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FOREWORD

The program reported herein was conducted during a 9-month
period fraom June 27, 1972, to March 27, 1973, for the Eustis
Directorate, U. S. Army Air Mobility Research and Development
Laboratory (USAAMRDL), Fort Eustis, Virginia, under Contract
DAAJ02-72-C-0106, Task 1F162205A11902,

USAAMRDL technical direction was provided by Mr. R. L. Campbell,
and Mr, V. W. Welner of the Eustis Directorate, Military Opera-
tions Technology Division.

The program was conducted at Sikorsky Aircraft, Stratford,
Connecticut, under the technical supervision of Mr. Lester R.
Burroughs, Supervisor, Transmission Design and Development
Section. Principal investigators for the program were Mr. J. G.
Kish, Mr. P. Menkes, and Mr. X. R. Cormier, assisted by Mr. S.
Schuman and Mr. J. Giardino of the Transmission Design and
Development Section and Mr. C. Holbert of the Reliability/
Maintainability Section.
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INTRODUCTION

Current helicopter transmissions are not ideal from the point
cf view of maintainability and reliability.

With few exceptions, internal transmission failures necessitate
removal and overhaul of the entire transmission. In addition,
secondary damage to the transmission often occurs because of
contanination of the lubrication system by metallic fragments
resulting from the initiel failure. Overhaul of the entire
transmission requires removal of engines, blades, main rotor
head, servos, accessories, hydraulic lines, and oil lines;
disassembly and inspection of all transmission components;
replacement of worn, fretted, or damaged parts; and thorough
purging of the entire lubrication system, Moreover, if purginy
of the lubrication system is incomplete, the replacement may
fail due to metal fragments remaining from the initial failure.
These factors contribute substantially to high helicopter
transmission maintenance costs.

As part of the effort to reduce helicopter costs, a new design
concept was sought to eliminate the above cost fartors from
helicopter transmissions. The design would firs' n»nrovide a
method for pinpointing the region of failure in t.._ trans-
mission and prevent spread of contamination from that region.
It would also provide easy accessibility to any region in the
transmission where failure occurred and permit rapid replace-
ment of the damaged component, thus decreasing downtime of the
helicopter.

These requirements are satisfied by transmission modularization,
which is the division of the main transmission into compart-
mentalized units, each with its own chip isolation and
detection devices.

In the analysis program covered by this report, heliccpter
transmission modularization was explored with special attention
to feasibility, methods, design criteria, technical effective-
ness, and cost effectiveness., The program required modulariza-
tion of the U. S. Army Cll-54B main transmission into seven
separate modules, with each module designed to meet the follow-
ing requirements:

(1) Replaceable at the organizational main*2nance level
using present Army skill levels and without require-
ments for meticulous shimming, adjustments, or
special tools.

(2) Capable of being handled with a hand-powered hoist
as a maximum lifting device requirement.,
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(3) Capable of being fault isolated unambiguously by
integral sensors or inspection aids.

(4) Lubricated and sealed to preclude other module or
system contamination from any single failure within
the module.

Alternative aporoaches to the design of the modules were also
developed so that optimum modular design practices could be
determined. In addition to the seven-module CH-54B trans~
nission, configurations of six, four, and three modules were
also developed to permit evaluation of the effectiveness of
various degrees of modularization compared with the standard
production CH-54B transmission,

Evaluation orf technical and cost effectiveness factors for the
various modularized versions and the baseline production
version was accomplished with a matheratical model developed
as part of this program. The model employs various cost and
reliability/maintainability data to determine such technical
and cost effectiveness factors as total transmission mainte-
nance costs, aircraft mission availability, aircraft mission
reliability, aircraft mission capability, aircraft mission
effectiveness, and aircraft fleet effective cost. These
factors provide the quantitative data needed for accurate
evaluation and comparison of modularized transmissions. A
computer program of the mathematical model nas been designed
for use with the Isi1 360 system,




APPRUACH

Tne technical/cost effectiveness of helicopter transwmission
nodularization has been determined in this program by choosing
a study vehicle, designing various modularized transmissions
for tie study vehicle, writing a mathematical model capable of
evaluating effectiveness cof transmission modularization, and
using this model to evaluate the designs and study the results.
The vehicle chosen for study was the U. S. Army CH-548
Helicopter. This helicopter was chosen for study because:

(1) The Cli-54B components are large. A large helicopter
transmission is assumed to have greater cost payoffs
for modularization.

(2) The Cli-54B is in current production.
(3) Ninety helicopters have been built.

(4) An extensive data base is available from waich
transmission cost and reliability/maintainability
data can be oubtained readily.

Tne baseline CH-54 data required is obtained from Operations
Reliability/Maintainability Engineerxing (ORME) data, from
Sikorsky overhaul records, Sikorsky accounting records,
purchasing records, and test reports. The majority of the data
available is for the CH-54A aircraft because it has been in
service longer than the Ch-54B., Since the differences between
aircraft and main transmission designs between the Cii=-54A and
Cli-54E are of a minor nature, it is assumed throughout this
report that the data for the CH-54A is the same as for the
Cii-54B. A large part cf the transmission data, for example, is
derived from ORME recorcs which represent a 33-month study of
the CH-54A during which <7,993 flight hours were accumulated
(Reference 1).

Baseline data such as mission abort rates, aircraft and
+ransnission dcwn-hours per flight-hour, transmission efficien-
cy, z2ircraft reliability, and transmission weight are not
significantly different in the CH-54A and Cii-54B., Moreover,

it is only the changes in these data that are used to calculate
the factors used to evaluate the modular designs.

After selection of the CH-54B as the study vehicle, all degrees
of mcdularization were examined. The maximum number of
practical modules for the main transmission was found to be
seven, Other lesser degrees of modularization were found by
combining modules of the seven-module version. The first
layouts were drawn of this version. The division of the

CH-54B main transmission into seven modules was as follows:




Al

(1) Left-Hand Input Bevel Gear Module

(2) Left-Hand Freewheel Unit Module

(3) Right-Hand Input Bevel Gear Module

(4) Right-Hand Freewheel Unit Module

(5) Tail-Takeoff and Accessory Drive Module
(6) Main Bevel Gear Module

(7) Planetary and Main Rotor Shaft Module

Concurrently with layout of the modularized transmission, the
mathematical model was derived. A mission simulation was
developed for the CH-54B, and 1000 missions were flown in a
probek iistic environment., From the mission simulation, rates
of chouge were defined for fuel flow and mission capability
with respect to changes in weight and transmission efficiency.
After completion of the mathematical mcdel, a computer program
was written for use with the IBM 360 computer. Baseline CH-54B
cost and reliability/maintainability data were established, and
the computer program was debugged using the special case of
number of modules equal to one (baseline CH-54B). The test
case was also calculated by hand to verify the computer results.

During development of the mathematical model and computer
program, the layout design of the modularized transmission was
continuing, Several approaches were considered and completed,
and layouts were made of e¢ach design. Trade-off studies were
completed for chip isolation, lubrication interface, and
torsional interface designs. Finally, four candidate modular-
ized CH-54B main transmissions were selected.

(1) Seven-module version

(2) Six-modulLe version

(3) Four-module version

(4) Three-module version
After completion of the candidate layouts, all input data were
compiled to run the computer program of the mathematical
model., These data were collected; calculated, assumed, or
derived from the following sources:

(1) Layouts of modular designs

(2) Test results




(3)
(4)
(5)

(6)
(75
(8)

Cverhaul records
Discrepancy/corrective action reports

Operations reliability/maintainability engineering
data

Purchasing records
Accounting records

U. S. Army records

After running the computer program, the designs were evaluated
using the computer output data.

A flowchart showing the basic steps taken to complete the
modularized transmission program is shown in Figure 1.



CH-54
AIRCRAFT
SELECTED
BASELINE CH-54 MATHEMATICAL MODEL
EXAMINED AND DERIVED TO EVALUATE
DETERMINATION MADE MODULARIZED
THAT SEVEN MODULES TRANSMISSION

4, AND 3 MOD. LESSER
DEGREES FORMED BY
COMBINING 7 MOD.
DESIGN

ARE FOSSIBLE
LAYOUTS MADE WITH
TRADEOFFS OF 7, 6,

COMPUTER PROGRAM
OF MATH MODEL
( ; WRITTEN AND DEBUGGED

4 CANDIDATES
SELECTED & BASELINE
(7, 6, 4, & 3 MOD.!
INPUT DATA ESTABLISHED
FROM:
LAYOUTS

R&M FIELD DATA
ACCOUNTING RECORDS
OVERHAUL RECORDS

DESIGN EVALUATED
BY EXAMINATION OF
MATH MODEL OUTPUTS

Figure 1. Flowchart Showing Development of Helicopter
Transmission Modularization and Maintain-
ability Analysis Program.




MATHEMATICAL MODEL

An important aspect of the Helicopter Transmission Modulariza-
tion and Maintainability Analysis Program was the development
of a mathematical model to evaluate the impact of transmission
modularization on aircraft costs. The model consists of a set
of equations (see Appendix II) that uses transmission and air-
craft cost and reliability/maintainability data to calculate
cost and technical effectiveness factors necessary for
evaluation of modularized transmission configurations. The
mathematical model can be used to evaluate and study the
effects of modularization for any helicopter transmission. A
simplified flowchart of the mathematical model is presented

in Figure 2,

The flowchart of Figure 2 shows the flow of information in

the mathematical model from the input factors through the
calculated cost factors to the output. To facilitate use of
the mathematical model, a computer program for use with the
IBM 360 system was written., A listing of the program, defini-
tions of the symbols used in the program, instructions for
data setup, and sample runs are included in Appendix III of
this report.

The input data used in the mathematical model are of five
major types:

(1) Aircraft cost

(2) Aircraft reliability/maintainability

(3) Aircraft mission

(4) Transmission cost

(5) Transmission reliability/maintainability
The input points are shown (by number) in Figure 2. Items (4)
and (5) are the input data used to evaluate transmission modu-
larization. The transmission portion of the mathematical model
is specified in detail and includes the following factors:

(1) Weight of transmission

(2) Efficiency of transmission (HP loss, etc.)

(3) sShipping costs between maintenance levels

(4) Cost to prepare to ship between maintenance levels

(5) Cost of shipping c.ntainers
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(6) Cost of initial and replenishment tooling
(7) Cost of initial and replenishment sparzes

(8) Material repair costs on aircraft and at various
maintenance levels

(9) Total recurring and nonrecurring -~-ot

(10) Cost of acquisition of transmission

(11) Labor rates for military and civilian personnel

(12) Attrition rates of transmission

(13) Mean elapsed time to repair transmission

(14) Mean time between unscheduled transmission removals

(15) Maintenance hours to insgpect transmission on
aircraft and at various maintenance levels for

schelrled and unscheduled inspections

(16) Maintenance hours to repair transmission on
aircraft and at various maintenance levels

(17) Maintcanance hours to scrap transmission on
aircraft and at various maintenance levels

(18) Maintenance hours to remove and install modules

(19) Maintenance disposition (percentage shipped, repaired,
and scrapped at each level)

(<0) Time between overhauls
(21) Mission abort rates due to transmission
(22) Unscheduled maintenance frecuency

The nature, derivation, and relacion to the mathematical
model of these and all other input data are discussed in detail
in the Input Data section of this report.,

Several of the input factors listed above refer to various
Army maintenance levels: organizational, direct support, and
depot. The organizational level is staffed by personnel who
orerate and maintain the helicopter in the field, for example,
pilots and crew chiefs. These personnel perform scheduled
inspections and minor maintenance. They are not allowed to
disassemble a transmission or perform major repairs. The next
higher level of maintenance is the direct support level,

9




These personnel perform more difficult repairs that the
organizational level is not equipped to handle. They may also
be equipped to overhaul minor components of the helicopter.

The depot maintenance level has the skills, tools, fixtures,
and equipment required to assemble and disassemble the heli-
copter. It is at this level that the transmission is disassenm-
bled and overhauled.

The values of the input factors used in the mathematical model
were obtained from reliability and maintainability field
records, accounting records, overhaul records, purchasing
records, test results, and layout analysis. Weight changes due
to modularization were calculated directly from layouts using

a1 volume-density relationship.

Rates of change of fuel flcw and mission capability with
respect to weight and efficiency were obtained from mission
simulations. :

10
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DESCRIPTION OF DESIGRS

BASELINE DESIGN
DBescription of Aircraft

‘ The U, S. Army CH-34B helicopter chosen for this study is a
heavy-duty vertical-lift aircraft. It has the ability to pick
up, transport, and place heavy external loads with precisicn.

1 The CH=-54B has twin engines rated at 4800 horsepower each and
has the capability of transmitting 7900 horsepower to the main
: rotor. The six main rotor blades form a true diameter of

f 72,236 feet. Overall length is 88 feet 6 inches. The Cl-54B
is able to lift payloads exceeding 12 tons.

A cabin section, which is normally used for passengers or cargo
with conventional helicopters, does not exist in the CH-54B,

The fuselage is replaced by a skeletal framework which contains
the pilot's compartment and interconnects all mechanical and
electrical subsystems. The landing gear is arranged to straddle
loads and to hold the framework off the ground such that
external cargo can be drawn up to the frame. With this design,
the CH=-54B has a high payload to weight empty ratio.

Photographs of the CH-54B are shown in Figure 3. A three-
view drawing of the aircraft is shown in Figure 4. Detailed
physical dimensions and performance data are presented in
Appendix I.

Description of Main Transmission

The wain transmission of the CH=54B is rated at 7900 input
horserower and is powe::2d by twin engines, each rated at 4800
hp. Power is transmitted by each engine directly into the
four-stage mair transmission which reduces the 9000-rpm engine
speed to 185 rpm at the main rotor, a 48.,54-to-1 reduction.
Power is also transmitted from the tail/accessory drive section
of the main transmission through the tail drive shaft at 3016
rpm and into the intermediate and tail gearboxes, which reduce
speed to 850 rpm at the tail rotor. Figure 5 shows the dynamic
components of the CH-54B,
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U. S. Army CH-54B Aircraft
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Figure 5. 1Isometric of Drive Train Components
of the CH-54B Aircraft.

A schematic arrangement of the CH=54B main transmission is
presented in Figure 6, This fiqure also contains numbers of
teeth, reduction ratios, and speeds of the main transmission
major reduction stages. CH-=54B accessories are mounted on the
rear ~over of the main transmission and on the right-hand input
bevel., The rear cover is shown in Figure 7.

Figure 8 shows the cross section of the transmission that was
used in all modularized transmission layouts. This cross
section cuts through all major basic dynamic components and
pernits all components to be viewed simultaneously on one
drawing sheet. The orientations of all -omponents are correct
with one exception, the input pinion, which is rotated up 90°.
This pinion is shown, however, in correct relationship to its
mating gear.

A baseline layout of the CH-54B main transmission, sectioned as
previously described, is shown in Figure 9.

Power is transmitted from the engines to the first-stage

spiral bevel mesh of 27-to-53 reduction. The gears of this
stage are designed to transmit 4800 hp continuously at a
9000-rpm engine input speed. The 2,875-inch face width spiral
bevel gears use a spiral angle of 25° and are of 3,313 diametral
pitch, The left~ and right-hand first-stage spiral bevel gears
are identical in design and are interchangeable.

A ramp roller overrunning clutch (freewheel unit) is located
between the first~stage output gear and the second-stage spiral
bevel input pinion., This clutch is arranged with a driving
outer housing and an overrunning cam (freewheel unit), which

Preceding page blank L3




FREE WHEEL

UNIT Y
TAIL T.O0. BEVEL SET
§17 (TYPICAL) ‘<\_,/> 3016
1 l R\ P
q.' 185?2 \e :%r;?‘
N AL Q) )}
: AN VY

9000 rpm
( TYPICAL)

FIRST-STAGE
PLANETARY

SECOND-STAGE

PLANETARY

INPUT BEVEL

SET TYPICAL

GEAR MESH REDUCTION INPUT (rpm) OUTPUT (rpm)

INPUT BEVEL SET 27/53 9000 4585.9
MAIN BEVEL SET 25/76 4584 .9 1508.2
1ST STAGE PLANETARY 78/55/188 1508.2 442.3
2ND STAGE PLANETARY 166/32/230 442.3 185.4
TAIL T.O0. BEVEL SET 76/38 1508.2 3016.4

Figure 6. Schematic of CH-54B Main Transmission.
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1ST STAGE

“.. SERVO

PAD

GENERATOR #1
GENERATOR 42

TACH GENERATOR
UTILITY PUMP *

WINCH PUMP *
2HD-STAGL SERVO PUMP
1ST-STAGE SERVO PUMP
TAIL-TAKEOFF

MAXIMUM POWER

(DESIGN)HP) SPEED (RPM)
49,2 8025,7
49,2 8025,7

1.0 4200
53«0 4321

2.00,0 3796
24,0 4585
19.0 4321

1220.0 3016

*NOT SHOWN - LOCATED ON RIGHT-HAND INPUT

Figure 7. Rear Cover and Accessories of CH-54B
Main Transmission,
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Preceding page hlank

Pigure 9. Cross Section of Baseline CH-54B Transmission.
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assures good lubrication to rollers, cage, cam, return springs,
and outer housing. The relatively low speed of operation (4585
rpm) of this unit compared with other production freewheel
units reduces centrifugal load of the rollers on the outer
housing during overrunning. Wear has not been a problen with
this design in service.

The cam output member of the ramp roller clutch drives the
second-stage pinion of the 25-to-76 reduction spiral bevel

mesh., The bevel gear of this stage is common to both second-
stage input pinions, and combines power inputs from each engine.
The spiral bevel mesh is designed with 25° mean spiral angle
and 3.125 diametral pitch. 0il is fed centrifugally from an
0il distribution tube inside the second-stage pinion to
lubricate the freewheel unit and support bearings of the

pinion.

A third spiral bevel pinion, driven by the second-stage spiral
bevel gear provides power for accessories and tail rotor drives.
Accessories mounted on the main transmission include generators,
hydraulic pumps, and tachometer drive. A ramp roller-type free-
wheel unit is mounted between the tail-takeoff drive and
accessory drive gear. This design allows ground operation of
accessories from the auxiliary power unit (APU) with the main
engines off., The tail-takeoff freewheel unit overruns during
APU operation, so that the APU does :.ot attempt to drive the
main or tail rotors,

Attached to the output gear of the second stage bevel set is a
quill shaft that transmits power to the lower part of the
housing containing the planetary section of the main trans-
mission. The overall reduction of 8.l4-to-1 is accomplished
with two stages of simple planetary meshes, a simple planetary
being defined as sun gear driving, carrier output, and ring
gear fixed. The first-stage planetarv of 3.41-to-1 reduction
ratio contains seven pinions. The first-stage planetary

pinion is mounted on a two-row roller bearing connected to the
straddle-mounted carrier plates through ~inion shafts. The ring
gear, which is rigidly bolted to the main transmission lower
housii. 3, contains both first- and second-stage internal gear
members. Connected to the lower carrier plate of the first-
stage planetary and driven through dowel pins is the sun gear
of the second-stage planetary. The 2.39-to-1 reduction second-
stage planetary is similar in design to the first-stage and
contains eichteen planetary pinions. The lower carrier plate
is splined to the main rotor shaft, which transmits torque to
the main rotors.

Preceding page hlank
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Design Criteria of Main Transmission

Design of the CH-54B main transmission follows modern helicopter
trancnission design practice. Bearinags are desiqned for

3000 hours minimum B-10 life at a prorated horsepower, which is
a weighted average power representing the expected operating
Spectrum, Steel liners provide a stress buffer interface
between bearing outer races and the nagnesium castings of the
main transmission assembly., The bearing liners are designed

to have a positive interference fit with the magnesium housing
at 250°F, while maintaining low enough interference fits at
=65°F to keep stresses in the magnesium housing below yield.
Bearings are designed for maximum allowable slopes under the
bearings at maximum torque operating conditions.

Gears and shafting are designed for infinite fatique life at
the maximum torque condition. Thus, the first-stage and
second-stage bevel meshes, which may feel single-engine power,
are designed for 4800 hp, while the planetary mesh is desiqgned
for the 6800-hp to the main rotor.

All threaded fasteners on the main transmission are provided
with positive locking mechanisms to prevent loosening of nuts.
Nuts and bolts, cotter pins, clevis pins, or Shurlocks are
used to provide positive retention on larger nuts. On smaller
threads using standard nuts, the deformed thread types are
used. Nylon locking devices are not used in the CH=-54B trans-
mission due to softening of nylon at the high oil temperatures
encountered.,

Castings and housings of the main transmission are desiqgned for
crash conditions of 20 g vertical, 20 g forward, and 18 g
lateral. The mass of the rotor head and blades acting on the
main transmission during a crash condition represents the worst
case of loading for structural design of the main housing,

The lubrication system for the CH-54B main transmission follows
standard aircraft practice. 0il from the gearbox sump is

pumped through a forced air/oil heat exchanger and then to a
manifold on the main transmission. From the main transmission
manifold, oil is fed to bearings, gear meshes, and oil distribu-
tion tubes throughout the transmission.

MODULAR DESIGNS
Design Criteria

All modularized versions of the Cii-54B mair transmission
described in this report were designed according to standarad
helicopter transmission design practice. Speeds and reduction
ratios of the modular designs are unchanged from the baseline
Cli-54B transmission. Structurally, the modular transmission
design must be able to withstand the same loads and transmit
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the same powers with equal or lower levels of stress achieved
by the baseline CH-54B main transmission,

A primary design objective of the modular transmission concept
is to permit parts removal and replacement in the field by
personnel at the U. S. Army organizational maintenance level.
The tools required to remove modules are standard wrenches as
found in the U. S. Army mechanic's tool kit. All shirming,

for example, required for spiral bevel gear pattern setting, is
to he accomplished internal to the module and done at tl:e depot
maintenance level, not in the field, A minimum of training and
instruction is to be required to teach Army organizational
level maintenance personnel procedures for module removal and
installation.

Another primary design objective of the modularized transmission
is to effect the isolation of each module and prevent the spread
of contamination in the event of a malfunction of any internal
module compcnents. Shields or scrcens at module interfaces

must effectively confine any debris or chips to the affected
module,

The third primary design objective is to be ahle to pinpoint
the particular module that is affected after a failure is
detected, and chips and contamination are isonlated. 1In

the modularized designs presented herein, each module contains
its own chip detector. Cockpit monitoring is by a single,
warning light on t'.« copilot's caution panel.

A secondary objective of modularized transmission design is to
design the module in such a manner as to minimize the pro-
trusions of components. When a module is removed from the
transmission, splines or other components projecting heyond
the module interface flange are subject to damage from
mishandling and contamination with dirt or foreign objects.

In all nodularized interface designs, quill shafts, oil lines,
or oil distribution tubes that would normally project beyond
tlie module interface for more than a reasonable length, have
been redesigned to reduce chances of damage or cont/ ination.

Another secondary design objective of the modulariz 1 designs
presented herein is to eliminate all external oil ! .nes and to
redesign using internally cored or drilled lines. Internal

oil lines are inherently more reliable than external "plumbing”
and are used in the latest production Sikorsky helicopters.
Internal oil lines also simplify assemblv and disassembly, since
lines that cross module interfaces can bhe designed to seal
autonatically when the module is removed. This technique
eliminates the need to remove external plumbing. Inspection
time, installation and removal time, mean time between un-
scheduled removals, unscheduled maintenance frequency, and
overall transmission reliability can be expected to improve as
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a direct result of the use ¢f internal oil lines. These
improvements, however, have not been reflected in this report,
since internal oil lines can be added without modularization
of the main transmission. Care has been taken that only
improvements resulting directly from modularization should be
included in this report in order to evaluate modularization
accurately. In effect, then, while the modularized designs
shcew internal oil lines, the data are taken as if the oil lines
were external.

All speeds of the modularized main transmissions are identical
with the CH-54B baseline design, as previously shown in

Figure 6. The main transmission design horsepowers, crash
design conditions, and bearing minimum life requirements are
also identical with the CH-54B baseline design and are presented
in Table I. Accessory design is identical) with the Ci-54B, as
previously shown in Figure 7.

TABLE I. CH-54B MODULARIZED TRANSMISSIO! BASIC DESIGN LOADNE

Component Design Condition
First-Stage Spiral Bevel Gear 4800 HP (Single Engine)
and Shaft
Freewheel Unit 4800 HP (Single Engine)

Second-Stage Spiral Bevel Gear 4800 HP {Single Engine)
and Shaft

Tail-takeofr Bevel Gear 1220 HP
First-Stage Planetary 6800 HP
Secona-Stage Planetary 6800 HP

Main Housing Mounting 20~-20-18g crash
Input Bevel Module 20-20--18g crash
Tail-takeoff Module 20-20-18g crash
All Bearings 3000 Hr. B-10 Life

The basic design approach for modularization of the main trans-
mission is to begin with the maximum deqgree of modularization
(seven modules in this case) and to combine modules to obtain
lower degrees. The seven-module design contains all of the
modules for any required lower degree. Trade-off studies are
conducted on the seven-module version so as to include all
versions. The following paragraphs will discuss the design of
the seven=-, six-, four=-, and three-module versions of the main
transmission. The five-module design was not chosen because of
its similarity to the three-module design.

Description of the Seven=Module Design

The baseline CH-54B main transmission was divided first into
seven rnodules: identiczl left-hand and right=hand input bevel
modules, identical left-hand and right-hand freewheel units, a
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tail-takeoff and arcessory module, a main bevel module, and a
planetary module. A simplified isometric Arawing, an e:ploded
cross-sectional layout, and an assenbled cross=sectional layout
of the seven-module configuration are shown in Figures 10, 11,
and 12,

The input bevel module contains the first-stagc spiral bevel
mesh of 27-to-53 reduction. An existing bolt circle on the
main transmission housing was used as the module interface for
the input bevel module. The engine drive shaft Iaput area,
censisting of torque sensing unit, input couplings, spherical
bushing, and engine torque tube, is identical with the baseline
design., Left-hand and right-hand input bevel modules are
interchangeable.

To simplify assembly and disassembly in the seven-module
versions of the main transmission, the freewheel units were
moved from their positions near the second-stage spiral bevel
pinions and attacied to the outside of the input bevel module
housing. The rot: » bralie takeoff flanges were also moved
fron their positions on the input bevel pinions and attached
to the freewheel unit modules. The rotor brake is mounted on
the l.ft-hand freewheel unit module and is driven by the rotor-
brake takeoff of that module. The right-hand rotor-hrake
takeoff is used to drive the spur gears that power the winch
and utility pumps,

Support of the freewheel unit module was the primary design
consideration, Three configurations of this module were
developed. The first, which is shown in the exploded and
assembled seven-module layouts, was chosen as the optimum
design because of the wide span between the support bearings.,
Two alternative designs are shown in Figure 13. In the upper
design, the freewheel unit is supported by the continuous shaft
of the rotor-brake flange. While support in this configuration
is essentailly the same as in the optimum design, an additional
bearing had to be included at the interface with the input
bevel module to allow overrunning, The additional bearing of
this configuration is more expensive, heavier, less reliable,
and less efficient., For this reason, this design was rejected.
The lower configuration of Figure 13 separates the rotor brake
flange from the freewheel unit. This necessitated use of
piloted splines for support of the unit. Because these splines
are close together, they do not provide adequate support for
the unit.

To elininate projections from the freewheel unit module, the
30-inch oil distribution tube of the baseline has been shortened
and divided at the interface of the freewheel unit module and
input bevel module. A probe jet feeds o0il into the smaller
diameter tube of the input bevel module, where it is distributed
to the second-stage pinion bearings through holes in the tube
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and gear shaft. The o0il that is not fed through these holes
spills into the larger diameter tube of the freewheel unit
module, where it is distributed to freewheel unit bearings,
rollers, cam, cage; return springs, outer housing, and all
splines. This design eliminates projections when the input
bevel module is removed from the main bevel module. Torsional
paths between modules are provided by splines located as close
as possible to the module interfaces.

The tail-takeoff module design makes use of a new rear casting
that, in effect, seals gears, bearings, and other components in
the rear cover. The tail-takeoff section of the baseline
design contains an oil pump drive that passes through the main
casting to the oil pump in the main housing sump. The oil

pump drive for the seven-~module version has been relocated to
the lower plate of the second-stage planetary gear set, where
external spur gears increase the 185-rpm cage sneed to 2750 rpn
at the oil pump. This design eliminates the existing quill
shaft, which would pass over the tail-takeoff module interface
and would not allow module removal at angles that do not coin-
cide wvith the quill shaft centerline.

Figure 14 shows two alternative designs of the tail-takeoff
module. Both use the existing bolt pattern of the rear cover
as the nodule interface. In both cases, the tail-takeoff

bevel gear has been designed with the tail drive section re-
naining with the rear cover, and the bevel gear section remain-
ing with the main module. Both designs use spur gears and
splines as torque interface components. The accessory drive
spur gear and freewheel unit are relatively high replacement
itens and are not removed with the rear cover in the designs
showr., which is a disadvantage. In the selected tail-takeoff
module design, the freewheel unit is removed with the module.

A further disadvantage of the alternative tail-takeoff designs
is that, when the rear cover is removed, accessory drive gearing
and bearings are exposed to damage by contamination or mishand-
ling, Additionally, the support structure for the tail-takeoff
gear is weakened even though loading is low in this area. For
these reasons, the two alternative tail-takeoff designs were
rejected, and the design shown in Figure 1l was chosen as the
candidate.

The planetary/main bevel interface uses an existing bolt
pattern as the breakpoint. This area was extensively
redesigned, including the main bevel outer shaft, bearings, and
bolt connection. The inside diameter of the outer shaft has
been increased from 9.375 inches to 11.75 inches to permit
removal of the main housing over the inner race of the main
rotor shaft upper roller bearing. The inner race of the upper
roller bearing is, thus, located in the main bevel module, and
the outer race, cage, and rollers are in the planetary module.
The main bevel module uses an outer shaft inertia-bonded to the
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Figure 14. Alternate Tail-Takeoff Module Designs.
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main bevel gear. Inertia-honding saves axial space and permits
the design to fit into the existing housings,

The two designs of Figure 15, one on each side of the center-
line, present alternative methods of attachment of the main
bevel gear to the outer shaft. In the design shown to the

left of the centerline, which is the baseline main bevel module
design. the bevel gear is inertia-honded to the outer shaft.

In the alternative design to the right of the centerline, the
bevel gear is bolted to the outer shaft. To accommodate the
increased bearing sizes in the bolted design, the overall
length of the outer shaft, main rotor shaft, and main housing
has been increased by .88 inch. On the basis of the increased
weight of 17.8 pounds, of the bolted design, the inertia-bonded
design was selected as the candidate module for the seven-
module version. The inertia-bonding technique has proven
successful with several production applications on turbine
engine transmissions.

The candidate seven module design shown uses quick-disconnect
couplings at all module oil drains and inlet interfaces. These
couplings are designed for automatic opening when modules are
assenmbled. In the event of malfunction of sprinqgs or other
components of the quick-disconnect couplings, they will remain
open and will not close upon-disassembly. The advantages of
quick-disconnect couplings are:

. Contamination by dirt or other foreign objects
is eliminated.

. 0il spillage during assemblv and disassembly is
held to a minimum. Secondary damage caused by
the effects of cil spillage is eliminated.

. lMaintenance hours required to clean spillage are
reduced.

Two other methods for oil inlet and drain line module interface
connections are shown, along with quick-disconnect couplings,
in Figure 16, The first alternative method shows transfer
tubes consisting of a tube trapped in counterbors . holes in
each module, "O" rings on each end of the tube prevent oil
leakage in the assemhled position. While this design is in-
expensive, simple, and reliable, the sealing advantaqges offered
by quick-disconnect couplings are not realized with o0il transfer
tubes, A second alternative design is the "O" ring face seal
shown in Figure 16. This design is also simple, reliable, and
inexpensive. However, the sealing disadvantage of transfer
tubes is also inherent in "O" ring face seals. As will be
shown in the Transmission Cost Input Data section, the cost of
self-sealing quick-disconnect couplings is negligible in life-
cycle aircraft cost. They have, therefore, been included in
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all the modular design evaluations because of the advantages of
sealing modules upon disassembly.

An important aspect of the seven-module transmission desic¢n is
the isolation of contamination. With ncrmal design practice,
chips from a failure often spread and dansge other componerts,
With modularization, chips or other particles from broken
components are prevented from spreaaing to other sections of the
transmission by the use of screens or shields at modular inter-
faces. Screens and shields considered for uce in the modular
designs are basically end caps that seal the module at the
module interface. A concentric centyal hole in the shield or
screen permits the torsional interface connector to pass through
the shielded end. This hole locates the splined shaft in such
a manner that, during assemb.y, the splines are located within
.030 inch concentricity alignment but after assembly, retain a
running clearance. From experience, number 30 screens of .,015-
inch-diameter wire with an opening of .018 inch have proven to
be effective for free flow of o0il, yet prevent passage of most
chips. Screens at module interfaces, however, have several
drawbacks. Since oil is capahle of flowing through the screens,
chips carried along with the oil may collect at the bottom of
the screen and not reach the chip detectors in the drains of
each module. Upon module removal, screens do not isolate dust
and dirt.

A solid shield overcomes both deficiencies of screens. 0il
cannot flow through the shield. It is forced to flow through
the intended drain and chip detector. Contamination with chips
is then quickly detected, and less damage is likely. Solid
shields also prevent dust, dirt, and other foreign objects from
entering the internal mechanisms of the moclule upon disassembly.

For these reasons, shields have been selected for use at the
module interfaces. At the drains of each module of the seven-
module design, one or more chip detectors will trap contamina-
tion. These chip detectors can detect magnetic and nonmagnetic
chips and are usually set with a gap of approximatelv .25 inch.
With this gap, sensitivity is reduced so that normal wear part-
icles do not continually indicate false failures. The "exit"
side of each chip detector contains a number 30 screen of ,015-
inch-diameter wire with an opening of .N118 inch to prevent
contanination of adjacent modules. Each module contains its
own chip detector, and a cockpit monitoring light is provided.
With shields at interfaces and chip detectors at drains, any
failures are quickly detected and isolated to the module where
they originate.

In the desigr. of a modularized transmission, toraque mist be
transnitted across the interface of each section. This can be
accomplished with splines and couplings or with spur, helical,
or bevel gears. In the seven-module designs, splines and hevel
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gears have leen used.,

The bevel gear has been used as the torsional interface for the
candidate tail-takeoff module. Splines are used in all other
rnodules of the seven-module design.

Gear interfaces offer one method of providing a module separa-
tion if the gear contact is used as the separation point. For
spur gears or helical gears, it is difficult to provide shields
around the contact points. A bevel gear provides a convenient
breaking point if one of the gears is allowed to protrude fron
the module, as shown in the design of the candidate tail-take-
off module of Figures 12 and 13. The problem with this arrange-
ment lies in the gear pattern development, since the module
bolt circle face presents an additional tolerance normnally not
encountered in standard bevel gear shimming. For this arrange-
ment to be practical, the distance from the pitch apex point of
the bevel set in the main housing to the module mounting face
must be closely held during manufacture, with a recommended

+ .002 inch tolerance. The tail-takeoff gear in this case is
then internally shimmed in the tail-takeoff module to alian
with the mounting face of the tail-takeoff module. This
procedure is not recommended for highly loaded bevel gear sets
or where shaft angle is shallow. In the case of the Cil-54B
tail-takeoff bevel gear set, the gear stresses are well below
nornal aircraft allowables at the maximum transmitted horse-
power of 1220. In addition, this gear is not sensitive to
axial alignment errors because of the high shaft angle of 82
degrees and 15 minutes.

In addition to geared torsional interface transmitters, coupling
torsional transmitters can be employed. These include splines
and face couplings. A special type of face coupling often used
in aircraft design is the curvex coupling. It is a toothed-
face coupling that can transmit high torques in a conmpact
arrangerment. Since the teeth of the curvex coupling are
inclined, axial shaft loads are induced whenever torque is
transmitted. Even with very low pressure angles, the axial
load produced by the torque transmitted in the CH=54B main
transnission is too high to allow use of these couplings as an
interface torsional load carrier. The curvex coupling has not
been used in any of the modular designs presented. The face
coupling is similar to a curvex coupling and may be thought of
as a curvex coupling with zero degree pressure angle, although
the face coupling has straight sided teeth. The outside
diameter of the face coupling provides a natural journal upon
which the module interface shield can be fitted. A typical
face-coupling module interface design is shown in Figure 17.

The disadvantage of face coupling is the concentricity

alignment requirement. It would be difficult to assemble the
module with the face coupling because of inherent concentricity
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Figure 17. Typical Face Coupling Torsional Interface Design.
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errors. For this reason, face couplings have not been used in
the modular designs.

The most efficient torque carrier is the involute spline. It
can be assembled loosely to provide a convenient module inter-
face connector. Most of the seven-module designs use involute
splines as the torsional interface element. The spline can be
allowed to protrude from the module upon disassemblyv, since any
dirt can easily be wiped clean prior to assembly. The in-
volute spline is compact and offers a ccnvenient method for
shielding. Concentric alignment is the same as for any normal
quill shaft, and assembly is easily acccmplished. For these
reasons, the involute spline is best as the modular transmission
torsional interface connector.

In the seven-module design presented, no major drive gear tooth
geonetry has been changed. All bearings are identical with the
baseline design except for the outer shaft roller and outer
shaft double tapered roller, which have been increased in size
and capacity. The dynamic components are structurally identical
with the baseline CH=54B transnission and should have the

sane reliability. Additional comporents are required, however,
and the total number of parts has increased. Additional splines,
bolts, drain paths, chip detectcrs, shields, etc., have added

to the complexity and have slightly reduced overall reliability,
considering that more parts will generally have more failures,
This is reflected in the input data to the mathematical model
and will be discussed in the Input Data chapter.

A prinary advantage of the seven-module desiqgn is the ease
with which certain components can be repaired or replaced. For
example, a chronic failure mode of the baseline transnission is
wear on the outer housing of the tail-takeoff freewheel unit,
This failure is often zause for removal of the entire trans-
mission and shipment to the depot level for overhaul. Rernoval
of the tail-takeoff bascline main transnission requires the
following procedure:

(1) Disconnect all accessories.

(2) Remove rotor blaces.

(3) Remove rotor head.

(4) Disconnect engines (right and left).

(5) Remove main rotor servos.

{6) Remove o0il lines to cooler.

(7) Disconnect tail drive shaft.




(8) Unbol: main attachment to airframe.

Removal of the tail-takecff in the modularized version will
only require the following procedure:

(1) Disconnect all accessories on rear cover only.
(2) Disconnect tail drive shaft.

(3) Unbolt eight 1/2-inch bolts on module interface
flange.

(4) Remove module.

The easiest modnlc to remove is the freewheel unit module. It
requires removal of the rotor brake or the winch and utility
pumps, depending on what side is being removed, followed by
removal of six bolts. Removal of the input bevel module
requires dropping one engine and unbolting the module.

Although the planetary and main bevel units are two scparate
modules, no advantage is derived in combining them, since
removal of either module entails the same procedure as removal
of the entire baseline transmission.

All modules of the seven-module design are subject to
contanination or damage from mishandling during removal or
installation, To aid in preventing contamination or damage, a
protective cover can be used, as shown in Figure 13. This
cover can be plastic or fiberglass., It remains with the
shipping container. When a damaged module is removed, the
container for the replacement module is opened, the protective
cover is taken off the new module and replaced on the damaged
module, the new replacement module is then installed on the
transmission, and the defective unit is replaced in the
shipping container, along with the protective cover.

Description of the Six-lModule Design

The six-module CH-54B main transmission consists of left- and
right-hand input bevel gear modules, left- and right-hand free-
wheel unit modules, tail-takeoff module, and planetarv/main
bevel nodule, The left- and right-hand input bevel gear
modules, left- and right-hand freewheel unit modules, and tail-
takecoff module are identical in the six- and seven-nodule
versions. The rlianetary and main bevel gear molules of the
seven-module design have been combined into one unit to form
thz planetary/main bevel module in the six-module design,
Figure 19 shows an isometric exploded view of the six-module
design. An exploded layout of the six-module version is shown
in Figure 20. The assembled cross-section layout of the six-
module design is shown in Fiqure 21,
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Figure 18. Typical Protective Cover Shown
on Freewheel Unit Module.
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Since the outer shaft of the main bevel gear need not be removed
over the main shaft upper bearing, as in the seven-module
version, the outer shaft has been reduced in diameter to its
original baseline design size. The outer shaft upper roller
bearing and back-to-back tapered roller bearings have also been
reduced to their original baseline desiqgn size. The associated
bearing support housings and the spline attachment of the first-
stage sun gear to the outer shaft have also been reduced,
Therefore, the weight and cost of tihe outer shaft and associated
support bearings, nain shaft, and main housing are less in the
six-nodule design than in the seven-module design. The three,
"drawer" type chip detector screens located at the main bevel

to planetary interface have been removed., Failures in the

main bevel or planetary sections will be detected by the chip
detector located in the main sump.

The design considerations of the tail-takeoff, freewheel unit,
oil drain interface couplings, torsional interface couplings
and protective cover, which were discussed above for the seven-
molule configuration, also apply to the six-module configura-
tion and all subsequent configurations,

A five-module version of the CH-54B main transmission,
consisting of left and right input bevels, left and right
freewheel units and a main module of planetary, main bevel,

and tail-takeoff, is feasible but has not been designed for
this study. The tail-takeoff module, which requires frequent
maintenance, should be a separate unit for optimum cost savings.
Proof that a combined tail/main section is not good design
practice is shown in the three-module version to be discussed
in later paragraphs.

Cescription of the Four-lodule Design

The four-module CH=-54B main transmission consists of left- and
right~hand input bevel/freewheel unit modules, a tail-takeoff
module, and a combined planetary/main bevel module. The
planetary/main bevel module is identical in the four- and six-
module designs. The tail-takeoff module is identical in the
four-, six~-, and seven-module designs. All trade-off studies
pertaining to oil drain interface considerations, torsional
interface couplings, and the tail-takeoff module which were
discussed above for the seven module ¢onfiguration also apply
to the four-module design.

An exploded isometric drawing of the four-module design is
shown in Figure 22, An explodea .ross section and an assembled
cross section of the four-module design are shown in Figqures 23
and 24 respectively.

The freewheel unit module and input bevel module of the six-
and seven-module designs have been combined to form siijle
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units for the four-module version. The bolted connection and
housing of the freewheel unit module has bean eliminated and
the freewheel unit is located deeper inside the input bevel
gear shaft, as in the baseline. Unlike the »saseline design, the
freewheel unit is no longer an integral par: of the second-
stage bevel pinion. An additional splined shaft has been added
at the interface between the freewheecl unit and main bevel
pinion. Support for the freewheel unit is now provided by the
first-stage bevel output gear shaft. The chip detector/drain
for the freewheel unit is eliminated, as is the shield separa-
ting the input and freewheel modules of the six- and seven-
module designc. The rotor brake £lange and supports of the
combined freewheei/input bevel module are identical to the
baseline CH-54B., Torque is transmitted across the module
interface by a splined quill shaft connected to the inner canm
member of tihe freewheel unit. The second-stage bevel pinion
contains the internal spline member. As in previous int~rface
designs, the o0il distribution tube, located inside th: free-
wheel unit and second-stage bevel pinion, has been designed in
concentric sections which transfer oil by spillage across the
noncontacting interface.

The freewheel unit/input bevel module of the four-module main
transnission has an additional feature, After the input bevel/
freewheel module has been remcved and is exponsed, the freevheel
unit itself can easily be removed. The frenwheel unit i not
considered a module, however, becanse it dnes not contain its
ovn chip detector and chip isolaticn system. It is a smaller,
more conpact unit than the freewheel unit module of the six~ and
seven-nodule desiqns because the housing, shield, chip detector,
and oil drain disconnccts arc not attached, This unit can be
removed by the direct suppor+t f£isld maintenance crew using one
special wranch. Since it is smaller in size than the freewhecel
unit nodule of the six- and seven-module designs, special
shipping containers are not required. 1In short, this design
has many of the advantages of the six- and seven-module design,
hut does not lave the disadvantage of special shipping contain-
ers and special handling., The freewhcel unit can now he
changed at the option of tha field maintenance personnel, In
the analysis of the four-module design this additional feature
has conservatively been disregarded.

Description of the Three-='olile Design

The three-nodule CH=54B3 main transmission consists of left- and
right-hand input bevel/freewheel unit modules and a conbined
main nodule containing main bevel, planetary, and the tail-
takeoff, The left- and right-=hand combined inont bevel/free-
wheel unit modules are identical in the three- and four-module
congifurations.

An exploded isometric drawing, expleded layout, and assembled
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layout of the three-module design are presented in Figures 25,
26, and 27, respectively. The tail-takeoff and accessory
section of this version is similar in design tu the baseline
design. The chip detector located in the lower section of the
tail-takeoff of the four-module design has been eliminated. The
separate casting which provided an enclosure for drive compon-
ents of the rear cover has been made integral with the main
housing.

As in the baseline design the oil pump is driven from the
accessory case and has been relocated to its original position.
The drive gear located on the lower plate of the second-stage
planetary, and the oil pump connect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>