100 x 1.12

20,290 x 0.2%%
FW.p, = 2.32 in.
FW.e = 0-2—"_"5"2“"“:.[73712613{011;:1?86 (1/14.1667 - 1/45.1667)
F.W.. = .82 in.

'—oamm-- m-—-'-w.‘..s__ mae s & UE- e o P S — -
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Second-Stage Planetary Data

Teeth - N Pitch Diameter - D

Sun 135 22.500
Planet T3 12.1667
Ring 281 46.8333

Number of Planet Pinions (Npp) = 8

Pressure Angle $ = 22930

Sun RPM = 433.3

Gear Design Horsepower = 14,200

Allowable Stresses

PLV = 0.52k x 433.3 x (22.50 + 12.1667) x 135 x 281
2 x (135 +73) x (135 + 281
PLV = 1,725 fpm
Fy = 31,500 - 0.625 x 1,725
Fy = 30,420 psi
Feo = 140,000 psi
Loading
Torque = 63,025 x 14,200
k33.3

Torque = 2.065 x 106 in.-1b.

Wt/Mesh = 2.x Torque = 2 x 2.065 x 108
hes D.xgh- 22.5x 8

Wt/Mesh = 22,950 1b.

L8
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Face Width - Sun Cear

21 x 106 x 22,020 (1/12.1667 + 1/22.500)

X = .21k3

K = 1.05

F.W., = 1.5x 22,950 x 1.05

30,%2C x 0.2143

F.W., = 5.55 in.

FW.., =
0.707 x 1402 x 10

FW.. = 4.4 in.

Face Width - Planet Pinicn

X = .202

) ¢ = 1

FWyp = 1.5x22,95 x1

30,420 x 0.202
FW.p, = 5.60 in.
Face Width - Ring Gear

X = .284

¥ = 1.13

FW.p = 1.5x 22,950 x1.13

30,420 x 0.284

F.W., = L.50 in.

FW.. = 21 x .00 x 22,950
0.707 x 1402 x 10

F.W.. = 2.12 in.

Rt ac e oo bl

L9
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The cslculated planetary gear tace widths are summarized in Teble 7

on page 50 . Also presented are the actual gear face widtks chosen
for sufficient overlen to assure that operating stresses are consistent
with calculated values.

Plapnetary Cage {Carrier) Plate

In the symmetrical, double-plate planetary configuration, plate thick-
ness is determined by either of two design limitations - maximum
allowable bending stress or maximum allowable plate deflection.
Cperational experience has indicated that these two design criteria
are sufficient to determine the required plate thicknesses. Plate
thicknesses for the twc reduction stages will be determined by the

use of the following equations.

fy = 12T (0.5L - .kd) (g +t)
Npp Ds L (U.D. - ToD- - 1.2d)  t°
b =16 T (0.5L - .43)3 (g + t)

Dg* Npp (0D, - TT7) E'L% 't

Plate thickness calculations for each stage are as fcllows.

First Stage
T = 560,750 in.-1b.
RFMgyn = 1,596
Nop = 6
8 = 3.30 in.
Ng = 101
Ny = 8
Nr = 271
Dg = 16.8333 in.
Dp = 14.1667 in.
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d = 11.35 in.

CEDh

plates = L44.6 in.

T

piates = 17.3 in.

E = 30 x 106

% = (Dg + Dp) sin ( T /Npp)

= (16.8333 + 14.1667) sin (180/6;

L = 15.50 in.

y = (12)(560,750)(0.5 x 15.5 - 0.4 x 11.35) (g +t)

(6)(16.8333)(15.5)(4k.6 - 17.3 - 1.2 x 11.35) t2

Ty = (1,008) g+t
£2

A = (16)(560,750)(0.5 x 15.5 - 0.b x 11.35)3 (& * ¢)
(16.8333)(6)(4k4.6 - 17.3)(30 x 106)(15.5)2 3
A = (.94 x 1076) g+t

%

Substitution (in the above equations) of the allowable plate stress
and maximum plate deflection limits as given on page 19 results in
a first-stage carrier plate thickness of t = C.400 inch.

The relation of the first-stage carrier plate stress and deflection
for various plate thicknesses is shown graphically in Figure 11
page 55,

b
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Second Stage

T = 2.067 x 10° 1n.-1b.
RPMgun = L33

Mp = 8

g = 6 in.

Ny = 135

N = T3

Ny = 281

Dg = 22.5 in.

Dp = 12.1667 in.

D < 9.35 in.

0.T. = L46.30 in.

ID. = 23.00 in.

E = 30 x 105 psi

It = (22.5 + 12.1667) sin (180/8)

L = 13.26F 1n,

Inspection of the second-stage dimensions and required design param-
eters in the plate stress and deflection equations results in the
following relations.

fo = (2,488) g +t

t2
A = (36.26x100) g+t
£3
53
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Substitution (in the preceding equations) of the allowable plate stress
and maximum plate deflection limits, as given on page 19, results in
a second-stage carrier plate thickness of 0.610 inch. The relation of
the second-stage carrier plate stress and deflection for various plate

thicknesses is shown graphically in Figure 12 , page 56.

To compensate for the deflection in the first- and secoad-stage carrier
plates in this design, a ccrrective right-hand helix angle of

0.0005 to 0.0008 inch per inch should be cut on the sun and ring gears
of each stage.

Planetary Design Using Titanium

As indicated on page 17, the contractor has successfully used
titanium alloy (6 Al-4V) for planetary cage plates on several production
aircraft. Maintaining the present design limits (fy = 42,000 psi and

A = .00l inch per inch) for titenium carriers end spacers, the
following weight saving wvas realized:

wt.
Saving
lst-Stage 53 1b.
2nd-Stage 87 1v.
Total 140 1b.
54
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Main Rotor Shaft

The transmission of torque to the main rotor during all operaticnal
flight regimes subjects the main rotor shaft to vibratory loads which
result fromw the flapping motion of the blades. As the 1lift vector

is tiited to obtain horizontal force components, & moment and force
is induced on the hub which is transmitted to the shaft through the
hub attachment. As the shaft rotates relative to these loads, the
moments and forces are cyclic and proportional to the flapping

angle @ . In addition to these loads, a steady vertical force,
approximately equal to the aircraft gross weight (G.W.), is also
transmitted to the shaft.

To design the rotor shaft for an adequate service interval, a load-
time schedule (flapping spectrum) and a stress-time relation

(S-N curve) have been established. The flapping spectrum depicts the
mein rotor blade flapping angle @ and its anticipated frequancy of
occurrence. Table L , page 12 , presents the anticipated flapping
spectrum for the single-rotor heavy-lift helicopter of Reference 3.

The S-N curve for the main rotor shaft is shown in Figure 1,

page 6L . These S-N data incorporate a reliability factor (R = .5999)
and a size effect factor based on volume.

Using the cumulative damage theory, an iterative calculation is
made to establish an endurance flapping angle ee which must be
considered to obtain the desired service life (in this case = 3,600
hours) when the load spectrum is applied to the S-N curve. The
main rotor shaft, Figure 13 , page 58 , has been designed for
infinite service life at the load level corresponding to (B¢
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Figure 13. Main Rotor Shaft,
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Design Data

G.W. = 86,900 1b.
Horsepower = 14,200
RPM = 140.6
Number of Blades U =6

Finge Offcet e = 30 in.

Forward Inclination of Shaft ig = 3 degrees

Blade Centrifugal Force Fc¢ 153,000 1b.
C.G. Range = 50 in.

Endurance Flapping Angle 6& = 10.00 degrees

Ten (e - .1763
Hub Constant X = (b/2)e Feml3.8 x 105 in.-1b./rad.
Hub Moment My = (b/2)e FoBe = K _Be
5713 57.3
M, = 2.408 x 106 1n.-1v.
Horizontal Force H = G.W. x tan Be = 15,320 1b.

Shaft Material: SAE 4340 steel
Fyy = 200,000 psi

Fen = 21,800 psi (Reference Figure 1 ,
page b4
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Stress Analysis

Ail section nusbers refer to those sections shown on Figure 2%

page 58
Section 1, cone seat
0.D. = 15.16 in.
I.D. = 11.12 in.
Z = 235.6 in.3
X = 7ir.
Kt = 1.88
M = 2.L08 x 10% + 15,320 x 7 = 2.515 x 10 1n.-1b.
fy = Ky M/Z = 1.88 x 2.515 x 106/235.6
f, = 20,070 psi
Section 2, fillet above upper bearing
0.D. = 14.16 in.
TD. = 11.12 in.
z = 172.7 in.3
X = 25.8 in.
Kt = 1.33
M = 2.408 x 106 + 15,320 x 25.8
M = 2.803 x 10° in.-1v.
fy = 1.33 x 2.803 x 106/172.7
o = 231,580 psi
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Secticn 3, hearing seat

0.D. = 16.1k in.

LD, = 11.12 i5.

) 519.8 in.3

X = 30 in.
K¢ = 2.3L

M = 2.408 x 106 + 15,320(30) = 2.867 x 106 in.-1b.

fr = (2.34)(2.867 x 106)
319.8
v = 20,970 psi

Section 4, fillet below bearing

0.D. = 13.80 in.

I.D. =11.12 in.

V/ = 149.2 4n.3
X = 32.5 in.
K¢ = 1.20

M = [?.uoe x 106 4 15,320(30)] .68 - 32.
55.3% !

M = 2.711 x 106 in.-1b.

% = (120)(2.711 x 106) = 21,800 psi
149.2

v = 21,800 psi
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Section 5, end of lower taper

0.D. = 12.90 in.
ID. =11.12 in.
z = G.4 1n.3
X = 55.38 in.
Ky = 1.50
M

= [%.hos x 106 + 15,320(30?] .68 - 59.38
Es.Gg

1.023 x 10% in.-1t.

=
[}

1y = 1.5 x 1.023 x 106 = 16,250 psi
94 .4

b 16,250 psi

Assuming the maximum transient flapping angle of 12 degrees, s static
analysis of Section 5 follows:

= 16,250 psi x x2:0
b4 ) ,250 p oo

fy = 15,500 psi

140.6

Toax = 6.365 x 106 in.-1b.

-3

fg ~

~ry
clL

£ = 6.365 x 106 = 33,710 psi
® 2 x 94,
e = P/A = GQ.W./A = 86,900/33.58

fe = 2,590 psi
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=l
Margin of Safety, M.S. = Feu
1.5 V(fa + £)% + b(£,)2

M.S. = 200,000 -1
1.5 1/ (2,590 + 19,500)2+4(33,710)2

M.S. = + .88

Life Analysis

A life analysis on the highest stressed shaft section (Sectior 4) for
the 20-toa heavy-lift mission, which is the most severe, has been made
as follows.

Flapping Cycles to
Angle Stress Fracture
% Time (Degrees) (psi) (See Fig. li, pg. 64)
.01 12.00 26,160 1.27 x 10°
.5k 11.50 25,070 1.96 x 10°
ko 10.07 21,960 46.10 x 10°
.80 T.20 15,700

The shaft life, by the cumuletive damage trLeory is:

L = 100

Tl + 2 +§3---+ n (Grciss)
T Tz 3 1n
" 100
oY + ¢ Lo
T.27 x 10° 1.96 x 109 $8.10 x 109
= 100 x 107
.292

L = 342 x 10° cycles

L = 4,050 hours at R = 0,9999
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To investigate the weight saving that could be realized by fabricating
the main rotor shaft from 6A1-4V titanium alloy, a preliminary com-
parative design analysis was conducted. Ihe analysis indicated a
possible weight saving of 340 pounds in the main rotor shaft.

Overrunning Clutch

Each main gearbcex input pinion dri-re incorporates a roller-type free-
wheel unit which automatically dis.ngages an engine should it suffer

partial or complete loss of power. This unit also allows for engine

to m2in rotor release during autorotation.

A cross section of this unit is shown in Figure 15. page 66, The
roller-type clutch functions on the principle of relative speeds. The
overrunning condition is achieved by a variation in relative speed
between the inner and outer members of the freewheel unit,

In normal operation, the rollers roll up an inclined plane (cam flats)
and are wedged between the cam snd the outer housing,

The freewheel unit required for the HIH input drives are similar in

size to those currently in use in the Army CH-54A crane helicorier.

Test and service experience on units of this size indicate no develop-
mental problems should be realized in either direct drive or overrunning
operation, In fact, the contractor has accumulated sufficient over-
running experience to justify shutting down engines to accomplis: the
1,500-n.m. ferry mission,

A structural analysis of the overrunning clutch outer housing is
presented on page 30,
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Lubrication end Efficiency Anelysis

The primery consideration of the design of a lubrication system for
this gearbox and previous helicopter mair transmissions is to provige
ccoling oil to remove heat generated uue to friction generated at gear
meshes and bearings and to provide lubricity to support tooth and
bearing loads.

The prelim.rary apalysis presented in this report establishes a
systematic approach to the design of an integrated lubrication
system for each transmission compornent. This approach is based upon
extensive test and production experience with a considerable number
of helicopter transmissions. This transmission utilizes carburized
and ground gears, precision bearings, and close tolerance machined
dynamic parts and housings. Experience indicates the losses through
gear weshes, including the associated bearings, to be 1/2 percent per
mesh; for plapetary gear trains 3/h percent and the total gearbox
churning losses to be 3/4 percent.

Efficiency Analysis

Input Bevel Mesh (2 places) (.005)(4,000)(2) = Lo.0
Main Bevel Mesh (4 places) (.005)(4,000)(4) = 80.0
Accessory Bevel Mesh (.005)(300) = 1.5
lst-Stage Planetary (.0075)(14,200) = 106.5
2nd-Stage Planetary (.0075)(14,200) = 106.5
Tail take off Bevel Mesh (.005)(1,500) = 7.5
Tail take off Spur Mesh (.005)(1,500) - 7.5
Churning Losses (.0075)(16,000) = 120.00

FHP(friction HP) = 469.5

Estimated Efficiency = 16,000-469.5

Total Heat Generated, (Qg)

2,545 Fyp
(2,545)(469.5)

1,195,000 BTU/HR.

@G
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From past helicopter experience, at least 15 percent of the total heat
generated in & main gearbox is conducted through the gear case and
radiated to the surrounding area. Therefore, the necessary main gear-
box oil cooler can be designed to reject 85 percent of the total gesr-
box heat generated at maximum power.

Heat Rejection Rate - 0il Cooler

W.c. = .85 Q
= (.85)(1,195,000)
= 1,015,000 BTU/HR.

The transmissicn oil cooler and blower design is summarized on
of this report. = page 149

Cooling 01l Required

011 fiow requirements are based upon the following parameters:
1. Use MIL-L-7808 o0il in this transmission.
2. 01l in at 176°F.

3. 0il out of gearbox at 230°F.

Moin Gearbox
Wo = Cp éuz.u)ﬁf"xrg GPM
1337)(Cpl@o aT
= (.565) L2.4)(L69. = 54.5 GPM
.1337)(.528)(54.4)(5
01l Pump

On the basis of the above main gearbox oil flow requirement, a 35-60-
gallon-per-minute vane pump operating at 1,800 revolutjions per minute
is required. This size and type of pump has been selected for

ontimum serviceability, quality, and low cost. The location of the
purp and associated lubrication system components are outlined on

the lubrication schematic for the main gearbox, Figure 16, page 70.
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Low Pressure Warning

Light \

0il Cooler -
l— Temp. Gage _=r, =
Pressur~ Gage
L1 1L
i
— T\
\l -

lst-Stage Planetary

Thermostatic
Bypass

Filter T

Regulator & Bypass Valve

Low Pressure Strainer & Chip Detector

Figure 16, Lubrication System, Main Gearbox,
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TABIE 8

WEIGET SUMMARY,

MAIN GEARBOX
Agsembly Total
Weight Weight
(1v.) (1v.)

Input Assembly - No. 1 Engine 306
Input Assembly - No. 2 Engine 223
Input Assembly - No. 3 Engine 223
Icput Assembly - No. 4 Engine 300
Outer Shaft Assembly 332
First-Stage Planetary Assembly 852
Second-Stage Planetary Assembly 1,867
Ring Gear 248
Main Rotor Shaft 1,270
Main Rotor Shaft Bearings and

Support Assembly 668
Driven Tail Teke Off Bevel Gear

and Housing Assembly 108
Driven Teil Take Off Spur Gear

and Housing Assembly 38
Mein Housing, Liper. & Stud

Assembly 495
Sump Housing and Pump Assembly 60

6,990

AP AAPGRE - - -
.
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ENGINE REDUCTION GEARBOX - TWO FORWARD ENGINES

To achieve the an ‘ular change reyuired by the system configuraticrn and
reduce the speed cf the main gearbox input shaft, reduction gearboxes
are attached to the two forward engines, as shown in Figure 51 of
Appendix I. These toxes consist of a spiial bevel gear reduction cf
80/3% (2.35:1) and accessory drives for the tachometer, fue control,
anéd a lubricating pump.

As indiceted by the stresses given Apperndix ITI, acceptable operaticn
w1ll be obtained using the following spiral bevel gear proportions:

Pinicn Gear
Number of Teeth 34 &0
Diametral Pitcn 5.529
Face Width 2.650
Pitch Diameter 6.1L4g 14469
Face Contact Ratio 1.841
Pressure Angle @ = 20°
Mean Spiral Angle 4= 2009
Shaft Angle £= 29230
Pitch Angle ¥= 8041 = 20°49
Hand of Spiral RH LH
Direction of Rotatin CCW CW

As outlined on page L2 , the input pinion bearing lives, determined
ty computer solution, are 4,072 and 14,848 hours for the 16 quadruple
set and the 216 roller bearing, respectively.

Output gear bearing lives are as follows:

Cylindrizal Roller (65 x 120 x 23 mm) 4,340 hours

Preload (smaller) Tapered Roller  (L8147hk9, LB14TIC) > 100,000 hours

Tapered Roller (33472/33287) 19,000 hours
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7,320 2,340
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3,130 l

B =

L
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1"71? 7%0 2,610\f’ ' ' ‘

e

Figure 17. Pinion,Engine Reduction Gearbox,

Critical Section A4-4
6.D. = 3.25 Z = 1.947

TD = 2.62 K‘t- 2.48

M = 2.06 \/22,610)2 + (3,060)2

M = 8,280 in.-1b.

fy = KM = (2.48)(8,280)
Z (1.947)
fvy = 10,550 psi

fFep = 19,500 psi

M.S. = Fen -1 = 19,500 -1
v 10,550

M.S. = + .85




p L1<
3)2/0 14;730 |\
-
rb%

Eﬁ : - “}!/Taw - T

1,320

7,320 3,680
Figure 18. Output Gear Shaft, Lngine Reduction Gearbox.

Critical Section A-A

%

0.D. = 3.00 Z = 2.073

I.D. = 2.05 Ke ,1.39

M= 2.87 V[(3’27O)2 + (4,710)2
M = 16,460 in.-1b.

fr = Kt M= (1.39)(16,460)
Z 2.073

fvy = 11,040 psi

Fepn = 15,500 psi

M-S- = fﬂl’ -1 - 1 OO "l
o 11,050

M.S5. = + .77
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Lubrication and Efficiency Analysis

The primary consideration of the design of a lubrication system for
this gearbox and previous helicopter transmissions is to provide
cooling 0il to remove heat generated due to fricticn losses at geaer
meches and bearings and to provide lubricity to support tooth and
bearing loads.

The preliminery analysis presented in this report estabiishes a
systematic approach to the design of an integrated lubrication system
for each transmission component. This approach is based upon extensive
test and production experience with a considerable number of Lelicopter
transmissions. This transmission utilizes carburized and ground gears,
precisior bearings, and close-tolerance, machined dynamic perts and
housings. Experience indicates the losses through gear meshes,
including the associated bearings, to be 1/2 percent per mesh and the
total gearbox churning loss to be 1/2 percent.

Efficiency Analysis

Input Bevel Mesh = {.005)(L4,000) = 20.0
Crurning losses = (.005)(4,000) = 20.0
Fgp (friction P) 40.0

Estimated Efficiency = EﬁOOO-hO x 100 = 99%
000
b

Total Heat Generated (Qg)

2;5"»‘5 x Fgp
(2,545){k0)
101,800 BTU/HR.

G

From past helicopter experience at least 15 percent of the total heat
generated in an engire reduction gearbox is conducted through the gear
case and radiated to the surrounding area. Therefore, the necessary
0il cooler can be designed to reject 85 percent of the total gearbox
heat generated at maximum power.
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Heat Rejection Rate - 0il Cooler

WB.c. = 85
= (.87)(101,800)

= 86,500 BTU/HR.

The transmission oil cooler and blower design is summarizec on page 149
of this report.

Cooling 0il Required

0il flow requirements are based upon the following parameters:
1. Use MIL-L-7808 oil in this transmission.
2. 01l in at 176CF.
3. 0il out of gearbox at 230°F.

Therefore, Wo = Ce (42.4) Fyp GPM
(.1337)Cp po &T

- .565) (4214 ) (40
T._1.33755.528)25§.5§(555

= L.6L GPM

0il Pump

Cn the basis of the stove engine reduction gearbox oil flow
requirement, a 5-10-gallon-per-minute vane pump operating at 2,800
revolutions per minute is required. This size and type of pump has
been selected for cptimum serviceability, quality, and low cost. The
location of this pump and associsted lubrication system compconents
are outlined or Figure 19 , page 77.
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TABLE 9
WEIGHT SUMMARY,

ERGINE REDUCTION GEARBOX

Unit Assembly Total
Weight Weight Weight
Component (1pb.) (1v.) (1v.)
Center Housing Assembly L1
Front Cover Assembly 23
Fuel Control Shaft Assembly 3
(L.H. Installation Only)
Input Pinior Assembly 580
Input Pinion 18.7
Bearings 17
Housing and Liner Assembly 9.2
Miscellaneous 6.6
Output Gear Assembly 79.5
Output Gear L7.3
Bearings 8.8
Housing and Liner Assembly 9.4
Coupling 7.0
Miscelianeous 7.0
198
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INPUT DRIVE SHAFT - MAIN GEARBOX

To compensate for momentary over-torques that may occur from free
turbine engines, the engine reduction gearbox to main gearbox shaft
system Js designed to transmit limit power equal to twice normal rated
power. Utilizing one flexible, viscous damped bearing support, the
drive shaft system has been designed so that its operating speed is
between the first and second critical speeds. Shaft vibration is
isolated from the fuselage by the viscous damped beering support. The
flexibility of the tearing support enables the use of a rigid coupling
to connect the two shaft sections. Flexible disk couplings are used
adjecent to the gearboxes. The shaft sections ere of equal length

for ease of manufecturing and lecgistics.

The shafts are fabricated from 2024L-T3 aluminum alloy tubing. The size
is selected to transmit the required power, provide the required
critical speeds, be lightweight, and yet be amenable to manufacture.

The critical speeds are determined using a method developed by N. O.
Myklestad (Reference 8). The principle upon which the method is tased
is that a frequency, or critical speed, and curve shape are assumed and
computations for shear and bending moment are progressively carried

out from one end of the shaft to the other. A tabular form of compu-
tation is used with a series of concentrated loads representing the
shaft. OSuccessive approximations using assumed values of fregquency

end curve shape are accomplished using a 7094 computer. When the
assumed value of frequirncy corresponds to one of the modes, the selected
boundary conditions of tha curve shape have been met.

Computation Equations:

The shaft is considered to be pinned at the ends and has no damping
imposed.

Shear i + 1 = Shear i + (Moment 1)(frequency)2(deflection i)
Moment i + 1 = Moment i + (Length of Beam i)(Shear i)

i and i + 1 represent two adjacent stations

Boundary Conditions:

Shearp, = 1 Shearnp = 1

Momenty = O Momenty,, = O

9
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Typical Drive Shaft End Fitting,

Figure 20,
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Stress Analysis of Shaftinz

Stress developed at criticel shaft sections for limit power is
calculated to determine design adequacy.

Maximum HP per Engine = 4,500
Cperating Speed = 5,780 RPM

Distarce between engine output coupling and gearbox imput coupling is
115 inches.

T = 2 x 63,025 x HP
RPM

1y = 2 x 63,025 x 4,500
5,780

63 = 98,477 in.-1b.

0.D. = 5.500

I.D. = 5.170

Center of Shaft

A = 3.581

s = T
2xZ

35 = 81‘
2x3.5§l
fs = 13,750 psi

Fsy = 24,000 psi (Reference L)

M.S. = _'st
l-SXfS

M.S. = 2k ,000 -1
1=.5%13, 750

M.S. = + .16

8l




Shaft End Connection

No. of .344 dia. lock bolt holes = 6

fo = 98,LTT
2x2.517

fs = 19’556 psi
Fgy = 23,100 psi (Reference 4 )

Fsy
1. 15)&:‘5

23,100 -1
1.15x19,55

M.S. = <+ .03

=
w
L

Shaft Critical Speeds

Shaft critical speeds are computed using Myklestad's method as
described in the introductory paragraphs. The viscous damped bearing
support has a lateral srring rate of two hundred pounds per inch. The
shaft 1s divided into ten equal concentrated mass increments with a
concentrated mass at the bearing support.

Ney = 2,186 RPM

Nez = 10,608 RPM

The input drive shaft is therefore operating supercritically at
5,750 RPM.
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TABLE 10

ITEMIZED WEIGHT OF ONE INPUT DRIVE SHAFT SYSTEM

Weight

Comporent Weight Analysis (1v.)

weight of Zhaft Wt . x length = .277x115 31.8
In. Length

Weight of Flexible Disk Unit Wt. x No. of Couplings 15.4
Couplings = T.7x2

Weight, of Rigid Ccuplings Unit Wt. x No. of Couplings 6.8

= 6.8x1
Weight of Pearing Support Unit Wt. x No. of Bearing L.7
and Atteching Hardware Supports = L.7x1
Totsl weight of one input drive shaft system = 58.7
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ACCESSORY DRIVE SHAFT

The accessory drive shaft has been designed to transmit the maximum
pover required by all accessories (summarized on page 87 ). Based on
previous experience, an overload factor of 2.0 has been applied to the
meximum input torque to the accessory gearbox to &ssure structural
adequacy for a&ll operating conditiomns.

The shaft assembly has been designed to be a single span, with a
flexible disk type coupling on each end to allow parallel misalignment
of the gearboxes.

Since the power is relatively low, and the shaft span is short (35
inches), supercritical operation is not warranted. The shaft has there-
fore been designed such that its first critical speed is at least 1.5C
times its operating speed.

2]
—0 - -
L=

0.0
o

Figure 21. Accessory Drive Shaft.

Stress fAnalysis

The stresses developed at the c¢ritical shaft sections for the overload
torque of twice maximum accessory power are calculated to determine the
design adequacy as follows:

Meximu. Accessory Power = 300 at 6,022 RPM (Reference
page 87)
Shaft Span {between couplings) = 35 inches
N = 63,025 x HP x overload factor
RPM
T = ﬂ,OZS X 300 x2
£,022

T = 6,280 in.-1b.
0.0, = 1.875
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Z s 252
fs = I
Yoo /2
fs = 63280
2x.252
fs = 12,500 psi
Fey = 29,000 psi (Reference 4 )
M.S. = Tftu -1
T.5xt,
M.S. = 29,000 -1
1.5x17, 500
M.S. = + .55

Shaft End Ceonnection

£ =
g Egz ; 2 = .180, based on two rows of four 0.323-
diameter rivet holes
fs = 6 28()
2x. 150
Fa = 16,500 psi
Fsy = 23,100 psi (Reference &)
M.S. = FS!
1.15xf,
M.S. = 23,100
1.15x16,500
M.S. = + .22




Shaft Critical Speed

Shaft critical speeid is computed using the tasic equation for = cean
pinned at the ends. The gear mountings inside of the gearbtoxoes rust be
rigid in order to use this simplified method ¢f analysis.
Lexn = 0 w,
2x
W, = 3% EI (Reference 8 , page 217 )
L8 fa 4
al = 9.87 for
E = 10.5 x 1G"
pa = .100
R = 5
I‘Cl = 9.57 38u X A0LS X 19PN
Ld .ll\)o t‘*A
Py = 12.2x10% /1
1.8 I
Ney = 19.2 x 100 x .626
35
Ne1 = 9,820 RPM
TABLE 11
ITEMIZZD WEIGHT OF ACCESSORY DRIVE CHAFT
weight
Component Weight ‘naly.is (1b.)
Weight of Shaft Wt . x Length = .C60 x 35 2.10
In. Length
Weight of Flexible Disk Unit WL. x No. of Couplings = 2.06
Couplings .03 = 2
Total Weight of fccessory Shaft Assembly L.16
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ACCESSORY GEARBCX

The trensmission system study considered here has accessory drives as
outlined velcy'. The accessories have been mounted on a separate
accessory gearbox, as Jepicted on Figure 58 , page <45 . The
study ircluded provisions for all necessary accesscries driven on the
ground by using an suxilisry power turtbtinz that operates either with
the rotor locked or rctating ané delivers 80 horsepower.

Accessory Drives

Max. HP Avg. HP
Primary Servo Pump 30 1C
Secondary Servo Puamp 3C R
wo Gerneratars (30 KVA)X 149 53
Utility Pump 70 20
oist Pump 20 6
Rotor Tachometer ! il

TOTALS 300 HP 100 HP

Auxiliary Power Supply (T62T-164) 80 HP

¥Note: DBoth generator drives were designed for 50 percent
generator overload. Only cne generator is driven
by the auxiliary power supply. The other is driven
only when the rotor is turning. (See Figure 58).
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Lubrication and =fficiency 4nalysis

The primary consideration of the design of a lubrication system for
this gearbsx and previous helicopter transmissions is to provide
cooling oil to remove heat generated due to friction losses at gear
meshes and bearings and toc provide lubricity to support tooth and
bearing loads,

The preliminary analysis presented in this report establishes a system-
atic approach to the design of an integzrated lubrication sysiem for
each transmissicn component, This approach is based upon extensive
test and production experience with a corsiderable number of helicopter
transmissions. This transmission utilizes carburized and ground gears,
precision bearings, and close-tolerance, machined dynamic parts and
housings. <xperiences indicates tne losses through gear meshes,
including the asso:iated tearings, to be 1/2 percent per mesh, and the
total gearbox churning loss to be 1/2 percent.,

tfficiency Analysis

Accessory Gearbox

Generator - Ltility Mesh (.005)(225) = lel3
Utility - Hoist Mesh (,005)(155) = .78
Hoist - Primary Servo Mesh (.005)(135) = .68
Primary - Secondary Servo Mesh (.005)(30) = .15
Primary Servo - Generator Mesh (,005)(74) = .37
Churning losses (.005)(200) = 1.50

Fup (friction HP) _ZTZI

Estimated Efficiency = 300 - 4,61 x 100 = 98,L%
300
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Total Heat Generated (QG)

QG = 2,545 FHP

h

2,545 x L.61

i

11, 700 BTU/HR,

Based upon current aircraft experience on accessory gearboxes, with
low friction power losses and relatively large gear case surface area,
the case rejection rate is great enough to dissipate the generated
heat provided the 0il is circulated via an c¢il pump,

Cooling 0il Required

0il flow requirements are based upon the following paramsters:
1. Use MIL-L-7808 o0il in this transmission,
2, 0il in at 176°F,

3., 0il out of gearbox at 230°F,

Therefore,
Wo = Ce (h2.4) THP GPM
CIB7R, e, AT
= (1) (42, .61
.1337)(.528) (54 .4 ) (54
= 0,95 GPM
0il Pump

On the basis of the above accessory gearbox oil flow requirement, a
2=-gallon-per-minute vane pump operating at 5,179 revolutions per
minute is required. This size and type of pump has beern =elected for
optimum serviceability, quality, and low cost, The arrangement of this
pump and associated lubrication syster components is outlined on

Figure 22, page 90.
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TABLE 12

WEIGHT SUMMARY,
ACCESSORY GEARBOX

Unit Assembly Total
weight Weight Weight
(1t.) (1b.) (1t.)
Housing Assembly 57.8
Housing Liner and Stud Assembly 2k.0
Input Gear L.o
Input Flange OL.5
Utility Gear 20
Hoist Gear 2.3
Lube Pump Gear 1.6
Gen. Right Gcar 2.2
2nd Servo Gear 1.2
Auxiliary Power Supply Gear 1.0
Freewheel Unit 3.0
Miscellaneous 16.0
Front Cover Assembly 22.2
Cover Liner & Stud Assewbly 2lL.0
Lubrication Pump Assenbly l.2
TOTAL WEIGHT 80.0
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HYPERCRITICAL TAIL RGIOR DRIVE SYSTEM

Tail Drive Shafting

Fuselage - Tail Cone Shafting

The fuselage - tail cone shaft system connecting the main and inter-
mediate gearboxes has been designed to transmit the maximum anticipated
transient power to the tail rotor. Based on extensive experience on
large single rotor aircraft, this neak (or limit) tail rotor power is
approximately 25 percent of the maximum input power to the main trans-
mission. Hypercritical speed operation of this snhaft system has been
gselected to achieve a lightweight installation, This system requires
only two viscous damped bearing supports spaced to efficiently minimize
shaft vitrations when transient speeds coincide with the shaft natural
frequencies (critical speeds). The operating speed of the shaft

(5,922 RPM) is between the seventh and eighth critical speeds during
flight operation,

As shown in Figure 51, page 229, the shafting consists of three

sections, with the longest section limited to 23 feet to facilitate
manufacturing and handling,
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Shaft Critical Speeds

The critical speeds of the shaft system are computed by the Myklestad
method of analysis, as described in the introductory paragrarhs on
critical speed analysis for tr: input drive shaft on page 79. The
two viscous damped bearing supports each have a lateral spring rate of
200 pounds per inch, The shaft is divided into 38 equal concentrated
mass increments with an additional concentrated mass at each bearing
support. The first eight critical speeds are sumzarized as follows:

Nen RPX
Ngq - 254
N, = 557
N = 1,082
N, = 1,770
N = 2,640
Mg = 3,940
Nen = 5,370
N.g = 6,765

The analysis predicts the normalized shaft deflections (related to a
maximum deflection unit of 1 inch).* Since operational speed is
between the seventh and eighth critical speeds, these mode shapes are
plotted in Figure 23, page 95 .

*reference o, page 115,
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Number of Supports

Although the hypercritical drive shaft design presented herein incor-
poretes two viscous damped bearing support: (Reference Figure 23, puce
95 ), analysis indicates that only one support is required for hyper-
critical operation between the seventh and eighth critical speeds. The

investigations of Reference 7 verify this cosiclusion, However, two
damped supports have been utilized for HLH to provide a fail-safe tail
drive shaft design., If one damper should malfunction, the system will
operate successfully, although at a somewhat higher amplitude than that
anticipated for the two-bearing system,

Damping Coefficient - /iscous Damped Support

The damping coefficient =c- for the viscous damped bearing support is
equal to 10 pounds second per inch for the seventh critical speed.
Analysis indicates that this coefficient is satisfactory for all other
modes,

Bending Stress Calculations

The following analysis establishes that the viscous damped hypercritical
drive shaft installation poscesses enough restraint tc adequately
cortrol shaft resonance at operating speed with shaft unbalances
res'dting from normal manufacturing tolerances,

A normal mode approach is used to define the forces caused by different
sources of unbalarce, These forces are applied to the damped normal
modes of the shaft at the critical frequencies adjacent tc operating
speed, The normalized shaft bending moment distribution derived
earlier by the !yklestad analysis is dimensioned by the modal response
to determine the actual bending moment expected in operation,
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The two types of shaft system unbalance distribution are illustrated
below, shosing the theoretical maximum unbaiance distributior for a
production shaft assembly., The first type c{ unbalance distribution

is cause” by the maximum allowable runout in prcduction shafting, while
the seccud is caused by assembly tolerances between the bearing and
shaft center lines,

ZB = .230 "’::iﬂf#,H““!i:;g; of Distributed Unbalance
I

S Bzgép?gPPOrt ;}%ﬁ ‘\\ |

Q; of Rotation

/[—- of Distributed Unbalance

e

B 010 ZB = =010

The first type of distrilLution affects cnly the odd number mode shapes
(N,, N3 ... etc.) while the second affects only the even rnumber mode

shapes (N2, NL «.. €'.c.)., Maximum shaft bending stress is calculated

as cutlined in Reference 2, for steady operation at the seventh and
eighih critical speeds. OSince operational speed is between thesc two
conditions, operational stress will be below that calculated, Tt .:ode
shape for any particular critical speed remains fixed in a plane that
whirls at the same RFM as the shaft. The bending stress is thus constant
2t a particular critical speed,

8 b4 i oa W
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Zritical Speed (NC) N n = 5,370 RPFM N 8 = 6,765 RPM

e
% of Critical Damping
f = 2 c7fz_x2 Brgs, 100

L6. TR L6.5%
sz Shaft Increments
Magnification Factor
x =1 : 1.22 1,22
o 2£ (-gyHYF
Principle Eccentricity, P.E., = 4 V2 ZB 4 V2~ ZB .
(n 7 )* n 7

, V2 (,230) 4 V2 (,010)
g ¥

(7% )2
.00266 in. .00225 in,
Maximum Deflection
§ = x (P.E) _1 ,0023 in. .0019 in,
*o V2

Maximum Bending Moment*

My = [Bending Momeut _ |§ 1.07 x 10°(.0023) 1.29 x 10°(.0019)
Inch of Deflection
2‘&6 ino"’lbc 2“5 ino-lb.
Maximum Bending Stress

A Mp _ Mg 101 psi 100 psi
% 2.437

# Value of bending moment per inch of deflection obtained from
computer analysis predicting normalized chaft deflections.
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Static Substantiation of Shafting

Stresses developed at critical chaft sections for limit tail rotor
power have been calculated to verify the desig:n adequacy. The bending
stresses calculated in the previous section have a negligible effent
on the fatigue or static strength of che shaft,

Limit HP to tail rotor = 4,000
Operating Speed = 5,922 RPM
Distance between main
and intermediate gear-
box couplings = 525 M.
T = 63,025 x HP
RPM
41 = 63,025 x 4,000
5,922

T = 42,570 in.-1b,
0.D. = 5.000
I%D. = LT«
Center of Shaft
Z = 2,,27
fs = T

22
i = 42,570

2 x 2.L27

= 8,770 psi

Ezs = 16,500 psi (Reference &)
M.S. = Fst -1

1.5 x £g
M.S. = 16,500 -1

135 x 870
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M, S, = +.,25

Shaft ond Connection

No. of .3u44-dia, lock bolt holes = four per row (two rows)

Z = 2,209
fs = o
22
fs = 42,570
2 x 2,209
fs = 9,600 psi
Fsy = 23,100 psi (Reference 4 )
M.,S,. = Fsy -1
1.15 x fs
M.S, = __ 23,100 -l
1.15 x 9,600
M.S. = +1.08
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Pylon Crive Shaft

The pylon drive shaft transmits the same power as the taii drive shaft,
but st 3,76C RPM rather than at 5,922 RPM, It is designed to transmit
the power using the specified safety factors. As is done on the engine
input drive shaft, one flexible, visccus damped bearing support is used
at the center of the span, and operatioral speed is tetween the first
and second critical speeds. The critical speeds are computed by using
Myklestad's method of analysis, as described in the introductory pera=
graph on critical speed analysis for the input drive shaft,

Stress Analysis of Shafting

Sti1ess developed at critical shaft secticns for limat power is ~alcu-
la%ed vo determine design adequacy,

Limit HP to tail rctor = 4,000
Operat..g speed = 3.760 RPM
Distance between intermediatc and tail gearbox couplings = 136 1in,

i = 63,025 x HP

EPM
T = 63,025 x 4,000
3,760
T = 67,000 in.-lb,

L, = 5.250

(@

I.D. = 4.982

Center of Shaft

7 = 2,686
fs = T
200 2
fs = 67,000
2 x 2.686
F3 = 12,50 ped
Fst = 21,000 psi  (Referencae &)
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s, = 4 2

Shaft =«rd Connection (Reference Figure 20, page 80)

No. of .344 dia., lock bolt holes = five per row (two rows)

7% = 2,399
fs = N
2 I
fs = 67,000
2 x 2,399
fs = 14,000 psi
Fsy = 23,100 psi  (Reference 4)
M.S. = Fsy -1
1.16 5% f's
MeSe = 23,100 -1
1.)5 x 14,000
H.5, = 4+

Shaft Critical Speeds

Shaft critical speeds are computed by the Myklestad method of analysis,
as described in the introductory paragraph on critical speed analysis
for the input drive shaft. The viscous damped bearing support has a
lateral spring rate of 200 pounds per inch. The shaft is divided into
10 equal concentrated mass increments with a concentrated mass at the
bearing support,

Nep = 7,32 RPM

The pylon drive shaft is operating supercritically at ,760C RPM, since
the first mode is 1,531 RFM and the second is 7,300,
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TABLE 13
ITEMIZED WEIGHT,
TAIL DRIV: SHAFTING.

Item Weight Analysis Weight
(%5.2)
Fuselage - Tail Cone Shafting
Shaft Wt . x Length = ,202 x 525 10s.
Inch Length
Flexible Disk Unit Wt, x Yo, of Couplings =
Couplings 643 52 12.6
Rigid Couplings Unit Wt, x No. of Couplings =
55l o 2 11.0
Bearing Supports & Lnit Wt. x No. of Bearing
ttaching Hardware Supports = 4.7 x 2 9.4
Weight - fuselage - tail cone shafting 1329.0
Pylon Urive Shaft
Wt, x Length = ,228 x 136 Sl 1l
Weight of Shaft inch Length
vWelght of Flexible Unit Wt. x No., of Couplings =
Uisk Couplings % S a2 A b
Weight of Rigid Unit Wt x No, of Couplings =
Couplings 6.8 x 1 6.8
Weight of Bearing Unit Wt, x No, of Bearing
Supports and Supports = 4.7 x 1 Lo
fttaching Hardware
Weight, Pylon Drive Shaft 58,0
Total Weight = Tail Drive Shafting 197
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Intermediate Gearbox

As shown in Figure 56, Appendix I, the angular change between the tail
cone and pylon drive shafting is accomplished in an intermediate gea=-
box located at the intersection of these shaft axes, To obtain as much
reduction as is practical, a 63/40 (1.575:1) ratio spiral bevel gear set
was selected, An acceptable face contact ratio of 1.571 was achieved
using the following gear proportions, As indicated in appendix IIl,
relatively low operating stresses are obtained for this gear set,.

Pinion Gear

Number of Teeth L0 63
Diametral Pitch L.000

Face VWidth 2.000

Pitch Diameter 10,000 1% 758
Face Contact Ratio 1 Sval

Pressure Angle P = 20°

Mean Spiral Angle ¢ = 28°

Shaft ingle SI=R 12535

Pitch Angle ¥ = 39020¢ "= 84034
Hand of OCpiral RH Lk
Uirection of Rotation CCW CW

GCearing Data

Sin ¥ = L5347
Cos ¢ = .88295

Sin ¥ = .63383
Cos ¥ = .77347

Sinr = ,59821
Cos [" = ,0598¢

Dmean (pinion) :: D, - F Sin ¥

10,000 - 2 x 0,63383

Dmean (pinien) = £.,73 in,
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Dmean {gear)

8.73 x (63/40)

Umean (gear) = 13.75 in.

Input Pinisn, Figure 24

Horsepower 875
Input Speed 5,922 RPM
Mean Uiameter 8,73 i

63,025 x HP = 63,025 x 875
RPM 9,922

9,300 in.-lb,

20 = 2 x 9,300
Dmean 513
2,430 lbs
W, (tan@® sin ¥ + sin ¥cos ¥ )
cos ‘7(/
2,130 (.36397 x .63383 + 46947 x .77347)
. 88295
1,430 1b,
Wy (tan b cos ¥ - sin ¥sin ¥ )
cos y/
2,130 (.36397 x 17347 - .LO9LT x .63383)
.882G5
-38 1b,

V(2,130 x 2,66)2 + (32 x 2,66 + 1,430 x 4.365)2

6.97

1,220 1b,

V(2,130 x 2.63)% + (38 x 9,63 + 1,430 x 4.365)°

6.97

3,090 1b,
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Bearing Selection - Input Pinion

At "A¥, tapered roller bearing 3/306/3L478.
BRR = 3,580 1b,

At "B", tapered roller bearing HM617049/HM617010.

KB e 1035
.!:! RB = 02#7 X ’élogo [ = 1,076 lbo
Ky L85
47 RA  #+ Thrust = .47 1,220 + 1,430 = 1,871 1lb,
K, lad

Therefore, since 1,076 < 1,871

RE; = 0.53 R+ Kg (.47 4 + Thrust)
K

REg = .53 x 3,090 + 1.35 x 1,871

RE, = 4,164 1b.

HEA = RA = 1,220 lo,

The B=10 life of tapered roller bearings may be found by the use
of the fellowing equation:

3,000 x (BRR/RE) 1¢/3 x (500/RPH) hours

L =

L, = 3,000 x (3,580/1,220) 10/3 , (500/5,922)
L, = 9,170 hours

L, = 3,000 x (10,500/4,154) 10/3 < (500/5,922)
Ly = 5,550 hours
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Qutput Gear, Figure 24

Wiy, W, (tang sin [ - sin ¥ cos[)
cos g

= 2,130 (.36397 x .99821 - .46947 x .05989)
. 88295

=
i

W = 810 1b.

W = W, (tan¢ cosr‘+ sin ¥ sin r‘)

CcOS w
= 2,130 (,34397 x .05989 + L6947 x ,99821)

,8829%5
W_ = 1,182 1b,
Re = _ V(2,130 x 7.32)% + (1,182 x 7,32 =810 x 6.,875)°

9,38
Ro = 1,695 1b.
By = V(2,130 x 2.06)2 + (1,182 x 2,06 + 810 x 6,875)
9038

R, = YD b,

Bearing Yelection = Qutput Gear

st "C", locate a roller bearing, 70 x 110 x 20 mm, with a basic
dynardic capacity of 15,700 lb, The B-1C 1ife is expressed by
the following formula:

E-10 life = (c/F) 10/3 10°

RPM x 60

Lo = (15,700/1,695)10/3 10
3,760 x A0

L = 7,410 hours
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At "D=-c", two tapered roller bearings 34306/34478 back-to~back.,

- = 1.30

BRE = 3,580 1b.

Thrust = 810 1b,

L7 FD = 47 x973 = 352 .
K 1.3

Since 810 > 352, bearing "D" reacts the radial load and bearing
"g" is used for prelcad.

REp = 53 Ry + Ky x thrust

= .53 x 973 + 1.3 x 810

RED = 1,570 1b.
Ly = 3,000 x (3,580/1,570)19/3 x (500/3,760)
Lp = 6,220 hours
Lg = > > 100,000 hours
108
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Lubrication and Efficiencr Analysis

The primary consideration of the design of a lubrication system for this
gearbox an.. previous helicopter transmissions is to provide cooling oil
to remove heat generated due to friction losses at gear meshes and
bearings and to provide lubricity to support tooth and bearing loads.

The preliminary analysis presented in this report ostablishes a
systeratic approach to the design of an integrated lubrication system
for each transmission component, This approach is based upon

extensive test and production experience with a considerable number of
helicopter transmissions. This transmission utilizes carburized and
ground gears, precision bearings, and close tolerance machined dynamic
parts and housings. Ixperience indicates the losses through gear meshes,
including the associated bearings, to be 1/2 percent per mesh, and the
total gearbox churning loss to be 1/2 percent.

nfficiency Analysis - Intermediate Gearbox

Bevel Mesh = (,005)(1,500) = 7.5
Churning Losses = (.005)(1,500) = _7,5
FHP (friction HP) 15.0

Estimetad Efficiercy 1,500-15 x 100 = 99%
1,500

Total Heat Generated, (Qg)

QG 2, 5145 X F}E‘

(2,545)(15)
38,175 BTU/HR

From past helicopter experience, at least 15 percent of the total heat
generated in an intermediate gearbox is conducted through the gear case
and radiated to the surround ng area. Therefore, the necessary oil
cooler can be designed to reject 85 percent of the total ge=rbox heat
generated at maximum power,
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Heat Rejection Rate, 0i) Cooler

QOocc = '85 QG

(.85)(38,175)
= 32,450 BTU/4R

Ti.e transmission oil cooler anrd blower design is summarized on page 149
of this report,

Cooling 0il Required

0il flow requirements are based upon the following parameters:
l, Use MIL-L-7808 oil in this tranamission,
2, 0il in at 176°F,

3o 0il out of gearbox at 230°F,

Therefore,

Wo = Ce (42.4) Fyp

GPM.
(.1337)Cp 6o AT

-

= 65)(42.4)(1

1337)0.528) (56.5)(55)

1.74 GPM.

0ii Pump

On the basis of the above intermediate gearbox oil flow requirement, a
2-5-gallon-per-minute vane pump operating at 3,760 revolutions per
minute is required, This size and type of pump has been selected for
optimum serviceability, quality, and low cost. The location of this
pump and associated lubrication system components is outlined on lube
schematic Figure 25.
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TABLE 14

WEIGHT SUMMARY,
INTERMEDIATE GEARBOX

Unit Assembly Total
Weight Weight Weight
Itea (k) (1b.) (1b.)
.nput Section 49.1
Housing e
Input Pinion 21.8
Bearings 7.8
Miscellaneous 10.0
Center Housing & Stud Assembly 13,6
Output Section 69.8
Housing Vv
Output Gear L6,0
Bearings 5.6
Miscellaneous 10.5
0il Pump & Quill Shaft L5
137,
12
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Tail Rotor (Crearbox

To transfer power from the pylon drive shaft opsrating at 3,760 RPM to
the tail rotor at 607 RPM involves a 90° shaft angle change and a total
speed reduction of 6.18:1,

Since the required speed reduction cannot be achieved in the single
spiral bevel gear mesh, an additional reduction must be employed. To
minimize gear sizes and weight, the design study indicated that the
maximum reduction should be accomplished at the last possible reduction
stage to maintain minimum transmitted torque through as m ny reduction
stages as is feasible, To provide multiple mesh lcad sharing and
minimize the number of reduction stages, a single stage planetary
adjacent to the tail rotor was the lightest, most efficient solution.

A planetary reduction of 3.82:1 was achieved using a sun gear input and
fixed ring gear with the cage, or planet carrier, driving the tail rotor
shaft, This, in additior to a spiral bevel gear ratio of 55/34 (1.62:1),
furnishes the desired reduction. Figure 57 of Appendix I shows the tail
gearbox arrangement described above,

Calculated operating stresses for the tail gearbox spiral bevel gears
are presented in Appendix III for the design loac conditions, At these
stress levels a reliability of RZ,999 will be octained.

Pinion Gear
Number of Teeth 34 55
Diametral Pitch 3.676
Face Width 2,632
Pitch Diameter 9.249 14.962
Face Contact Ratio 1.726
Pressure Angle & =200
Mean Spiral Angle @ =250
Shaft Angle ¥ =90°
Pitch Angle ¥ =31043" M =58017
Hand of Spiral RH LH
Direction of Rotation CCw CW
113
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Bevel Gear Data

g = 20001
tan @ = .36397

% = ;.500'
oin W= 42262
cos = ,90631

T = 31943¢
sin ¥ = ,52572
cos ¥ = ,85066

Dmean (pinion) = Dp- F sin

= 9.249 - 2.632 x 0.52572

Dmean (pinion) = 7.865 in.
Dmean (gear) = 7.865 x 55/34
Dmean (gear) = 12,723 in,

Input Pinior, Figure 26

Horsepower 875
Input Speed 3,760 RPM
Mean Diameter 7.865 in,
Torque = 63,025 x 875 = 14,670 in.-1b.
3,760
Wy = 2xT = 2 x 14,670
Dmean 7.865
Wt = 3,730 1lb,
Wy = W (tan g sin ¥ + sin ¥ cos ¥ )
cos o
W = 3,730 (.36397 x ,52572 + 42262 x .85066)
. 90631
Wx = 2,267 1b,
14
wmmw--‘,m'—m v " - —- W‘
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e 12,55 =
Sodt T

_— 0.8, "
7 T 1,478
/ &
/ T
D | E
- iis | [ 360
] \ TI I A 5
= e
\ =
1,600 | B 2,130
: 6.36
360 '
3.933-1
i 1,097 = 3,730 |2,267
"“H“?‘
0 § / 2,267
f 2,550 13,730
L.54 1,1€0
Note: Loads shown are for
l B prorated power
(875 HP).
oD
- A
A 2,267 »

Figure 26 ., Bevel Gear Shafts, Tail Gearbox,
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W = W, (ta.n9§ cos -sin')”sin{)

cos 51/
Wy = 3,730 (.38397 x .85066 = 42262 x ,52572)
.90631
Wg = 360 1b,
Ry = V(3,730 x 2.1)2 + (2,267 x 3.933 + 360 . 2.1)°
5.8
Ry, = 1,875 1b.
e = V(3,730 x 4.54)2 £ (2,267 x 3,999 = 260 x 454
Rq = 2,770 1b,

Bearing Selection - Input Pinion ., Figure 26

At "A", the preload bearing, a tapered roller bearing L 521943/
L 521910 and at "B"; a tapered roller bearing 48190/48120,

Ky = 1.49

BRR, = 4,100 1b.

BRRg = 7,800 1b,

47 % = 0.47 x 1,875 = 760 1b.
g 1.16

Thrust = 2,267 1b.

Therefore, since thrust > 750

REg = 0.53 x 1,875 + 1,16 » 2,267
REg = 2,620 1b,
REA = 0
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b = >> 100,000 hc irs

3,000 x(7,800/3,62¢ 10/3 x (500/3,760)

of
l

LB 5,130 hours

At "C", a roller bearing 65 x 120 x 23 mm. with & basic dynamic
capacity of 23,300 1b.,

Lo = (23,200/2,770)19/3 168
3,760 x 60
LC = S’ 410 hours N

Qutput Gear, Figure 26

As this is a right angle bevel mesh, the axial and separating loads
on the pinion are reversed for the gear,

Wy gear =W  pinion = 360 1b,

Wg gear =W, pinion = 2,267 1b,

Wy = 3,730 1b,
Viz 2 .
Rp = V(L7120 x 5.37)° + (2,267 x 5.37 = 360 x 6.36)
12,52
Ry = 1,785 1b,
Bpp = _ V(3,730 x 7.15)2 + (2,267 x 7,15 + 360 x 6.36)2
12,52
RE-F = 2,590 lb.
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Bearing Seection, Qutput Gear

At "D", a 95 x 130 x 18 mm. roller bearing, capacity = 16,100 lb,

% = (16,200/1,785)19/3 106
2,325 60
LD = 11,050 hours
At "E-F", two tapered roller L521910/L521949 bearings,back-to-bacx,
K = 1.49
BRR = 4,100 1b,
Thrust = 360 lb.
47 x 2,590 = 817
1.49
Thrust < 817
RE, = % + 1,064 x KE x Thrust

= 2,590 + 1,064 x 1.49 x 360
2

= 1,866 b,
REp = % - 1,064 x Kg x Thrust

= 2,590 - 1,064 x 1.49 x 360

2
i = 3,000 x (4,100/1,866)19/3 x 500/2,325
LE = 2,830 hours
/

L = 3,000 x (4,200/724)'%" x 500/2,325
Lp = >>100,000 hours
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Tail Rotor Shaft. -~ Bearing Loading and Selection

The loads imposed on the bearings result from the head momemt -y, -
caused by the flapping moi.on of the blades, the thrust developed by
the tail rctor to counteract main rotor torque, a lateral force equal
tc the product of thrust multiplied by the prorated tail rotor flapping
angle, and the weight of the components. To be conservative, all of
these applied forces are considered coplanar.,

Design Data
RPM = 608
b = 6
e = 6,6 in,
Fc = 36,740 1b,
K = 727,400 in,-1b./rad.
@ prorated = 2,42°
Main Rotor HP prorated = 7,370
Main Rotor RPM = 140.6

Distance, Main Rotor to Tail Rotor, d = 714 in.
Weight of Hub and Blades = 500 1b,

Weight of Planetary = 100 1b,

My = K 6pmmted = (727,400)(2.42) = 30,700 in.-1b,
57.3 57-3

Thrust = Main Rotor Torque prorated = 62,02; x 7,370

d 40,6 x Ti4
Thrust = 4,620 1b,
H = Thrust x tan § prorated = 4,820 x .04<
H prorated = 194 lo.
117
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“ -‘ 194 1b,

\ | *

| 500 1b.!
¥ 1 J! § FREt =y 53D b

L I My = 30,700 1n.-1b,
l 7085,‘——.“'17020 8.95 '

2,794 1b,
€ Tail Rotor

Figure 27 .Tail Rotor Shaft Loading .

Bearing Selection

RH = 694 x 8,95 + 30,700 - 25,05 x 100

17.20
R, = 2,000 1b.
RJ = 694 x 26,15 + 30,700 - 7.85 x 100

17.20
RJ = 2,794 1b,
At G & H, tapered roller bearings 48393/48320,
BRR = 12,800
K = 1,82
47 T = .47 x 2,000 = 515,

KH 1.82
Since 515 &£ Thrust,
R, = O (bearing "G" acts as a preload bearing)
RH = ,53 x 2,000 + 1,82 x L,620
RH = 9,470 1b,
120
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3,000 x (12,800/9,470}

6,750 hours

>>100,000 hours

+10/3

x 500/608

At J, a 130 x 200 x 33 ball bearing,

basic dynamic capacity = 18,400 1b,

Ly = (18.400/2,794)3 10°
e 6o
LJ = 7,800 heurs

Planetary - Gear Face Width Calculations

Uetermination of the require- face width is based on bending (Lewis)
an¢ compressive (Hertz) stresses given respectively by the following

equations,

f, = L5"K
(FW.) X

£.°

Il

21 x lO6 Wy (1/Dpinion t 1/Dgear)

Sin 2¢  (FW.)

Planetary Data:

Note: + for external mesh
- for interral mesh

No. Teeth =N Pitch Diameter -D
Sun Gear 34 5.,6667
Planet Pinion 31 5.1667
Ring Cear 96 16,0000
121
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Number of Planet Pinions Npp = 5

Pressure Angle ¢ = 22%20
Sun RPM = 2,325
Gear Design HP = 2,300

Allowable Stresses

0,524 RPM sun (Ds + Dp) l\"s £

2 (Ng + No) (Ng + Np)

PLV

= 524 (2,325)(5.6667 + 5.1667)(34)(96)
2(34 + 31) (34 + 96)

F = 31,500 - 0.625 x PLV

= 31,500 - 0.625 x 2,550

Fb = 29,900 psi
FC = 140,000 psi
Loading
Torque = 63,025 (2,300)/2,325 = 62,360 in.-1b,
wt = 2 X Torque/Ds = 2(62,360)/5.6667 = 22,000 1b,

Wy /Mesh = 22,000/5 = 4,400 1b,
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Face Width, Sun Gear

X (Function of pitch and number of teeth) = ,1661
K (Function of root radius) = 1,00
v = W
P, = 1,5 Wt K
b X

=3, 00)(1
329,90032 .1661)
F.W.b = 1,33 in,

FW., = 21 x 10%W, (1/0,, + 1/D)
Sin 2¢ F *

6
= 21 x 10 x 4,400 (y/5 ¢667 + 1/5,1667)
.707(196 x 108)

FW, = 2,47 in,

Face Width, Planet Pinion

X = ,b1616
K = 1,0
F.W,b =

1.2{5,%093(;%
29,900(.1616

FeW., = 1,37 in.
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Face Width, Ring Gear

X = ,30

K = 1.05

FWa = 1.5 (4,400)(1.0
(29,900) (.30

F — 3

M. = 0.773 in,

F’w°c = 21)(106)([“@0 1 - 1
707 x 196 x 10° ( 5.1667 16 )

FW., = 0.875 in,

The calculated planetary gear face widths are summarized in Table 15
below, Also presented are the actual gear face widths chosen for
sufficient overlap to assure that operating stresses are consistent
with calculated values,

TABLE 15
PLANETARY GEAR SUMMARY,
TAIL ROTOR GEARBOX

| e g

Required Hequi.red Actual Actuzal
Face Width Face Width Face Width Bending Compressive
Bending Compression  Selected Stress  Stress
Component (in.) (in,) {in.) (nsi) (psi)
Sun Gear 1539 247 2.60 15,300 139,000
Flanet
Finion 1.37 2.47 2.50 16,400 139,000
ring Gear o 18 .88 1.25 18,650 110,000
12
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Planetary Cage Plate Analysis

The design criteria used in determining the tail gearbox planetary
plate thickness is identical to that shcwn on page 19 for the main
transmission planetary plates,

Plate Thickness

T

62,350 in,-1b,

RPM = 2,325
sun
g = 2.75 irlu
NS = 3
Np = 31
Nr = 96
Ds = 5.667 in.
D, = 5,1667 in.
d = 30[500 irlu
O‘D'plates = 15.63 in,
I'D'plates - 6.1 in.
E = 30 x 106 psi
: / _ . o _
L = (Dg + D) Sin %Npp = 10.8337 Si:. 36° = 6,368
f = 12(62,279)(0 g+t
b 5 5.667 603 8 150 3 — 6.1 Lt 102 X 30‘& [ t ]
4 = 1,390 x &*t




L2 \
L0 1.6
38 '
36 1.4
34
~ 32 S 1.2 &
i ka
(1] ~
& \ L
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o Plate Slope \,;—Plate Stress o
A 26 o
\ 0
L
e Qo
2 2 b3 g 3
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” R
20 A .6
18
16 + ¢ okt =
A% W35 40 L5
Plate Thickness - Inches
Figure 28, OGOtreses and Deflection Versus .
Planetary Plate Thickness,
Tail Gearbox,
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% = 16(62,350)(0.5 x 6,368 = .k x 3.4)° s
5.667(5)(15.63 - 6.1)(30 x 100)(6.368)2

A= 1844 x100 x g+t
t

Substitution of the allowable plate stress and maximum plate deflection
limitations in the above equations results in a carrier plate thickness
of 0.400 inch (Reference page 19).

The relation of the carrier plate stress and deflection for various
plate thicknesses is shown graphically in Figure 28, page 126 . To
compensate for the deflection in the carrier plates, a corrective left
hand helix angle of 0,0005 to 0.,0008 inch per inch should be cut on the
sun and ring gears.

Planetary Finion Bearing Selection

Determination of the planet pinion bearing lives is similar to the pro-
cedure developed on page 40 for the main gearbox. By limiting the
maximum deflection of the outer and inner races to 0,025 inch and 0,005
inch, respectively, experience indicates that agreement between cal-
culated and actual bearing lives will be obtained.

Planctary Data

HPprorated = 875

Nop = 2

P4 = 6

Dg = 5,6667 in.
Dp = 5,1667 in.
Dn = 16,000 in,
RPMg,, = 2,325
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Rmplme g = 1.880
Loading
i = 63,025 x 875/2,325 = 23,720 in,-lb,
W £ 2 T
t
N_D
pp S
wt = 2 x 23,720
5 x 5.6667
W, = 1,675 1bt,
W, = W, tan ¢ where 55 = 22030!
W, = 695 1b.

Outer Race Deflection

The planet pinion tooth bacxup and inside diameter is determined by
either tHe backup requirement (l.l times the whole depth of the tooth)
or that thickness required to limit the outer race deflection to 0,025
inch., First deflection determination is made on the basis of required
backup.

I.D.pp L.750 - (1.1)(2) 2.25/6

I.D.pp = 3.925 in,

The deflection of the outer and inner bearing races will be analyzed
using the following equations:

é; = (0.149) Wg sz (Refercnce 5, page 156)
EI

= (7.45 x 1079)(W_/F.H.) (Dy/y )3

(7.45 x 1979)(695/2.5)(4.337/.412)°

0.00241 in.

S B
i
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Bearing Selection
I'istall two rows of rollers, 0.35 diameter by 1.00 inch long.

Haximum number of rcllers (Z) == (ftﬁ.p = Drolier)

P
Droller +t

cage rib

Z 22 (3.925 - ,35)
.35 + .15

Z = 22 rollers/row

The basic load rating for a roller bearing is given by

x No, of Rcws)7/9 (Rollers per row)B/L 2
)29/27

Oy =1 55000 (Leffrollers

(Drollex

(Reference 1, page 1)

5,500 (.9 x .’2)7/9 (22) 75 (.35)29/27
Cp = 28,600 1b,
kadial Zquivalent (RE) = 1.2 (2) Wy

= 1,2 x 2 x 1,675

RE = 4,020 lb.
L = (28,600/4,020)10/3 106
1,050 % 60
L = 6,200 hours

Inner Race Deflection

|

(@]
o

= 3,225 in,

=
&)
il

2.62 in,
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§ = (7.45 x 1079) (695/2.7) (2.923/.302)3
§ = 0.00174 in.

Stress Analysis of Shafting

Stresses developed at various shaft cections will be determined for
critical loading conditions to indicate the design adequacy of the
gearbox shafting.

Input Pinion (Figure 26, page 115)

Since the input pinion shaft configuration was largely determined by
gearing and manufacturing requirements, the resulting bending stresses
are negligible. The stresses developed at Section A-A are the result
of transmitted horsepower and nut torque,

T = 38,550 in.-1b. (Figure 1, page 21 )
Pspline = 16/32
N = | 66
Dp = L.125 in,
4ajor Dia, (0.D,) = 4.125 + 1/16 = L,1875 in,
I1.D. = 3.7 in,
A = (707 -T5.2)
A = 2.59 in,?
J = (7/32)(4,1256 = 3,74)
J = 9,92 in.,k
fe = T _0.D.

2J
= = 38,550 x 4,1875

2 x 9.92
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I

Maximum Nut Torque

Dthreads

fa

fa

[N

}(I.So ult

Mosault

= 8,150 psi

500 ft.-1b, = 6,000 in,-1b.,

= L in,

= P/A, where P = T/,2D threads

I
-3

nut
.2 AD

= 6,000
(.2)(2.59)(4)

= 2,900 psi

- Fiu |

1.5 V£, + £,)° + 4(£,)?

z 136,000 =
1.5 V2,9002 + 4(8,150)2

= + 4.48

Bevel Gear Shaft \Figure 26, page 115)

As the loading indicated on Figure 26 is for prcrated powers, the
reactions must be increased by the ratio of maximum to prorated
horsepower (2,300/875). Section BB is critical in fatigue,

=
"

=
]

(&)
o
!

ol
o
f

7.8, x V 1,600° + 789°  (2,300/875)

36,800 in,~1b,
L.62

4,10
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M.S.

M.S,

]

Kifp

19,500

1.55 x 10,000

+ 0,258

Tail Rotor Shaft

~1

The design of the tail rotor shaft is based on a fatigue analysis
similar to that of the main rotor shaft., The imposed loads are similar
to those used in the tail rctor shaft bearing analysis on page 119
except maximum tail rotor horsepower (2,300 HP) is considered and the

flapping angle is 5 degrees,

¥

k_Pe

57.3

122,400(5)
o 5l

63,480 in,<1b,

14,200 (4,620)

7,370

= 8,900 1b,

8,900 x tan B e, where ee =RG0
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H = 780 1b.
Ftu = 13 6,@0 pSl
Fop = 19,500 psi

Section CC  {located as shown in Figure 29, page 135)

O.Do = l&t875

I.D, = 4.00C

2 = 6,22
Kt = 1.5
M = 63,L8C + (780 x 7.1) + (500 x 7.1)
M = 72,600 in.-lb,

= M/Z
fb M/
fy, = 72,600/6.22
fb = llg 700 jrcpe
M.S. = 19,500 -1

1.5 x 11,700

M.S = % 06.l]

Section DD (Located as shown in Figure .3, page 135 )

0.D = 5,200
0y = 4,550
7 = 5.71
K, = 1.3
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2

A = 4,97 in,
¥ = 63,480 + (1,280 x 8,95)-
(100 x 25,05) 15.20 + (100 x 23,05)
17.20
M = 68,500 in.-lb,
5 L
fb = 12,000 psi
Axial Force = Bolt torque - thrust

Twelve 3/8- diameter bolts clamp the tail rutor hub, cores, and
bearing assembly.

Masdmum Nut Toraue = 405 in.-1lb.
Pyt torque = 12 T
2D
= 12 x 40
2 X 375
Pnut tomue = 6&,800 lb.
Net Axial Force = 64,800 - 8,900
Net Axial Force = 55,900 1lb,
fa = 55,900/4.97 = 11,250 pci
Moso = l -l
fa + Koy
fty Pen
= l _1
11,250 + 1,3 x 12,000
115,000 19,500
M.S. = + O.ll
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- 7,85 |< 17.20 t— 8,95 —o

, m~D|  mC 1,280
J" s %

* 100 ! 12,500
[ I | A N B

63,480

D c

Bl

- 7,1 S

+—— 10.95 ~T*

Figure 29, Tail Rotor Shaft.

oince analysis indicates a positive margin of safety at critical shaft
sections, an unlimited service time will be obtained on this componert.

Planetarv _and Tail Rotor Shaft Design Using Titanium

Incorporating titanium for the planetary carrier plates, spacers, and
tail rotor shaft as proposed for the main gearbox on page 54, the
foellowing weight saving could be realized:

Wt, Saving

Plaretiary 6 q 6
Tzil Hotor Shaft 18

TOtal 21&03 1bo
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Lubrication and Efficiency Analysis

The primary consideration of the design of a lubrication system for this
gearbox and previous helicopter transmissions is to provide cooling oil
tc remove heat generated due to friction losses at gear meshes and
bearings and to provide lubricity to support tooth and bearing loads,

The preliminary analysis presented in this report establishes a system-
atic approach to the design of an integrated lubrication system for each
transmission component. This approach is based upon extensive test and
production experience with a considerable number of helicorter trans-
missions. This trznsmission utilizes carburized and ground gears,
precision bearings, and close tolerance machined dynamic parts and
housings, Experience indicates the losses through gear meshes,
including the associated bearings, to be 1/2 percent per mesh, for
planetary gear trains 3/4 perzent, and the total gearbox churning loss
to be 3/4 perce.it.

sfficiency Analysis, Tail Gearbox

Bevel Mesh = (.005)(1,500) = 7.5
Planetary = (.0075)(1,500) = 11,25
Churning Losses = (.005)(1,500) = 7.5

Fiyp (friction HP) 26.25

sstimated Efficiency 1,500 - 26,25 x 100 = 98.25%
1,500

Total Heat Generated ((j):

(2,545)(26.25)

66,800 BTU/HR.

From past helicopter experience for exposed tail gearbox housings. thLe
heat rejection is 0,250 British Thermal Unit per hour per square inch
per degree centigrade,
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RETATRR TTRL aye A

e

Therefore,

Q

case

UA aT,

(.250)(2,027)(30) = 15,220 BTU/HR.

The necessary oil cooler can te designed to reject the net heat
rejected to cooler (Qq,c,).

Corc. = G - Qcase

66,800 - 15,220

= 51,580 BTU/HR.

The transmission 0il cooler and blower design is summarized on page 14%
of this report.

Cooling 0il Required

0il flow requirements are based upon the following parameters:
1. Use MIL-L-7808 o0il in this transmission.
2. 0il in at 176°F.

3, 0il out cof gearbox at 230°F,

Therefore,
wo = (,66)(47.4) FHP GPM
(.1337)(¢,)( eo) AT
= (,66)(L2.4)(26,25) = 2.76 GPM,

1,1337)(.528) (5L .4 ) (54)

0il Pump

)n the basis of the above tail gearbox oil flow requirement, a 5-10-
gallon-per-minute vane pump operating at 2,800 revolutions per minute is
required., This size and type of pump has been selected for optimum
serviceability, quality, and low cost. The location of this pump and
assocliated lubrication system components are outlined on the lube
schematic of Figure 31, page 139.
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TABLE 16
WEIGHT SUMMARY
TAIL ROTCR GEARBOX

Unit Assembly Tota:
Item Weight Weight Weight
(1b.) (1b.) {1b.)
Input Section 39.3
Housing 6.0
Input Pinion 20,2
Bearings 3.0
Miscellaneous L
Center Housing & Gear Assembly e3
Housing 25.3
Output Gear 32,0
Gear Shaft 145% 1
Bearings 5.9
Miscellaneous L.7
Planetary Assembly 97.8
Sun Gear 10
Planet Pinions 30
Rir-g 1803
Thrast Washers 2.3
Planetary Plates B
Bearings & Journals 15.6
Miscellaneous 8.5
Output Shaft & Housing Assembly 103.8
Housing 2] .&
Output Shaft 50.5
Bearings 23.3
Miscellaneous 8.2
0il Fump & Quill Shaft 9.1
383,
140
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ROTOR BHAKE
Introduction

The heavy-lift helicopter —otor brake system has been designed, cin-
sistent with previous Crane-type helicopter braking requir:ments, to
stop the rotor within a reasonable time with all engines shut down. In
addition, sufficient torque capacity has been provided to hold all
engines within the ground idle regime.

Brake Requirements

The brake design requirements to meet the above conditions are assumed
as follows:

Delay Time = 25 seconds
Braking Time = 15 seconds
Total Stopping Time = 4O seconds
Full Rotor Speed = 141 RPM
Speed of Rotsr Brake Disc = 4,035 RPM
Output Tor ue of Each Engine at Ground

ldle Throttle Setting = 350 ft.-1b.
Engine Output Speed = 13,600 RPM

Design Loads

Rotor System Inertia: J = 138,00C ft.-~1b, sec.;2
Number of Blades: b = 6
Diameter - Main Rotor Head: Dgg = 95 ft.
Blade Section (Chord): C = 2,95 ft.
{ass Density of Air: e = ,00237 slpgs/ft.3
Rotor Ang:lar Velocity: w = T x RPM/30
Section Profile - Drag Coef.: Cdo = ,01

Design Analysis

To achieve a rotor braking system compatible with the available space
~nvelope, it is neceasary to proportion the total stopping time between
a delay (or roast down) and a braking interval. This decision of stop-
ring time is determined by the following analysis.
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Rotor Decay
The profile drag torque may e represented by:

Q = 1.1 bhew? C°Cy4y D* (ft.-1b.)
6L

Substituting,

Q= 3.275 (RPM).

The natural decay of the rotor may be represented by:

RFM RPM
At = = 27J d(RPM) = = 27J f d (RPM)_
60 ) 60 3.275(RPM)“

141 141

where At is time,
Substituting and simplifying gives

RPM = 10° ,
7.63 + 227 ( At)

This expression represents the natural rotor decay and is plotted
on Figure 32,

Brake Torgue

The decelerating torque acting on the main rotor may be
represented by

T = =3.275 (RPM)? -Ty

whore TB is the brake torque.

For a 25-second delay the rotor speed, from the natural rotor
decay curve, is 75 RPM, Therefore:

0
at = =27J f d(RPM)
40 3,275(RPM)< + T
75

B




Rotor Speed (RPM)

140

—

A\VS)

(@]
.«—d/

Rotor Torque = 3,275 (R."M)2

110

\\ Rotor Inertia = 138,000 ft,-lb, sec?

100

90

80

70

60

50

L0

30

20

10

10 20 30 40O 50 60 70 g0 90 100
Time (seconds)

Figure 32, Main Hotor Decay Curve.,
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\V/3.275 T

at = 14450 (tan 1 75 V3.275 '8
T
B B

This expression is plotted on Figure 34,

Kinetic zrnergy

The angle through which the rotcr turns in coming to a stop is
given by:

0
AS= -2 21 [ (RPM) d (RPM)
0 0 2 .
= 3.275 (RPM)® + T,
2O= -2231.1 Y, Tg/3,275 .

2
(REMJE  Bg)/ 31,275
Thus the kinetic energy may be represented by:
K.E. = T, (86).

Substituting,

K.E. = -23L.1 (Tg) £, _'B/3.275 :

This is vlotted on Figure 34 .

Therefore, in order to stop the rotor system in 4O seconds, the
rotor brake must be capable of developing a brake torque of
2,190 foot pounds and absorbing and dissipating 3.7 x 106 foot
pounds of kinetic energy, as shown in the curves of Figure 3 .

sngine ldle Torue

For an eryire of this horsepower, the locke? free turbine shaft

toriue with gas generator at ground idle, T, = 350 ft,.-lb,

14k




The torgue

Te — ) 600
4{350) ;%7553

Te

required to hold four engines is:

4,800 ft.-lb. at the rotor brake

Rotor Brake Design

The rotor brake is a hydraulically actuated disc brake of the variable
displacement type in which lining wear is compensated for by increased
volume of operating fluid,

FPistons
Piston Area

Three 2 in. diameter/housing
23.75 in.?

Effective Radius S W
Maximum Rubbing peed 7,800 sfpm
Operating Pressure (dynamic) 690 psi
Operating Precsue (static) 1,/-80 psi
Coefficient of Friction 0,25
Disc Thickness .710 in,
Disc Inside Diameter 8 in.
Disc Outside Diameter 16 i
Disc Weignt 22 by
Brake Housing 26 1b,
Total Weight 58 1t,

Rotor Brake System

A schematic of the rotor brake actuating system is shown in Figure 33
page 146. The weight of this system is 60 pounds.,
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Kinetic Energy (ft.-1lb. x 1076) (K.E.)
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OIL COOLER AND BLOWER SUMMARY

The main gearbox and associated tail, intermediate, and engine

reduction gearboxes will pump hot oil to oil/air heat exchangers
similarly constructed of aluminum plate and fin design., Oil temperature
and pressure relief controls are integrated into the ocutlet port, A
vane axial blower is used to provide the source of cocling air, Cooler
capacities are summarized in Table 17 below,

TABLE 17
OIL COOLER CAPACITIES AND WEIGHTS

Engine
Reduction Main Intermediate Tail
Item Gearbox Gearbox Gearbox Gearbox
Cooler Heat
Rejection
Rate,BTU/FR. 86, 500 1,015,000 32,450 51,600
Cooler Weight,
1b, 8.1 7635 L.7 L.7
Blower Weight,
1b, 11.9 L3.5 25.3 36.3
Total Weight, 1lb. 20,0 120.0 30.0 41.0
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ALTERNATE THANSMISSION SYSTEM DESIGNS,
MAIN ROTOR DRIVE TRAIN

The maximum main rotor power requirement of 14,200 horsepower (Table 2
page 10) for the single rotor heavy-1ift helicopter of Reference 3
warranted examination of alternate transmission system concepts to
reduce gearbox component weight and improve overall t:ansmission system
efficiency, if at all possible, The calculated efficiency of the basi:
(or conventional) engine to main rotor drive train against which the
proposecd alternate designs were evaluated was calculated &t nearly

96.6 percent, as summarized in Table 19, page 159

Among the concepts that have been compared with che "basic" main gear-
box design of pages 23 to 71 were systems incorporating the harmonic
drive, the roller gear drive, and redundant power paths in the main
power train. The design analysis of these alternate gearing concepts
has been presented in the following pages.

HARMONIC DRIVE

The harmonic drive concept was considered for application in the
primary or main rotor drive in the heavy-lift helicopter transmission,
as shown in the schematic of Figure 35 on the following page.
Reference 9 was used as the basis of this harmonic drive design.




P

mrb_i_ne

— Turbine

Harmonic Drive

Unit,
RR = 50:1

g

33
Figure 35 .

S
~—

| V-

Tur?_ine
- —%
Turbine
141 RPM
‘“
/1 "
53
5,922 RPM
‘ S -

Transmission System Schematic With Harmonic Drive,
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Flexspline

Circular

Spline
Bearing *
Wave
Uenerator

Figure 36. Harmonic Drive Elements,

Harmonic Drive Design Analysis

Toutput = EE—§;§2*922

= 14,200 x 63,025
140,62

6,36 x 10° in.-1b. i

Based on the recommendation of Reference 4, page 35, a diametral pitch
of 6L was used for the design comparison,

Pd = 64

Extrapolating Figure 3, page 11, of Reference 9, as shown ir
Figure 37, page 155,a circular spline pitch diameter for a 14,200
horsepower unit was obtained,

Dy = 53 |
Reduction ratio = KRR = 50:1
lumber of teeth in flexspline = Ne = 53 x 64 = 3,392
Tocth difference = Ny = Ng = 3,392 = 67.85
RR 50
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Number of teeth i.: circular spline

Flexspline pitch diameter

Face Width (F.W.)

Dedendum

Root Dia. (DR)

Bed thickness (i)

Inside Dia., (I.D.)

Mean Bed Dia, (Db)

Flexspline Deflection

DC e Df = 53 - 51.9L = 1006 in.

Flexspline Deflection Stress

o2
b
= 3(30 x 10°)(1.06)(,166)
(51.73)%
ff = 5,950 psi

156

N, = 3’392 - 68

Df=N0= 2 §2£|=
T bi,
“d
25 in.
T2 = L002 =
P4

51,94 =-2(.0208) =

166 ir.

3.3

51,94 in,

.0208 in.

51.898 1in.

51.898 - 2(,166) = 51,566 in

51.566 + 166 =

Shs 732 in;




Flexspline Load Stress

ft = o

Db x F.W, x*

L

6.36 x 10°
{51.73)(25)(.166)

M
Il

29,40C psi

Flexspline Tooth Shear Stress

£, = T
(\1)D.< (F.JW.)
= .34 % 106
(.1)(51.94)2(25)
fs = 940 psi

Flexspline Bell Face Shear Stress

£, = _20
Db A
s D, t, = (51.73)(.166) = 27 in,?
£, = (2)(6.36 x 10%
(51,73 }(27)
= 6,100 psi
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Flexspline Torsicn Stress

16 T Dy

e
§

s o
(ogh - ToD.2)
= (16)(6.36 x 10°)(51.9)
(51,9% - 51.57%)
£ = 11,900 psi

Since the stress calculated in this unit approximate those presented in

Reference 9, & weight and efficiency analysis of the 14,200 horsepower
harmonic drive unit was made as follows:

Weight and Efficiency

An estimated weight of 3,200 pounds was obtained for the heavy-lift
helicopter harmonic drive unit by extrapo.ating the weight versus horse-
power curve of Reference 9, Figure 5, page 13, to 14,200 horsepower,

In extending this curve, a linear relationship between weight and power
was optimistically assumed beyond the 6,000~horsepower unit. This
weight did not reflect the weight penalty incurred by decreasing the
reduction ratio from 85:1 {unit of Reference 9} to 50:1., As the re-
duction ratic is decreased, the difference in size between the circular
spiine and the f{lexspline increased, causing the rarmonic drive assembly
to acquire greater mass. 7The weight and horsepower extended curve is
presented as Figure 38, page 160,

The efficiency of a harmonic drive unit transmitting 14,200 horsepower

was calculated using the following equation presented on page 80 of
Reference 9.

(2w 10-7)(output tﬂwque)s/é(input RPM)

Harmonic Drive HP Loss

(2,3 x 10-7)(6.36 x 106)5/6(7,031)

= {0 P
Harmonic Urive officiency = (14,200 - 770){100)

14,200
= '/l& 058/5
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Figure 38, Horsepower Jersus Veight, hHarmonic Drive.




This efficiency was used in Table 19, page 159, to determine the
power loss in a system incorporating the harmonic drive. Table 19
indicates tne losses in a drive train using a two-stage planetary
system versus one using a harmonic drive unit. The respective
efficiencies were calculated using the following equation.

» afficiency = (input HP - HP loss)(100)
(input HP)

imary Drive irai ith a Two-stage Planetzry
Primary Lri irain with a Tw t Planetzar

= (16,000 - 549.5)(100) = 96.57%
16,000

Primary Drive irain with a Harmonic Drive

= (16,000 = 1,015.5)(100) = 93,65%
15,00C

n relative weight comparison between the two systems was made using the
ratio of gross weight to installed horsepower as the comparative
naraneter,

1B, = Gl
HP Installed HP
= 86,000
15,000
LB, = 5.4
HP

The difference in horsepower loss from Table 19, page 159 is:

HP loss = 1,015.5 = 549.5 = 466
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Cptimistically assuming (despite contrary evicence) that the difre-ence
1n weight (plus 290 pounds) between the hamicnic drive unit and the two
stage planetary can be made up in the bevel gear reduction siages in
the gearbox, the net weight penalty incurred in the heavy-lift trans-
mission using the haimonic drive unit was & function of its lower
efficiency or

weight penalty = (losses) (%gi)

= (445 HPY (5.4)

FOLL 3. GaAR DRIVE

i

oseveral different arrangements of the roller gear d-ive have been con-
sidered for incorporation in the primary suar train (engine to main
rotor drive) of this heavy=-lift-helicopter transmission system.

nlthoush the roller gear drive concept 15 reiatively new and untried in
actual aircralt application as of the date of this report, tests con-
jucted cn two 465 to 1 bench test units at .00 HP at 28,000 input FPM
for 1,000 hours show excellent recilts., an aldditional 180 hours wern
accumulated on the same hardware a. 20u 1. Lata obtained curing thece
tests 1nudicated that the efficien  and weijht-to-power ratio cof the
roller goar drive warrant its cens!f leration in this study.

although the size of unit required for the 1.~ to <U~ton helicorter

1s teyon! thrie current roller gear drive "state of the art," it i- antic-
ipated that, by the initiation of febrication of the heavy-lift tranc-
mission, units of suitable size can be prove! feasible,
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Discussion

As shown in Figure 39 , the roller gear drive evolved from a pure
friction roller drive., The
center portion of the rolling
surfaces have been replaced with
gear teeth, leaving the outside
diameters aligned with the pitch
diameters of the gears. The
torque, therefore, is carried
primarily through the gears and
the radial position of the gears
is determined by the rollers and
the relation of gear separating
load to roller preload.

Figure 39. Roller and
Roller Gear Elements,

An evaluation of the roller gear drive has been accamplished using the
front drive engine propulsion system of Appendix I, Figure 51 . Of
the three systems considered, two 12,2-to-1l ratios and a 30-to-l ratio,
the latter was selecteq because of compatability with the balance of
power train. Schematics of this system are shown in Figures 40 and 41 .

As in the basic front drive engine transmission system, reduction gear-
boxes are mounted directly to the forward engines. These units in-
corporate a 37/67 spiral bevel gear set, All four main gearbox input
shafts turn at 7,510 RPM and combine through separate spiral bevel
pinions to a common driven bevel gear at 4,219 KPM,

Design Analysis

The 30-to-1 roller gear drive transmission consists of a sun roller,
three rows of planets, and a stationary ring gear. As the planets are
rotating with output speed, the reduction ratio is 29, which becomes

30 as a result of rotating spider. In each row there are ten stepped
roller gear planets. The gear roller planets elemerts are press fitted
and electron-beam welded., This novel assembly method rendered consider-
able weight savings. The sizes of the gears and other gear design and
stress data are given in Table 20 . Due to high pitch line velocity

of input sun roller dictated by the given RPM and minimum sun gear size
necessary to accommodate rotor shaft, helical gears were selected through
the drive, except output ring gears. The bending stress calculations
are for spur gears, assuming that identical stresses could be obtained
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for helical gears with some adjustment of tooth form and the number of

teeth, Double helical gear teeth are suitable for roller gear drive

due to split gear de3lign, and they eliminate the necessity to provide

other axial support for a2ll rotating gear elemen*s., The helical gears

will not cause any drive assembly problem, as tne drive is assembled

from inside, The toggle angles for gear rows w:re selecteua of a size s
permitting this type of assembly. The sun gear is axially assembled

last, employing a special assembly tool - a cam device which prelcads

and expands all planets radially to overcome gear addendum and support-

ing roller dimension interference.

The reaction bending moment is absorbed by two spider rings of specizl
structure, The main suppcert stud betwzen two rings is a stationary pin
carrying the bearings. To minimize the twist in the rotating cage, 20
support boits are employed - 10 in 2 gap between the last row of gears
and 10 through the second row of planel centers, The bending stress in
the cuppert studs at full load is less than 25,000 psi. The total de-~
fiection is minimized by the fact that thc¢ roller gear cluster, pre-
loaded by ring gear seraration forces, has inherent rigidity. The
roller gear cluster assemblies tend to stay parallel. The torsional
deflection of the twc support rings (the cage) and its effect to the
roller gear assembly can be minimized purposely by assembl ng the un-
loaded cage in a distorted position so that at maximum load the assembly
will stay parallel.

.ue support rollers are 5/16 inch long on each side (total, 5/8 inch).
The size was selected to keep surface stresses on rollers below 300,000
psi. Experience obtained with roller gear drive testing has proved that
good load sharing properties on teeth contacts is obtained by locating
the rolier gear planets carrying studs within ,001 inch to .002 inch,
The cage support rings act as a drive assembly fixture. To save weight,
heavy-duty needle bearings were used, T..e bearings with increased
length to 3 inches will bte good for a B-1l0 life of 8,10C hours (vacuum-
melted material is used),

I the existing design, spur gears can be used instead of helical gears,
but due to high Hertz stress level, the Y;-X; and Y2-X2 gear sizes
should be .ncreased totally about 2 inches, With this axial increase,
the total drive weight will be increased 250 pounds, In this case,
shoulders on the rolling cylinder should be provided for axial
stability,
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TABLE 20
RCLLER GEAR DESIGN SUMMARY

Pitch  No, P.,A, Helix Dia., Face Benling Compressive
Gear Dia, Teeth Normal Angle Pitch Width Stress Stress
(in.) (deg.) (deg.) (in.) (psi) (psi)
I 16.555 149 25°  22,5° 9 1.912 20,100 71,600
i 6,777 61 25° 22,5° 9 1,912 19,1
11T 2,694 18 250 22,5° 4,682 1,700 23,700
131,900
IV 8,082 54 259  22,5° 4,682 1,700 20,500
J 3770 19 25°%  22,5° 5,039 2.375 26,600
136,600
VI 12,106 61 25°  22,5% 5,039 2.375 20,900
VII 6,548 23 25° 0° 3.512 5,50 27,500
134,700
VIII 48,113 149 259 c® 3.512 5,50 15,800
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il L7
‘-"'H. -
55922 RPM
TAL / -
= _;ﬁfissﬂ Roller Drive L9
4L Zngines !
Componen®, Reduction  Input RpM Qutput RP}
Engine Feduction Gearbox 37/67 13,600 75 510
Main Gearbox
Input Eevel Set (4 Inputs) 50/89 7,510 Ls219
Roller Gear Drive 30,08:1 4,219 140
Tail Take off Bevel Mesh 61/89 Ly219 6,150
‘a1l Take off Spur Mesh L7/L9 6,150 5,922

Figure 40, Roller Gear Drive Transmission System,
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“'eight Analysis

The calrulated weight of the 30:1 roller gear drive unit, shown
schematicaliy in Figure 4i, is as fecllows:

Items Description Weignt (1b,:
I Sun Gear and Splines 93
1T & I1I Firs:-Rew Planets 162
Ivae v Secona-Row Flanets 291
Vi & VII Thircd-Row Flanets 1,112
g Ring Gear 367
Rot.. ing Spider (Cage 507
TOTAL 2,560

The estimated weight of a main gearbox incorporating the roller drave
with gearing ratios as showm in Figure 40 1s:

Weight (1b,)

Input Bevel Stages 1,030
Outer Shaft Assemcly 300
Rolier Gear Drive 24560
Main Rector Shaft 1,270
Main Kotor Shaft Bearings & Support 668
Tail Take .ff Assermbly 150
Main Housing L95
011 Sump and Purp 60

TOTAL 6,533
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weight savings over vasic main gearbox:

Wy = 6,990 - 6,533

= 457 pounds.

Efficiency Analysis

The efficiency of the roller gear drive was based on empirical data
obtained juring tests on the NA- 1 L46:1 unit:

Rt. Angle Bevel Input Mesh (,005)(4,000).2) = 40.0
Input Bevel Mesh (.005)(4,000)(L) = 8C.0
Accessory Bevel Mesh (.005)(300)(1) = 1.5
Roller Gear Drive (,010)(14,200)(1) = 142.0
Tail Take off Bevel Mesh (,005)(1,500)(1) = 7.5
Tail Take off Spur Mesh (.005)(1,500)(1) = 7.5
Churning Losses (,0075)(16,000) = 120.0
Fup  39€.5

REN NDANT DRIVE MAIN GEARBOX

A redundant power path concept has been investigated to determine a
configuration compatible with the HLH design and competitive with the
other transmission arrangements studied in this report. The concept
evolving from the evaluation is shown in Figure 42, This design
consists of two similar gear trains located one above the other, each
transnitting power to the main rotor shaft from two engines located
outboard »f the gearbox.
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The gear ratios for this drive are summarized in Table 21 ,

TABLE 21
REDUCTION RATIOS,
REDUNDANT DRIVE MAIN TRANSMISSION

Assembly/Item Keduction Input RPM Output R-¥
Input Assy. (Angle Box) 3.136 13,600 Ly336.7
(Engine Reduction Box)
2nd~-Stage Bevel Set 3,136 L;336.7 1,383
3rd-Stage Spur 2 ol Ty 1388 558.9
Lth-Stage Planetary 3.96 558.,9 11,1
Tail Take off
Bevel Mesh 1.92 1,383 4,035
Spur Mesh 1.47 L;035 5,522

nfficiency Analysis

In vhe other front drive engine power train concept s evaluated, the
initial bevel reduction stage of two engines has been inccrporated
within the main gearbox as r.ght angle p=vel drives. Therefore, to be
compat.ble with other efficiency anclyses; the effect of two engine
reduction boxes must be included in the cverall =fficiency analysis.
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Redundant Main Cear Box

1st-Stage Bevel Mesh = (,005)(4,00C)(4) = 80.0
2nd=-Stage Bevel Mesh = (,005){4,;000)(4) = 80,0
Spur Mesh = (,005)(L,000)(4) = 80,J
Planetary = (,0075)(7,100)(2) = 10¢."
Tail Take off Bevel Mesh = (.005)(1,50C){1}) = /.5
Spur Mesh = (,005)(300)(1) = Ll
Accessory Drive = {.005)Y(300)(1) = s*
Churning Losses = (,010)(16,000) = 1600
TOTAL 5:;?5_

(16,000 = 517.0)
16,000

Overall Efficiency

(IO

= 36.8%

Comparing the redundant gearbox to .he basic gearbox as before,

Effective Wt, Penalty = (5.4)(517.0=465.5)

= 257 1b,
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TABT.E 22
WEIGHT SUMMARY.
REDUNDANT DRIVE YAIN TRANEMISSION

Wt, Each Wte Total

Assembly/Item No, kecd, (1b,) (1b.)
Input Assy. (Angle Box) 2 270 1,Ca0
2nd-Stage Bevel Gear 4 99 396
3rd-Stage Spur Pinion & Shaf? I 182.,5 730
Jrd-Stage Bull Spur & Shaft 2 247 LS4
Lth-Stage Flanetary 2 1,50 3,040 A
A1l Jearbex Bearings 1 550 550
(Except Input & Tail Take off)
Main Rotor Shaft 1 1,430 1,430
Tail Take off 1 U6 146
il Suwap, Pump, etc. il 65 )
Hois.ngs il 625 625
TOTAL 8,556 e

Table 23, page 178, compares the zlternate transmission drive concepts
to the basic main transmission system,
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INFINITE INDEXING SPRING CLUTCH

An alternate design to the roller-type overrunning clutch is the
infinite indexing spring type unit, as shown in Figure 43, page 176.
This unit weighs 14 pounds compared to 34 pounds for the roller-type
clutch, A brief description of the spring clutch follows.

The input member is splined to the high-speed quill shaft and the out-
put member is splined to the bevel gear shaft., A double lead spring is
mounted between the input and output members so that the first three
spring turns are in light interference fit with the outside diameter of
the output member, and the remaining twelve turns are in interference
fit with the bore of the input member. The heavy ends of the dual lead
sprirg butt against two lugs machined on the input and disposed 180
degrees arpart,

As torque is applieu at the output member, the friction drag on the
first three spring turns (5 inch pounds) causes the spring to expand
until all turns are engaged with the output., Torque is iransmitted from
the input member lugs, through the spring, to the output member,

In the overrunning mode the output member velocity exceeds that of the
input. The helix of the spring is such that the relative rotation
causes the spring to contract until only the first three turns drag on
the output bore, The drag torque level is 5 inch pounds,

A Wweight analysis showing the possible weight savings per assembly and
per aircrzft using the spring clutch concept is swmarized below,

Weight bt 1b¢
Component, Roller Clutch Spring Clutch

Quill Shaft 559 8.5
Bevel Pinion Shaft 34.1 30.8
Servo Quill Shaft 1.4 1.6
Clutch 3L, 7 14,0
Total Weight 75.0 54.9

O Weight per input 20,1

Weight saving per aircraft 80.4
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Design Data

The design data utilized in the analysis of the spring clutch were as
follows:
Transmission power rating .....eeceveeeeeessess 4500 HP
Clutich torqué! Fating s :.cmees e e oo oienes o ooy 000 ing~1bs
Operating and/or overrun speede...c.ceeecescesees 5,780 RPM
Clutch everrun drag LOIQUE . «weseesiessess oo 5 in.-1b.

Overrun energy loss at 5,780 RPM ..cveeceeces 343 watts

Based on this information, it 1s anticipated that i..e spring clutch
concept will operate successfully for all missions of the HIH,
)

including overrunning operation during the 1 ,500-nautical-mile ferry
mission,
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TABLE

23

WEIGHT AND EFFICIENCY COMPARISON,
ENGINE TO MAIN ROTOR DRIVE SYSTEMS

Basic Harmonic Roller Redundant,
Trans, Drive Drive Drive
System Sy stem Svstem System
Weight (1b,)
Engine Red. Gearboxes 396 - 396 -
Main Gearbox 6,990 - 6,533 8,556
System Weight 7,386 g::ennined 6,929 8,556
Power Losses (HP) 5L9.5  1,015.5 478.5 S
Efficiency (percent) 96,6 93.7 97.0 96.8
Weight Penalty*(1b.) 0 +2,515 -840 +995

3%

Actual and effective (due to power losses) compared to

basic transmission system,
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ALTERNATE SUBCRITICAL TAIL ROTOR DRIVE SYSTEMS

To determine the weight advantage of the hypercritical drive system
design of pages 92 through 102 , alternate subcritical tail drive
shaft systems have been designed., Two subcritical systems were
designed to transmit the same limit horsepower as the hypercritical
tail roter drive system.

The initial system has been designed to operate at the same speed as
the ®ypercritical speed of pages 92 through 102 (5,922 RPM)., The
second system is designed for subcritical operation at 3,300 RPM.
Critical speeds for both systems are at least 1.25 times the operating
speed, The critical speed analysis has been made assuming that each
shaft section between the support bearings has pinned ends.

TAIL DRIVE SHAFT SYSTEM (5,922 RPM and 3,760 RPM)

Fuselage - Tail Cone Shafting (5,922 RPM)

For this initial subcritical stuily, the seme intermediate and tail gear-
boxes used for the 5,922 RPM hypercritical systems are employed., The
shaft asscmbly will incorporate eight bearing supports spaced at 59
inches and ten flexible disk type couplings.

Stress Analyeis

T = 63,025 x HP
RPM

T = 63,025 x 4,000
5,922

T = 42,570 in.=lb,

Shaft size 4.750 0,D. x .120 wall

Section Through Center of Shaft

Z = 197N
fs 42,570
2 x 1.971
179
W" - i = R AT o n A




£ = 10,800 psi

fgp *= 26,000 psi(Reference J )

ML, = Fgt -1
1.5 x 1‘s
M,S, = <34 000 -]

105 X 10,800

M.S.

+ 0,60

Shaft lind Connection

Z = 1.784 No. of ,344=dia. lock bolts = 4 per row (2 rows)
£, = T
= 2xZ
£, = 42,570 _
2 x1.784
fS = 11)930 pSl
Fayy = 23,100 psi (Reference 1)
M,S, = st -1
dy. 15 Ta
MOSO = 231100 -l

1.15 x 11’930

M.S. + 0,68

Shaft Critical Speed

Ny = 12.22x 100 ,/%
L
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N = 19.2 x 100 x 1,638
59,22

NCl = 8,975 RP1

Pylon Drive Shaftirng (3,760 RPM)

The pylon shaft will be of the same size as the supercritical shaft of
page 100 with a center bearing support and flexible coupling. The
critical speed is at least 1,25 times the operating speed and is cal-
culated by assuming that the span betwes=n the bearing and gearbox is
pinned at each end, There is a flexible .oupling at the bearing support
and at each gearbo.:,

Shaft Critical Speed

Ney = 29,2 x20° [T
2 A
L

Nep = 29,2 x 10% x 1,809
682

Ny = 7,511 RPM

18l




weysdg Jeys @ATS(Q TTR] - IITIM TeIOL
z°09 JuTqJeUS SATIQ UOTAJ Jo jyStep
oot ¢ X L°L = s3utTdnoj oy x 3y 4Tup = sButTdnoy dsTQ eTQIXeT4 Jo *IM
6°0T T X 6°0T=sZuttdnoy
"ON X “3M 3TUN = jxoddng Buraeeg qe sBurrdno) ST OTQTXETH JO *IM
LY T X L°%m = s31oddng Jutaesg *oy x “IM 3TUn wroddng Futaeeg jo *qm
y3dueT °ur
Z 62 9€T X ¢TZ* = y3Bueg x TIM IFBYS 9ATI(q UOTAH JO °*3p
FUT3JEYS @ATIg UOTAg
YA Juryyeys suo’ Treg-efeTesny jo quITey
9°2T ¢ X £°9 = s3uyrdnoj °*oN x *3M 3Tup = sSurtdnoy ysiq oTATX3Ty JO *IM
A 8 X 6°Qr=sdurrdnory oy x *qpm ITUn = Jtoddng Butaeeg qe
s3uTTdnO) ST OTQTX8T; JO *3M
9°LE 8 X ['%=sqloddng Butaweg °oy x ‘IM TUN = sjzoddng BJutaeeg Jo *3M
Y3duer cur
6°16 $26 X §L1° = y3jBueT x *IM = IIBYG SATIQ TTBL JO °*IM
3urqJeyg suoj Trer~-odeTasnyg
(Tat) " IM sTsAteuy *3pM juauocdmoy

LAVHS FATHA NOTXd WM 0917¢

“ONILAYHS ANOD TIVI~IOVTIISNI WdY 226°¢S

“WZLISXS L4VHS FATHA TIVI 0HHdS TYOILTWOENS J0 SIHOIAM QIZIWILI

2 T1avl]

182

o

o~




TAIL DRIVE SHAFT SYSTEM (3,300 RPM and 2,095 RPM)

Fuselage - Tail Cone Shafting (3,300 RPM)

. For this alternate subcritical system, an intermediate gearbox of 1.57:1
ratio and tail rotor gearbox of 3.45:1 ratio are employed., As indicated
in Table 26, page 188, these units weigh 270 and 390 pounds; respec-
tively. For the fuselage-tail core drive shafting, six bearing supports
spaced at 75 inches and eight flexible couplings have been used.

T = 63,025 x HP

RPM

T = 63,025 x 4,000
3,300

T = 77,485 in,=-1b,

Shaft size 4.500 0,D, x .165 wall

I.D. = 4.170

Section Through Center of Shaft

fs = T
2x2
fs = 77,485 _
2 x 2.349
f = 16,500 psi

Fgp = 27,000 psi (Reference L)

M.S. = Fst =1
1.5 x fs
. M.S., = 27,000 -1
1.5 x 16,500

M.S. = + 0,09
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s

Shaft End Connection

No. of .34 dia.-lock bolt holes

Z

fS

M.S.

M.S.

2,005

T
2x2

T2,485
2 x 2,005

19,300 psi

23,100 psi (Reference 4)

st -1

1.15 x f;

23,100 -1
1.15 x 19,300

+ 0.04

Critical Speed

cl

cl

N
cl

19,2 x 10% \/Z-
2 i

19.2 x 10° x 1,534

75°

5,236 RPM

Pylon Drive Shafting (2,095 RPM)

= 6 per row (2 rows)

The pylon drive shaft operates at 2,095 RPM and incorporates at its
center a single bearing support and flexible couplings. Flexible

couplings are also used at either end.
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T

i}

63,025 x HP

RPM
63,025

x 4,000

2

»095

120,550 in,-1b,

Shaft size = 6,00 0.D. x .173 wall

Section Through Center of Shaft

Z

M.S.

M.S.

L.294 Nc. of .34LL-dia. lock bolts = 4 per row (2 rows)

120

0

2 x L.,294

14,000

25,000
F

psi

psi  (Reference 4)

sty =1

15T £,

25,000 -1

1.5 x 14,000

+ 0.19

Shaft End Connection

Z

£
s

o345

T
2x72

120

0

2 x L.145

14,520
23,100

psi

psi (Reference 4)
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M.S, = st ~1
1.15 x fgq
M.3., = 23,100 ~1

1.15 x 14,520

M.S. = + 0,38

Shaft Critical Speed

Ny = 19.2x10% /T
12 Va
Ny = 19.2 x 105 x 2.064
682
NCl = 8,6‘;2 RPM
186
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Tail Gearbox
Pylon Drive Shaft

Fuselage - Tail Cone Shaft

Itermediate Gearbox

—
———
W% P —
W
W2
Figure 44, Ta.l Rotor Drive System Schematic,
TABLE 26

COMPARATIVE WEIGHTS, HYPERCRITICAL VERSUS
SUBCRITICAL SPEED TAIL ROTOR DRIVE SYSTEMS

e
Type of Basic Alt, I Alt. IT  Alt.III
System TRD Sys. TRD Sys. TRD Sys. TRD Sys.
. Fuselage-Tail Cone Hypercrit. Hypercrit. Subcrit. Subcrit,
Shaft: Pylon Drive Supercrit. Subcrit. Subcrit. Suberit,
_ (RPM) (RPM) (RPM) (RPM)
Fuselage-Tail Cone Shaft 5,922 5,922 5,922 3,300
Pylon Drive Shaft 3,760 1,085 3,760 2,095
Weight Weight Weight Weight
Item Symbol (1b.) (1b.) (1b,) .(1b.)
Fuselage-Tail Cone Wl 139 139 229 241
Shaft
Pylon Drive Shaft W3 58 125 60 80
Intermediate Gearbox Hz 137 270% 137 175
Tail Gearbox W, 333 390 333 360
Total Weight of System 667 924 759 856

* Intermediate gearbox design is shown in Figure 60, Appendix I.
** Tail gearbox desigm is shown in Figure 61 , Appendix I,
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EFFECT ON C.G. OF ALTERNATE TAIL ROTOR DRIVE SYSTEMS

To determine the most advantageous ratio for each tail gearbox in the
basic hypercritical system, an analysis of the weights of several gear-
box designs and their effect on the aircraft center of gravity range
has been made, The data of the first two columns of Table 26 were used

as the basis for this analysis.

Moments (about ¢ main rctor)

Moment.
m.
Fuselage~Tail Cone Shaft Wl x 313
Intermediate Gearbox W2 x 585
Pylon Drive Shaft W3 x 650
Tail Gearbox Wh x 71,
TOTALS

Weight - Moment Reductiom

Effect on C.G., Range
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*Basic" Alt, 1

Tail Drive Tail Drive
System, Hyper- System,Hyper-
critical Tail critical-Tail
Cone & Pylon Cone, Subcriti-

cal -Pylon
L3,510 43,510
74,300 157,950
37,700 81,250
237,760 278,460
393,270 561,170

12
13’990 fto"lbo

0
86,000

163 ft. (1,96 in.)




Hypercritical Versus Subcritical Designs

A comparative weight moment analysis for the basic 5,922 RPM hyper-~
critical -supercritical (pylom) system versus the 3,300 RPM subcritical

system {Alternate III) was also made as follows:

Fuselage-Tail Come Shaft

Intermediate Gearbox

Pylon Drive Shaft

Tail Gearbox

Weight - Moment Heductiom

Effect on C.G. Range

Moments (about ¢ main rotor)

Moment Hypercritical
Eq. Basic Tail
Drive Cystem

Wy x 313 in. 43,510

Wy x 585 in, 74,300

Wy x 650 37,700
W, x Tl 237,760
TOTALS 393,270

= 7,800 ft.-1b,

7,800
86,000

Subcritical
Tail Drive
System
(Alt, III)

75,430

102, 400

52,000

257,000

486,830

486,830 - 393,270
12

= O.G)l fto (1009 in')
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CONTROL SYSTEMS

Introduction

To evaluate the feasibility of integrating the main rotor controls
within the heavy=-1lift helicopter main transmission design, several
systems were evaluated. These included a modified Hafner type internal
control system and a "double eccentric" internal control system. These
were conpared to a conventional swash plate system external to the main
transmission,

Loads

The control system motions are delivered to the main rotor blades by
means of "push rods." These are attached to radius arms about the
ritching axis of each blade. In the rotor control systems studied,
there are six blades and therefore six push rods. The loads for each
control system are given in terms of push red loads and are equal tc:

500 lb' i- 3)000 lb'
For the conventional external control system only, there are applicable
servo loads in addition to the push red loads. These servo mechanisms
are used to tilt the conventional swash plates. There are three servos
and the servo load is equal to:
3,000 1b, + 5,000 1b,

MODIFIED HAFNER SYSTEM

Description

The modified Hafner internal control system operates in the following
manner: the swash plates are mounted above the main rotsr head and are
tilted by a pivoting axle, which is regulated by a pivoting rod thru the
main rotor shaft. Tilting of the swash plates provides cyclic control,
and raising or lowering of the swash plates provides collective control.
The actuating servo .iechanisms are installed below the main transmission
housing, inside the aircraft. A schematic of this control system is
shown in Figure 45, on page 192, and a complete drawing appears in
Appendix I, Figure 63.
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(500 + 3,000) 1b.
(Tp. =6 Places)

Figure 45,

F/2

Leo

£ N !—.(.'3

— ar— —

AN

(500 + 3,000) 1b.

AN

F/2

o

Modified Hafner Internal Control System.
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Desiga Analysis

Referring to Figure 45 on page 192, stress calculations were macde on
critical sections and the supporting tube, shown in Detail D, as follows:

Section A-A

L.63

Section A-A of Figure 45.

fb = Mc

1
I = 17,2, in.%
c = 2.89 in.

Steady Stresses

M = 500 1b, x 21 in,
fy, = 500(21) 2,89 = 1,760 psi
17.24
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Vibratory Stresses
M = 3,000 1b, x 21 in,

f, = 3,0001;,21&2 2,89 = 10,570 psi

Referring to the modified Goodman diagram on page 198 » the point for
section A-A falls well below the line required for infinite life and
«9999 reliability,

Section B-B
i
5.00
.19
Section B-B of Figure 45,

f, = N

b z

Z = 3,28 in3

M = 360,% ino-lb.

260,023 = 110,000 psi
3

Fiu = 125,000 psi (for steel)

oy
o
I

MS. = Fty qq = Piy o £y
v To
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M.S5. = 125,000 - 110,000 = + .14
110,00

. section CC
. 25
5.50
Section C~C of Figure 45,

f = M
& Z
z2 = 5.8 in3
M = 40 (360,000) = 600,000 in,-1b,

24
£y = 60;‘"),&)(830 = 116,000 psi

Fiu = 125,000 psi (for steel)

M,S. = 125,000 - 116,000 = + ,078

116,000




Supporting Tube

|
|
|
!
|
|
I
|
I
]

A\
/— 11075 0.0, x 019 wall
N ; :

!

Detail T of Figure A5,

M = 1 FJ (tan U - _ 1l-cos U/2 ) Reference 5,
2 ) Sin U/2 cos U/2 P. 136,
Case No. 9.

P = 22,000 1b, max,

F = 32,000 1lb,

J = EI

P

E = 10x 105 pst

I = 218 in.%

L = 80 in.

v = LA

J = 107 (118) = 237 in.

21,000
U = 80 = .338 rad,
237
M = 32,000 (237) (tan .169 - 1 - cos 169 )
2 Sin .169 cos .169
19¢
—— G o= - b
b PR )




169 rad, = 9,680 = 99 L3¢

M = 16,000 (237) (.17C37 - _1 - ,9858L )
16814 x .9858,
M = 16,000 (237) (.17057 = .Ol4.6
' .1%573
M = 16,000 (237) (.17057 - .08542)
M = 16,000 (237) (.08515)
M = 323,000 in.-1b.
. = Me
b i
c = 5,88
fb = 323,000 (5.88) = 16,100 psi max,

118

The maximum bending stress as calculated above jis sufficiently below
the endurance limit for aluminum to assure infinite life,

Weight

The modified Hafner system as described above weighs 556 pounds. 4
weight breakdown and compe “ison appears on page 213,

DOUBLE ECCENTRIC SYSTEM

The double eccentric control system operates as follows: The swash
plates are mounted above the main rotor head and cyclic control is
obtained by shifting the cyclic swash plate off center with respect to
the collective swash plate. This shifting is accomplished by the
differential angular rotation of two eccentric torque tubes which

extend through the main rotor shaft. Collective control is gained by
the raising or lowering of the swash plates together. The actuating
servo mechanisms are mounted below the main transmission housing, inside
the aircraft, A schematic of this control system is shown in Figure 47
page 199, and a complete drawing appears in Appendix I, Figure 64.
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(500 + 3,000) 1b. (500 + 3,000) 1b,
(Typ. - 6 Places)

L0§| W2

Figure 47, Double Eccentric Internal Control System,
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Design Analysis

Referring to Figure 4/, page 199 , strass calculations were made on
critical sections as foliows:

Section E-E

[(—— 5,0 —

50"—" pelf—

!

4.0

1

4
L.

Section E-E of Figure 47,

fh = Mc

i
£, = %
¢ = 2.59 @n,
I = 9,9, in.k
A = 6,0 in,?

P = 2,000+ 12,000 1b.
M = [(500+3,000) 13] in.-1p.

Steady Stresses

o}
il

= 200 (13) 2,59 = 1,690 psi (tension)
b 9.9

200

.II T e e it
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4 = 2,000 = 333 psi (compression)
fa = 1,690 - 333 = 1,357 psi (tension)

Vib-atory Stresses

f, = 3,000 (13) 2,59 = 10,200 psi

9.94
fo = 12,000 = 2,000 psi
6.0
fy = £10,200 + 2,000 = + 12,200 psi

Referring to the modified Goodman diagram on page 198 , the point for
section E-E falls below the line required for infinite life and 0.9999
reliability,

Section F-F

B m— ;///’ﬂ‘_‘ _I-

Section F-F of Figure 47,

= Me¢
&, T
I = 7.5 in.%
¢ = 4.95 in.

<201




M = 360,000 in,-1b,

f, = 360,000 (4, = 12,000 psi
147.5
£ = p
& A
P = 21,000 1b. max,
A = 4,25 4n.2
f, = 2,000 = /4,950 psi
4.25
.fb+fc = 12,000 + 4,950

f = 16,950 psi

F_ = 22,000 psi

The combinad stresses as calculated for section F-F above are well be-
low the endurance limit for aluminum, and thus infinite life is assured,

Section G=G

1

4,00

Section GeG of Figure 47,
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F = 180,000 psi

tu

Fen = 53,000 psi

£ = M

e i

I = 9.80 in.*

e = 2,00 in,

M = 48,000 (3.5) in,-1b,

£y = 48,000 (3.5) 2.0 = 34,000 psi
908

The vibratory stresses as calculated above are sufficiently below the
endurance limit for steel to assure infinite life.

Section H-H
-— 1,75

.25-.1 r-—
1 i

Section H-H of Figure L7,
fa = %

P = 2,000+ 12,000 1b,
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A = 1.38 in.?

gl
0

14,000 1b.

f = 14,000 = 10,200 psi max.
1,38

Fen = 22,000 psi

The maximum vibratory stress as calculated above is sufficiently belcv
the endurance limit for aluminum to assure infinite life,

Weight

The double eccentric internal control system as describea above weighs
L24 pounds. A weight breakdown and comparison appears on page 213 .

CONVENTIONAL SYSTEM

Descript..a

The conventional external control system cperates as follows: the
swash plates are tilted and raised or lowered by servo mechanisms out-
side the transmission housing to provide cyclic and collective control,
respectively. A schematic of this control system is shown in Figure 4€
on the following page, and a drawing appears in Appendix I, Figure 65.
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(500 + 3,000) 1, (500 + 3,000) 1b,

]

A+

(3,000 + 5,000) 1b,

Figure 48, Conventional External Control System,
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Desigg sis

Referring to Figure 48, page <205 , stress calculations were made on
critical sections as follows:

Section J-T

(500 + 3,000) 1b,
(Typ. = 6 Places)

2

LB 025 —

Section J=J of Figure L8,

f, = 5§5 (Reference 5, Page 231.)
I = 3,25 in b
c = 1,88 in,
R = 26.5 ino

Steady stresses in the torus section of the rotating swash plate are:

M = 500 (3,25) 6 = (0.234)(500) in.-1b,/in.
26,5 (7))
M = 117 in,-1lb,/in.
£, = (1172(2,88)(26.5)
3.25
£, = 1,790 psi.
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The vibratory stresses in the torus section of the rotating swash plate

are:
M = 3000(,234) in.-1b./in.
M = 702 in.-lb./in.
£ = q02 (2,790)

117

f, = 10,750 psi

Referring to the modified Goodman diagram on page 198, the point for
section J=J falls well below the line vequired for infinite life amd
9999 reliability,

Section K=K

T

X 2__] ] i_;

~

—— i

o

1

.
T

—
*

N
wn

> |375

Section K~K of Figure L8.
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Assuming that the connectior between the rotating torus amd the immer
ring of the rotating swash pilate is a flat plate, the following cal-~
culations were msde,

K , R
f = _JIMW._ = ?_1'_2___2,. (log = ;I (Reference 5,
2 9 ¢ 22 . r | Psge 200
Case 2C,)
£ allewabie = 205000 psi
R ho 21 _:J'..
- = Ii in,
W = 18,000 ib.

Sibstituting these values in the preceding equaticn and solving for

treqd,
2 = (3) ¢ - _ (1432 574
B rdad. (3 %18.000) i= 2013 (log =2z}
red 2) { o ) (10,000) = 1_2 B
treqd. = ,662 in.

The moment of inertia for the sssumed plate is:

4

-

5 = (.662)° (for a 5-in. typical secticrn)
12

I = 0,121 in.%
- i
Iact:ual 0,153 1in,
208
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Section L-L

(2,000 + 5,000) 1b, \‘/

Section L-L of Figure 48,

H§E (Reference 5, Pagse 231,)

(=4
it

I = 5,17 in,b
C Las 1.88 ino
R = 16,25 in,

The steadv siresses in the torus section of the statiomary swash plate
are:

M = 3,000 2 6) = .382 (3,000) in,-1b,/in.
16,25 ( 7
M = 1,146 in,-1b./in,

fp = (L146) (1,88)(16,25)
5,17

f, = 6,775 psi
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The vibratory stresses in the torus section of the stationary swash
plate are:

M = (,382) 5,000 = 1,910 in,-1b,/in.
f, = 1,910 (6,775) = 11,300 pei
1,34

Referring to the modified Goodman diagram on page 198 , the pecint
representing section L-L falls below the line required to zssure
infinite life and ,9999 reliability.

Sectin MM

4 5.00 g e25

=
| v'fj

.00

-— g l

Section M-M of Figure A48,

Assuming that the connection between the stationary torus and the inner

ring of the stationary swash plate is a flat plate, the foliowing cal-
culations were made:

{ = 3W 1~ 2rr2 (log B_i] (Reference 5,

2 U7 t2 RS - p2 r Page 200,
Case 20,
fallowable = 10,000 psi
R = 15 in.,
210
3 - v e A ——
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r = 10 in,
W = 20,000 1lb.

Substitut.ng these values in the preceding equation ard solving for
tread,

20, 000 = 2(102) log ,22:]
( 77 ) 10,000 152 - L

treqd = 0,58 in.

The moment of inertia for the assumed plate is:

1 = (5) (58
12
Ireqd = 0.081 in,% (for = 5-inch typical section).

Tactual = 04096 in,* ffor a 5-inch typical section)

Weight.
The conventional external control system as described alove weighs 467

pounds, A weight breakdown and comparison with the other alternate
control cystems is given on page 213,

COMPARATIVE DRAG AWALYSIS

The exposed frontal area for each of the three control systems studied
has been determined by analysis to bs:

Hafner System 2,26 ft,2
Dcuble Eccentric System 2.22 ft.,°
Conventional System 3.12 £t.2

The drag on each system due to the exposed frontal area may be
expressed as:
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D = A (3 oV2)
where
A = 7t2

i

f = ,002378 slugs/ft.>
v 95 KT x 1,688

v = 160 ft./sec.
The horsepower lost due to this drag is expressed by:
HP) g = DU
lost 556
where
D = 1b,
v = 160 ft./sec
Effective
System Drag Power Loss
(1b,) (HP)
Hafner System 68.5 19.9
Double Eccentric System 67.4 19.56
Conventional System 9.6 28,0
Evaluation

The integration of the rotor controls within the heavy-1ift helicopter
transmission design is desirable for an aercdynamically "clean" and
efficient system design., Evaluation of the systems herein considered
reveals some advantages and disadvantages of each, The Hafner system
(Figure 45 ) provides a simple system in whith the motions of a pilot's
stick can easily be translated into the proper control motions required
as inputs to this system. However, the Hafner system proved to be
heavier than any of the others,

The "double eccentric’ system (Figure LS5) is lighter than the Hafner
and equivalent in weight to the conventional, but this system requires
a complex relationship betwz2en the motions of a pilot's "stick" and the
motions required to actuate this system properly.

The conventional system is one of proven reliability and the weight
compares favorably with the oth - systems considered; however,
aerodynamic efficiency will be sacrificed with this design, since it is
entirely external to the transmission housing,
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TABLE 27

SUMMARY,
WEIGHTS COMPARISON, CONTROL SYSTEMS STUDY (POUNDS )
External Internal Iinternal
Conventional Hafaer Double Eccentric

Part Name System Sysiem System
Rotary Swash Plate 200 32 -
Stationary Swash Plate 100 28 -
Rotary Scissors 7 2 2
Stationary Scissors 20 - -
Controls Rods 30 18.5 L2
Guide Shaft L0 - -
Swesh Plate Ball & Races 34 - -
Bearings 36 15 30
Collective Shaft - 89 50
Cyclic Rod - 85 -
Cyclic Axle - 30 -
Spherical Brg. & Races - 141 -
Bearing Retainer - 18 -
Nuts, Retaining - 17.5 30
Cyclic Shaft - - L0
Collective Swash Plate - - 120
Cyclic Swash Plate - - 30
Pitch Links - - 50
Gimbal Drive = = 3
Journals -~ - 27

TOTALS L467 556 L2,




PERFORMANCE

Introduction

The table on the following pages presents the final weight breaxdown
for the single-rotor heavy-1ift helicopter for which this transmissicn
system design study was conducted. As in Reference 3, the weights
given for the components are based on a load factor of at least 2.5

at a gross weight of 86,000 pounds {20-ton payload).

It should be noted that no refinements were made in any portion of the
transmission or control system designs presented in this report to
reflect the effect of this difference between the final gross weights
of 86,037 (front-drive engines) and 85,863 (rear-drive engines) and
the preliminary assumption of 86,000 pounds.,

WEIGHT AND BALANCE ANALYSIS

The balance characteristics of the 1z-to 20-ton single rotor helicopters
of Figure 50 and 52 have been calculated to be as follows:

Center of Gravity Location (station)*

Gross
Weight Front Drive Rear Drive
(1b.) (Fig. 50) (Fig. 52)
12-Ton Transport 74,097 550,3 549.0
20-Ton Heavy Lift 86,037 550,0 548.9
500 n.m. Ferry 98,587 55049 549.9

*Note: The design C.G, limits for this aircraft are as folliows:
Station

Fwd, C,G, Limit 533.6

Aft C,G, Limit 583.6
Total C.G, Range 50,0

The balance analysis surmarized abové was based on the final weight
analysis presented on the following pages.
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TABLE 28
WEIGHT SUMMARY,
HEAVY-LIFT HELICOPTER

Weight
Item (1b,)
Rotor Group (Less Controls) 11,100
Tail Group 975
Transmission System (Front-Drive Engine Install.) 8,852
Main Gearbox 6,990
Intermediate Gearbox 137
Tail Gearbox 298
Accessory Gearbox and Shaft 84
Engine Reduction Gearbox (2) 396
Input Drive Shaft 118
Tail Drive Shafting 197
Lube Systems 539
Rotor Brake 58
Hydraulic Controls (Brake) 60
Supports 400
Body Group (incl. stabilizer) 5,600
Flight Controls (incl. automatic flight control
system and main rotor controls) 2,015
Hydraulic and Electrical 1,390
Alighting Gear 4,060
Main Landing Gear 2,120
Landing Gear Support 1,420
Nose Gear 4,50
Tail Skid 10
Engine Section (cowling mounting & fire walls) 560
Power Plant Group (Zront-drive engine) L, 000
Engines (4) T-64/S54 3,060
Induetion System 60
Exhaust System 60
Fuel System L75
Starting System 136
Cooling System —-—
Lube System L0
Engine Controls 75
Electronics (incl. VHF,FM, ADF, VOR, IFR,
and radar altimeter) 290
Instruments 300
Flight 85
Engine 160
Trans., Hyd., etc, 55
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TABLE 28 (contimued)

Weight
Ttem (1b.)
Furnishings 350
Personnel Accormodations 180
Emergency Accommoda‘ions 90
Air Conditioning 80
Anti-icing (Engine Inlet} 50
Auxiliary Power Unit (T 62 T -164) 165
Four-point Winching System (40,000 Capability
at LF, = 2,5) 1,500
Weight Empcy L1,667
HEAVY-LIFT MISSION
Useful Load for Heavy-Lift Mission 44,370
Crew (3) 600
Fuel-Usable (20-m.m radius)
Including 10% Reserve 3,700
0Oil-Usable 20
Unusable 50
Payload 40,000
Gross Weight for Heavy-Lift Mission 86,037
12-TON TRANSPORT MISSION
Useful Load (fr~ transport mission) 32,430
Crew (3) 600
Fuel-For 100-n,m, radius
(w/10% Reserve) 7,760
Oil-Usable 20
Unusable 50
Payload 24, 000
Grosa Weight {for transport mission) 74,097
1,500-N,M, FERRY MISSION
Useful Load (Ferry Mission) 56,920
Crew (3) 600
Fuel 53,750
Auxiliary Tarks 2,500
011 70
Payload 0
Gross Weight (for Ferry Mission) 98,587
216
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TABLE 29

COMPARISON
TRANSMISSION SYSTEM WEIGHTS
FRONT AND REAR DRIVE ENGINES

Front Drive

Rear Drive

Engines Engines

Unit  Total No. Unit Total

Wt. Wt. Wt. Wt.

(2b,)  (1b,) (1b.) (1b,)
Engines 765 3,060 A 732 2,928
Engine Reduction Gearboxes 198 396 /A 90 360
Main Gearbox 6,990 6,990 i1 6,990 6,990
Input Drive Shaft 59 118 4 28 n2
Accessory Gearbox and Shaft 8l 8l 1 8, 84
Tail Drive Shafting 197 197 1 1597 197
Intermediate Gearbox 137 1347 1 137 137
Tail Gearbox 333 333 1 333 333
Lube Systems 539 539 1 539 539
Rotnr Brake 58 58 1 58 58
TOTAL 11,912 11,738

Note: For the rear-drive engine installation of Figure 53, (engine

moedel 548-C2), the heavy-lift aircraft total gross weights are
approximately 174 pounds less for all three missions,
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MISSION PERFORMANCE VERIFICATION

To verify that the helicopter design considered herein meets the
required performance levels, the final aircraft mission weights have
been utilized to establish actual performance levels,

The required horsepower to hcver at 6,000 feet, 95°F, is given by

SHP = (0,0437) G.W, /2 + .02755 (G.W.)
D

SHP = 11,320

where

GW, = 74,097 1b,

D = G5 feet,

Fuel requirements for the 1,500-nautical-mile ferry mission were
established as follows:

Four engines utilized for warm-up, take off, and climb - 2 minutes
Three engines operating for 27 percent of mission

Two engines operating for 73 percent of mission

Pounds
Warm-up, Take off, and Climb Fuel
1.05 x 482 x (2/60) x 16,000 = 270
Cruise = 3 Engines
1.05 x .55 (222/60) x 6,660 = 14,100
Cruise ~ 2 Engines
1.05 x 494 x (596/60) x 6,600 = 34,000
48,370

Total fuel required = 48,370/.9 = 53,750 1b,
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METHODS OF MANUFACTURING

The fabricat.or of transmission componerts for the heavy-1ift helicopter
can be accompliched by using present manufacturing methods, Equipment
is now available at most facilities used for gear train subcontract,

work for the helicopter industry,

In the few cases where machinery of larger capacity is required, these
units are available in the machine tool market and can be pro-ured with-
in the anticipated heavy-lift helicopter transmission design cycle so
that no deiays in lead time will result,

The fcllowing is a list of equipment proposed for use for the large
aynamic eléments of the gearboxes, In only two cases will subcon-
tractors have to procure larger equipment,

Availa-
Item Size Equipment bility

Spiral Bevel Gears Up to 32" diameter /27 Gleason Grinder 1In use

Greater than 36" #137 Gleason 1 year
diameter Grinder
Internsl Ring Gears Up to 40" diameter Detroit Grinder In use
Up to 58" diameter Maag Cutter 1 year
Maag Grinder
Main Hotor Shaft 16" diameter x Turning Operation- In use
80" length Lodge & Shipley

Tracer Lathe

Boring Operation-
Lodge & Shipley
Tracer Lathe &
Barnes Gun Drill

Ag indicated in the materials section, page 16 through 19, it is
proposed that all housings be fabricated from cast or forged magnesium
alloys where at a1l feasible, Other than the main gea:box main nousing,
all castings and forgings are within existing foundry performance, As
shown 1in Figure 49, the heavy-1ift helicopter main transmissior is
approximately a 50 percent extrapclation in physical size over the
contractor's CH-54A ciane type main transmission . It is anticipated
that. current casting and heat-treating methods will provide castings of
quaiity equal to that of production aircraft,
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An alternate manufacturing method to be evaluated during the design
phase is the design and fabrication of major housings in subsections,
and the joining of these sections by heli-arc or electron beam we’ ling
techniques prior to heat treating. 4 second alternative would emrioy
bolted connections to join the separate subsections, Some weight
penalty must be anticipafed if this practice is employed.

Other than those items listed above (equipment availability and casting
fabrication) the contractor can forsee no high-risk items involved in
the fabrication of the transmission syt¢tem for the heavy-lift heli-
copter, In fact, many ol the components can bs considered to be off-
the-shelf items, For example, the contractor is currently operating
gearboxes equal in size znd power capacity to the spiral bevel engine
reduction gearboxes, the accessory gearbox, the freewheel units, ard

input bevel sections of the main gearbox, as well as the input drive
Sh&fting.
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APPENDIX II

ENGINE :NSTALLATION STUDIES

INTRODUCTION

The initial consideration in the design of a multiple turbine engine
helicopter propulsion system is the selection and arrangement of the
engines, The engines used were selected as the result of a comparison
of the characteristics of available or growth engines to fulfill the
primary design objectives of reliability, simplicity, accessibility,
ease of maintenance, and compatibility with the transmission design.

A summary of the engines considered with the pertinent weight, power,
ard speed data for each engine is presented in Table 30, page 262.

Engine installation arrangements have been evaluated on the basis of
proper air inlet flow to counteract the effects of recirculation of
engine exhaust, as well as the ingestion of foreign ohbjects, dirt,
water, or ice, An additional object of this phase was to estimate the
installation losses and performance for the engine arrangements studied.

DISCUSSION

As indicated in Table 30, page 262, four different manufacturers!
engines were considered in this design study. OSelection of the optimum
engine type, as well as the proper number of engines, was based on an
analysis of mission requirements and aircraft performance. Among the
factors considered in this analysis were the effects of engine power,
weight, speed, and specific fuel ccnsumption on the gear train arrange-
ment, Additional factors influencing engine selection were reliability
and maintainability, including the effect of a front or rear drive, All
of the engines considered were of the free turbine type, so as to
eliminate the need of using clutches (but not necessarily free wheel
units),

Fuel consumption versus the need to shut down one or more engines

during the ferry mission and the consiceration of thrust augm:ntation
for additional power at take off were considered,
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TABLE 35
ENGIME DATA

SFC* Hor r
Desig- wt, (1b./l)n’/ Mil Norm. 6,000 ft. RPM

nation (1b.) Hr. 950F Output
(Mi1.)

Té4/S5A 765 482 4,500 4,000 3,050 13,600

JFTD-124 1,025 bhly 5,950 5,100 Ly 4,00 9,600

(Growth)

LTCLB-11A 64,0 Sl 3,400 3,000 2,640 16,000
(Max)

548-C2 Lol e 4,490 4,175 3,080 19,320

54,8-C2 bl o L, 468 4,155 3,065 6,000

(3.22:1

Gear Red.)

*Based on normal power
*Reference Allison Report EDR 40]0
#HLTCLB~11A Maximum Rating (10 minutes) = 3,750 HP, Sea level,
Standard Day

Thrust Augmentation

The selection of a fewer number of eng.nes utilizing water injection
(thrust augmentation) for increased power was rejected due to weight
ani logistic and cost penalties. Additional aircraft tankage, as well
as distiiled water in the field, would be required,

The availability of engines with sufficient power presents a better
solution without the penalties associated with water injection,
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Regeneration

Regeneration has not been utilized, since the incorporation of regenera-
tive combustion cycles to obtain improved specific fuel consumption is
offset by the additional weight of the regenerators, the increased
frontal area (drag) required, and the loss of hot-day takeoff power.

The overall effect cf regeneration for this application would be a
reduction in mission performance.

Hot-Day Hover Performance

Making the logical assumption that the 1,500-nautical-mile ferry mission
will be flown infrequently as compared to the transport and heavy=-1ift
missions, then the out-of-ground-effect hover requirements of the 12-
ton transport mission become a primary design factor. A detailed
transport mission analysis (see page 218) indicates that approximately
11,320 HP is required for the 6,000-foot out-of=-ground-effect hover on
the Army hot-day (+959F) for a gross weight of 74,000 pounds. Using

the 2/3 rule far the deterioration of power for a hot-day as compared to
a standaird day, the hover power requirement and the mission range re-
cuired dictate the selection of four engines with a standard day
maximum rating of at least 4,500 horsepower. The only two engines

(of Table 30) meeting this requirement at the lowest weight and specific
fuel consumption are the T64/S5A and the 548-(2,

Engine Installation

While the two engine models selected in the previous paragraph produce
the most favorable overall aircraft performance, all four manufacturers'
engines have been considered in the study to evaluate engine-transmission
arrangenents., Ninc. such arrangements were studied and are shown in
schematic form in Figures 66 through Figure 74, Evaluations of all
such designs were made to estimate the installation losses and engine
performance on a comparative basis, The following section of this
report sumnsarizes this comparative design analysis,

Performance Evaluatior

The engine installation losses and performance estimates are based on
the following considerations:

The inlet pressure distortions are within the limits imposed
by the engine manufacturcr,
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The rear-drive engine specifications allow for the power loss
associated with a 45° exhaust turn,

Power loss is the sum of the effects of inlet pressure loss,
temperature effects, loss of ram, and exhaust pressure loss,

Estimated powar losses due to ingestion of exhaust gases rep-
resent losses above those which may be expected in a con-
ventional engine installation,

Losses presented in Table 32, page 266, for the engine
arrangements shown in Figures 66 through 74, represent losses
or gains from static no loss performance®*., A summary of this
data is given in Table 31,

#Note: Static no loss perfoimance defined as engine
specification performance at zero forward velocity.

TABLE 31
ENGINE INSTALLATION
PERFORMANCE SUMMARY

Losses - Percent SHP

Hover 100 Kt.
0GE Power
Figure Power Change
Number Arrangement Change
66 Front-Drive Engine Installation, =0.25 +1.75
Té4/SSA Turbines
(Basic Transmission System)
6% "Fan" Engine installation 0 +2,0
548-C2 Rear-Drive Turbines
(Alternate Transmission System) g
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TABLE 31 Conttd

lnsaer - Percent SHP

Hover 100 Kt,
OGE Power
Figure Power Changs
Number Arrangement Change
68 Four Rear-Drive Engines 0 +2.5
69 Three Bngine Installation
Rear-Drive Turbines -0.08 42k
Bifurcated Cente Engins Exhaust
70 Three Rear-Drive Engines
Rear Engine Inlet Facing Aft 2.5 -1.66
4l Five Front-Drive Engines 0.7 40.9
72 Semi-radial Configuration
Four Front-Drive Turbines -1.25 ~0.25
3 Semi~radial Configuration
Four Rear-Drive Turbines =13.25 =17.75
Th Semi-radial Corfiguration
Four Front-Drive Turbines ~1.75 =le5
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Figure 66, Front-Drive Engine Installation,
T64-S5A Turbines
(Basic Transmission System).
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‘ Figure 67,

—y

"Fan" Engine Installation,
548-C2 Rear-Drive Turbines
(Alternate Transmission System).
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Figure 68, Four Rear-Drive Engines.
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Figure 72, Semi-radial Configuration, Four
Front-Drive Turbines,
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Figure 73,

Semi~-radial Configuration, Four
Rear-Drive Turbines,
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Figure 74, Semi-radial Configuration, Four
. Front-Drive Turbines.
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APPENDIX III

SUMMARY OF GEAR DATA
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SPIHAL Bi.
Gearbox Location Name Diametral Pitch Face No. of Press, Spiral Pitch Sh:
(Fig. 75) Pitch Diameter Width Teeth Angle  Angle  Angle An
(in.) {in.)
Engine
Reduction 1 Pinicon 6.149 KTA o gon 1!
5,529 2.65 20 20° 29
2 Gear U, 469 80 20°49"
Main 3 Pinion 6.149 34 239!
5.529 2,65 20° 20° G
A Gear 14,469 80 649581
5 Pinion 9.042 37 13951
4,092 3.25 20° 200 U
6 Gear 32,747 134, 60728
7 Pinion 4,092 12,952 1.75 53 20”7 230061 2008 g
Inter- 8 Pinion 10,000 L0 29°20!
mediate LOOOO 2.00 CO 280 1.
9 Gear 15.750 63 86934
Tail 10 Pinion 9.249 34 31%3"
Rot or 2,676 2,632 20° 25°
11 Gear 1. 962 55 58°17"
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TABLE 53
S8PIKRAL BLVLL GEAR SUMMARY
Binv .

an Name Diamstral Pitch Face No. of Press, Spiral Pitch Shaft Hand
Sp. o 19) Pitch Dianeter Width Teeth  Angle  Angle  Angle Angle  of
An (in.) (in.) Spiral
Pinion 6.149 34 . 8941 RH
5.529 2.65 20 20° 29°30¢
2g - Gear 10469 80 20°4,9? LH
Pinion 6.149 3 2392t RH
5.529 2.65 20° 20° 90°
9 Gear 14469 80 66°58" LH
Pinion 9.042 37 13954, RH
4,092 3.25 20° 200 70,022
n Gear 32,77 134 60°28! LH
Pinion 4,092 12.952 1.75 53 20~ 23%26' 200! 80°34' RH
8!’
Pinion 10,000 LO 290201 KH
4,000 2.0 bl 280 125951
1 Gear 15,750 63 84°3L1 1H
Pinion 9.249 34 319,31 R
3.676 2,632 20° 25° 90°
Gear 14.962 55 58°171 1H
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Da.. of Face HP RPM Torque Bending Compressive Pitch Line
Rotation Contact (in.=1b.) Stress Strese Velocity
Ratio (psi) (psi) (fopem.)
CeW 4,500 13,600 20,800 22,700 190,000
1.841 21,900
Cw 5,780 22,700 190,000
cew 4,500 13,600 20,800 25,100 180,500
2112 21,900
CwW 5,780 = 25,100 180,500
CCwW 4,500 5,780 49,000 23,900 161,000
1,699 13,700
CW 1,596 23,900 161,000
CCW 1,038 2,300 4,035 35,900 23,000 131,000 13,700
CCW 2,300 5,922 24,500 25,400 132,000
1.57T1 15,500
CwW 3,760 - 25,400 132,000
CCw 2,300 3,760 38,600 25,900 176,300
1,726 9,100

Cw 2. 32 26,900 176,300




I

Location Hame Diametral Pitch Face Number of Pressure
Piteh Dia. Width Teeth Angle
(riso 75) (Mc) (mO) (N)
12 (First
stage Sun 6 16,8333 3.0 101 22°30"
Planetary)
Planet
Ring 6 45,1667 2,80 n 22%30¢
13 (Second
Stage Sun 3 22,500 5,70 135 22%30"
Planetary)
Planet
(8 req'd) 6 12,1667 5.5 73 22930"
Ring 6 46,8333 5.30 281 22°30*
1 Gear 6 15,1667 1,970 91 22%30!
15 Pinion 6 10,333  1.970 62 22930
16 Sun 3 5,6667 2,80 34 22%30"
Planet
(5 reg'd) 6 5,1667 2.50 31 22%30¢
Ring é 16,000 1,25 96 22°30¢
285
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TABLE 34

- SPUR GEAR SUMMARY
3 Dizmetral Pitch Face Number of Presgsure X Factor X Factor Hi
%  Pitch Dta, Width Teeth Angle (furction (functicn
' (4n.) (in.) (N) of N and of root
Pd) radius)
6 10,8333 3.00 101 22%30! 2125 1,05 14,20
R 6 15.1667 2.9 85 22%30" .207 1.017
6 45,1667 2,60 27 22°30" .28, 1.12
1 6 22,500 5,70 135 2°30" o2143 1,05 14,20
j!d) 6 12,1667 5.60 73 22%30° 202 1,00 -
6 46,6333 5.30 281 22%301 .28, 1.13 -
6 15,1667 1.90 91 22%30" 209 1.02 2,30
6 10,333  1.970 62 230" 195 1.03 2,30
6 5.6667 2,60 3u 22301 .1661 1.00 2,30
a6 501667 2,50 31 22930° 1616 1.00 -
a8
1 6 16,000 1,25 96 2%0 o3 1.05 -
|
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MMARY
K Factor HP RPM Input Bending Comprassive Pitch
n (function Tarque Stress Stress Line
of root (in.=1b,) (pei) (pst) Velocity
radius) (f.pem.)
1,05 14,200 1,596 560,750 27,400 121,800 5,130
1.017 1,361 - 28,200 121,800 -
1.12 0 - 26,300 83,000 -
1.05 14,200 133.3  2.065x10° 29,700 124, 600 1,725
1,00 - 541 = 30,400 124,600 =
1013 = 0 = 25,9‘” 96,“)0 -
1,02 5300 4,035 35,900 27,900 131,000 10,900
1003 2,3w 5’922 - 25,” 131,@ m’m
1,00 2,300 2,325 62,380 15,300 139,000 2,55
1,00 2 1,880 = 16,400 139,000 -
1,05 - 0 = 18,650 110,000 =




APPENDIX IV
COMPABATIVE RELIABILITY ANALYSIS OF HIH AND S-61

SUMMARY

The results of a comparative reliabili.y analysis of the heavy-1lift
helicopter transmission system, as proposed by Sikorsky Aircraft, and
an S-61 model called the Universal Tactical Vshicle (U.T.V.)
designed for heavy-lift work, indicates that & L~to-l reduction of
malfunctions per ton-mile may be expected. Also, it was concluded
that the HIH has a probability of experiencing & transmission system
malfunction of only approximately one-fourth that of the S-61 for a
given heavy-lift task. The basic reason that these advantages may be
realized is that the complexity of the transmission system is increased
by a factcr 1,25, whereas the payioad capability is increased by a
factor of 5.75.

ANALYSIS

The aircraft that the comparison was based on have the following
pertinent specifications:

HIH $-61 (U.T.V,)

Payload (20 n.m. radius) 20 tons 3.48 tons
Veruise out (20-ton payload) 95 knots 105 knots
Veruise back (no payload) 130 knots 130 knots

The relative probability of failure is based on the standard 20-n.m.
heavy~1ift mission specified on page 4,

The relative reliatility of the transmission system is determined by
comparing the relative complexity of the transmission systems of the
two aircraft combined with the failure rate of the components, Compcn-
ents included in this analysis are bearings, seals, and YO¥ rings
whose malfunctions are conservatively estimated to comprise 80 percent of
all transmiszion system malfunctions requiring unscheduled maintenance.
Other failure modes such as chipped gear teeth, broken oil lines, etc.,
although when combined comprise a significant portion of all failures,
are of such a varied nature that no predominant tailure modes are
detected and are thus very difficult to assess. The 2xclusion of

these varied failure modes does not aff{ect the validity of the analysis
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to the extent of 20 percent, since both systams will experience these
failures, and most probably in corresponding proportions, as the
analysis indicates for the octher 80 percent of the failures,

Bearing failure data are based on Sikorsky Aircraft's experience cn the
861 model totalling more than 5-million bearing hours, Seal and *O®
ring data ars taken from published data generally accepted by the
industry and substantisted by Sikoraky Aircraft experience.

The results of the analysis are as foliows:

8-61 Malf,/103 hr, Complexity Factor HLH Malf,/103 hr,

Bearings e343 1.77 607
Seals 5,700 1.21 6,900

Totads gl - 748

To determine malfunctions per ton-mile, we perform the following
operation:

= Malf, x 1 x d

Ton-mile hr, Payioad VYcruise

For S-61
Malf, =611M103x 1 x_1 = ,01674x10"3
Ton-mile 3.48 105

For HIH

Malf, = 7.,60x102 x 1 x 1 = ,004x10~3
Ton-mile 20 95

To determine the percent of reduction of malfunctions per ton-mile,

¢ reduction = g,011-,o_o§)10-3x100 = 764
,O17x10~

To determine the relative probability of failure, conventional tech-
niques are used assuming a constant failure (maifunction) rate over the
useful life of the systam. Previous Sikorsky reliability work docu-
mented in technical society papers has shown the validity of the
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asaumption for complex mechanical power transmission units, With this
assunption, the probability that an item will not suffer a malfunction
is given by

R = e~ )t, where A = malfunction (failure) rate

t = time period over which the
reliability is computed
e = 2,718

and the probability that a unit will experience a malfunction is
Q = 1R = le 7%,

A good approximation of e~ At is

1- At when At =<O0,1

which is true for the case being considered here.

With the above information we can write the following:

p 1-Ry 1—e-A BB
Q, 1-(1= A 4t )

Qp 1-(1~A BB )

Q _ Aata
G ~ st

Let: subscript A refer to the S5-61
subscript B refer tc the HLH

thenQ, _ _ Aata  _ __
@ 1.2 Aats 1.24 tp

t
A
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If a given task is to move 100 tons 20 rautical miles and t, is the
flight time necessary for the S=61 to dc the job and ty the flight
time necegsary for the HLH to do the job,

tg = 100 tons x time
20 tons round trip

where time = 20-n.m. x _1 hr. +0,25 hr. hovering time
round trip 95 Kt.

+ 20-n.m. x _1_hr.
130 Kt.

tg = 5(.21 + ,25+.15) = 3.1 hr,

t = 100 tons x time

8 3.48 round trip
where time = 20-n.m. x _1_ hr, + .25 hr, hover +

round trip 105 Kt.

20-n.m. x _1_ hr, = .19+ .25+ .15

130 Kt.
t, = 100 (.19 + .25 + ,15) = 16,9 hr,
348
16.9

QB -1 Oo23 QA

Or stated in words: the probability that the HLH will experience a
malfunction (QB) to the transmission system is 0.23 times the proba-
bility that the S=61 will suffer a malfunction (QA) performing the
same heavy-lift task of moving 100 tons 20 nautical miles,
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This result is based on the assumption that the cargo may be loaded
in such a manner as not to change the drag loads upon which the
cruising speeds were calculated,
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