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1.0 INTRODUCTION

OBJECTIVES
The primary objectives of the ATC Program werv:

1. Demonetrate component technology to reduce dsvelopmant
risk applicable to a 22.5-ton HLH at the lowest total
HLH system cost.

2. Provide the Government with improved technology and
reduced risk for program definition for large payload
helicopters.

3. Advance level of industry expertise in HLH components.

APPROACH

The purpose of the ATC Program was to seek maximum reduction
of technical and cost risk associated with the Engineering
Development of an HLH system through the design, fabrication,
demonstration and test of selected critical HLH compcnents.
Engineering Development orx full-flight qualification of any
component or concept was not the purpose of this proqram.

The critical components of the HLR were Jetermined to be the
rotor blades, hub and upper controls, drive system, flight
control system and cargo handling system. The scope of the
HLH ATC program was limited to these components, plus the
interface analytical activities necessary for the ATC com-
porients to be considered suitable for subsequent intzgraticn
with the complete aircraft.

The general arrangement of the HLH is shown in Figure 1.

HUB AND UPPER CONTROLS ATC PROGRAM

The Advanced Technology objactives for the hub and upper con--
trols components were aimed at increasing flight safety and
minimizing operating z~d support costs by providing fail-safe,
simple, reliable, and ii,htweight hardware.
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A fully articulated rotor configuratioci: employing elastomeric
bearings was selszcted for ATC development, The use of an
elastomecric bearing at each blade to react radial blade forces
and permic pitch, flap and lag motion eliminates the need for
lubricatiorn and provides a significant reduction in the number
of parts. Boecause of parts reduction and lower maintenance

man-hours, & significant reduction in operating and support
cofts shcull be realized.

All components wwere designed to faili-safe cdesign criteria so

that risk of catsistrophic faillure would be significantly
reduced or eliminated.
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2.0 DESIGN DEVELOPMENHT

2.1 OBJECTIVES

Table 1 shows the objectives and casks initially established
for the hub and upper controls ATC program. The objectives
were later transferred into design requirements in the Prime
Item Description Document (PIDD) for the HLH as summarized
below.

Mission reliability. At the time of initial operational
capability, the aircraft shall have at least a 97% probability
of performing a 2-hour miscion once flight for the mission
commences. Missiun reliability shall be based on "failures®
which the crew cannct remedy while in flight or during a
15-minute ground turnarovnd using the onboard tocls and egquip-
ment.

Operational availability. The aircraft shall have an opera-
tional availability or ready rate of 0% or ygreater when the
average wartime utilization rate is 5¢ flight hours per
month.

Mean time between remcval(s) of maior dynamic components. The
mean time between removals (MTBR) cobjective for each major
dynamic component shall be 2000 operation hours at time of
Initial Operetional Capability.

TBO_ (time between overlraul(s)). No repairable components snall
require scheduled removal for overhaul. Removal or replace-
ment will be "on-condition".

Fail-gafety. The rotor hub and upper controls shall be de-

signed o re fail-safe through the use of multiple loud paths
and/or low failure progressional rates and/or failure warning
systems. Failure warning means shall be designed ianto the
individual critical components and shall include but not be
limited to the following:

Dual load paths externally inspectable

Pressure-sensitive gages

Incipient failure warning by changes in vibration level

Incorporation of bearing condition indicating systems to
detect incipient bearing detericration.
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2.2 TRADE STUDIES

Configuration trade studies were conducted for several of the
areas of the hub and upper controls. The studies considered
weight, cost, and maintainability as the primary factors with
other factors peculiar to the item, such as the necessity for

special tocls. The trade studies are contained in Reference
1 and each of the trade studies is summarized below,

2.2.1 Rotor Hub Fail Safe Design

Three basic hub configurations were evaluated:

One-piece Qffset Hub (Figure 2)
One-piece Strap Hub (Figure 3)
Two-~iece Offset Hub (Figure 4)

Six fail-safe and oane sate-=life hub designs were derived in
this study from the three basic configyurations. The single
safe-life (nonfailure) design, one piece offset hub was
studied only to determine the weight penalty for fail-safety
ot the six safe-life designs. The type of warning system to
detect the first failure was not considered in this study as
it would be the same for any design.

Gafe-lite calculations assumed the following failures:

Design 2 - One-piece Offset Hub (Figure 2)

Iither lead or lag side beam completely severed or
severence of one cap flange across the damper opening
in the Jag side beam.

Designs 3 and 4 - On2-piece Strap Hub (Figurxe 3)
Either lead or lag side beam completely severed cor sev-—
erence of one cap flange across the damper opcning on
the lead side beam. However, the glass strap on failed

bz:am assumed to be intact ard capable of sharing CF load.

De:zigns 5 through 7 ~ Two-piece Offset Hub (Figure 4)

Gie of the four side &rms to the crossbeam is completely
severed.

The m@nimum weight was achieved by the safe-life (no failure)
one-piece offset hub. However this design was not considered
as 1t could not sustain a failure. Thic design did show that

a weight penalty of 200 pounds or more is incurred by a
"fail-safe" design.

The minimum weight “fail-safe" design was the two-piece off-

set hub. The two-piece hub was the basis for the final design.
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The upper and lower hub halves for each configuration are
identical and symmetrical about the horizontal centerline so
that either half ma ' be used in tne upper or lower position
on either the forward or aft rotor head.

2.2.2 Rotor Hub/Crossbeam Attachment

Three rotor hub crossbeam attachment configurations (Figure
5 were reviewed. Configuration A uses bolts in tension.
Configuration B uses vertical pins. Configuration C uses
horizontal pins.

Each of the attachment confiqurations was evaluated for weight,
complexity, accessibility, and design characteristics. Con-
figuration C, the horizontal pin connection, was selected as
the recommended design approach for the HLH ATC rotor hub/
crossbeam attachment method because this configuration
provided:

Lightest weight

lowest torque requirement

Use of standard tools for installation
Good accessibility

Iewest parts

No shimming required

2.2.3 Rotor Hub/Rotor Shaft Attachment

Fourteen configurations were studied. The features included
torque path through bolts or splines and thrust load through
bolts or a single nut, and combinations of these. The three
principal configurations are shown in Figure 6 and described
an follows:

Confiquration I ~ Lower hub flange bolted to transmission
shaft with large diameter bolts.

Torque and thrust carried by the bolts.

Configuration III1 - Three-inch spline (centered on lower hub
flange) and thrust nut.

“he spline transmits hub torque aad the thrust nut transmits
the lift load.

Configuration IIIA - Two 3-inch splines (centered on top
and bottom hub flange) and thrust nut.

Configuration IT1A provides better locad path distribution and
better access to thrust nut and preloaded bolts. It was selec-
ted from consideration of all evaluation parameters, and was
the basis for the final design.
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2.2.4 Teflon Lined Spherical Bearing Vs. Elastomeric
Bearings for Pitch Links and Hub/Blade Shear

This study considered the choice of a centering type, non-
lubricated bearing capable of reacting vertical shear forces
due to pitch link load and blade inertia while at the same
time providing freedom of motion for blade flap/droop, lead/
lag, and pitch, and freedom for blade radial motion under
deflections due to centrifugal force.

The candidates were:

Elastomeric Bearing - A bearing consisting of alternate
metal and elastomer laminates molded into a single spherical
part. (Sce Figure 7for proposed design.)

Teflon-Lined Spherical Bearing - A bearing consisting of a
spherical stainless steel ball around which is swaged a
stainless steel outer race lined with a woven Teflon fabric.
Flap/droop and lead/lay motions to take place at the spher-
ical interface of ball and Teflon liner. Similar lining of
the bore ot the ball with Teflon fabric in the fashion of

a Journal bearing to permit pitch motion and unrestrained
radial movoement of the blade. (See Figure 8§ for proposed
design.,)

The Teflon-lined spherical bearing was selected for use as
the HLH/ATC shear bearinyg. The Teflon-lined bearing is
smaller, lighter in weight, and less erpensive to develop
than the elastomeric bearing while providing all the advan-
tages of the elastome "ic bearing.

2.2.5 Luop

A trade study was conducted of various designs of the loop
structure, which transmits the blade cen-rifugal loads from

the pitch housing to the elastomeric bearing as shown in
Figure 18.

The study investigated the 13 pitch housing loop configura-
tions, and the 7 bearing attachment configurations shown in
Figure 9. The configurations were judged for weight, fail-
safety, structural adequacy, and manufacturing difficulty.

gach confiqguration is discussed briefly below and sumtarized
in Table 2.
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Confiqurations I and II -~ One~piece, single pin loop/housing
attachment

These one-piece, forged titanium loop designs (with a fiber-
glass strap option) were light in weight and structurally
sound, but did not meet the fail-safe criteria.

Configuration III - Three-piece, single pin loop-housing
attachment

Similar in shape to Configuration II, this three-piece bonded
construction des:ign provided fail-safety through redundancy.
Cavities between the sections would be used to contain a dye
or for a j.ressure system as a failure-indicating device. At
that time, however, blade control motions were increased,

and Configurations 1, II and III exceeded this new

clearance envelope.

Confiquration IV - One-picce, double pin loop/housing
attachment with glass strap

This design, a one-~piece forged titanium loop with a fiber-
glass strap reinforced with a metal shear strip, was the
heavicst of all configurations. The two-pin attachment
configuration, working as a rantilever beam, fits the clear-
ance envelope and is structurally sound, but the fiberglass
strep will not meet the fail-safety criteria.

Configurations V and VIiI - Multipla-piece, double pin,
loop/housing attachment

These three-and four-piece desigrs, similar to Configuration
III, were found to be heavy and difficult to manufacture.

Configurations VI, VII, X - Fiberglass, double pin loop/
housing attachment

These three configurations were an attenrpt to design a
composite loop using fiberglass uni and cross ply with
chopped glass and resin filier. These designs could not be
made structurally adequate within the limited space available.

Configuration IX - Laminatcd, double pin loop/housing
attachment

This design uses approximately 40 titanium sheets bonded with
fiberglass plies to form a strong, stiff, and efficient (in
bending and torsion, section of a box shape The cavities
are pressure chambers for a failure indication system. This
design was judged complex and difficult to fabricate.
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Confiqurations XI, XII, XYII - Two-piece, bcnded, double pin
loop/housing attachment

Eimilar to Configuration V, these designs use two forged
titanium charnel sections bonded to form an I section.
Fabrication simplicity and some weight savings were achieved.
Configuration XII is a minor modification to Configuration XI,
reducing the weight by 25 pounds per aircraft. Configuration
XIII is a modification of the bearing attachment area, per-
mitting use of the Confiquration C, Direct Attachment Method
(see Configurations F and G below). This combination results
in less overall wveight, and was judged to have the best
chance of success.

Confiquration A ~ Clamp design bearing attachment

This configuration clamps the housing loop against a f.ller
bleck on the elastomeric bearing plate. Since the sysiem
depends upon frictionr alone to maintain orientation, there
is no positive transfer of pitch motion from loop to clamp.
Also, any loop failure originating under the clamp would not
be visible for inspection.

Confiqurations B, C, D and E ~ Pin-type attachments

These configurations provide pogitive tranufe n from
the loop to the beering. Replacement of the ° ‘cessi-
bility to the elastomeric bearing, and simpli assembly
ar: the advantages of these designs, but they urred a

weight penalty.

Configqurationy F and ¢ - PDirect attachment

These configurations require a wider, and, therefor., heavier
housing loop configuration to permit the use of attachment
bolts. However, the waight of the combined loop and attach-
ment, Configuration XIII bolted to Configuration G, is less;
thereforo, this combination was selected.

Configuration XIII, the two-piece bonded titanium loop, in
conjunction with the direct bearing attachment, Configuration
G, was chosen. The rationale was:

® Simplicity of rfabrication
Best Weight Compromise
* pPest Load Path

I TPYap
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As the design was further defined, it was found that a t! ree-
element loop with the elements separated by an anti-fretting
layer of the Teflon fabric was structurally more efficient
than the two-piece bonded loop when evaluated against the
fail-safe criteria.

A single failure of the two-piece loop resulted in a doubling
of the load on the remaining structure and considerable
eccentricity in load application.

The three-piece design, shown in Figures 17, 18, and 20, has
the central element of approximately double the thickness of
the two outer elements. Failure of an outer element results i
in much less eccentricity of load than with the two-piece design,

and the incrcease in lcad on the remaining structure is only

a third. 1If the central element fails, the load is doubled

on the two outer elements but there is no eccentricity of ,
load so the design is again more efficient than the two-piecce. |




2.2.6 swashplate and Upper Controls

This study included:

Materials and construction of the swashplate
Swashplate centering device
Single and dual clevis lugs

The combinations of swashplate material and construction
included two bearing diameters.

BEARING DIAMETER 42" 59"

CUNSTRUCTION WELDED| TWO-PIECE BOLTED]WELDED | TWO-PIECE BOLTED

MATERIAL TITANIUM ALUMINUM TITANIUM ALUMINUM

The centering devices considered were the ball/slider of the
CH=-47, and four-arm scissors. Dual clevis and single clevis
configurations of fail-safe actuator and pitch link attach-
ment lugs were studied. Although both configurations are
approximately egqual in load-carrying ability, the single
clevis lug is recommended for the following reasons:

# Lighter weight

® Easier visual inspection to find failed lug

¢ Can provide holes through center or lugs from swashplate
ring for pressure/vacuum failure monitoring

The two-piece bnlt aluminum swashplate with centering scisgsors
was chosen fos further design.
‘>‘.L
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2.3 DESIGN DEVELOPMENT TESTS

Fatigue and endurance tests were conducted un representative
specinme 1s of hub and upper controls par's and features to
acquirv design data and to prove the convepts. Results of these
tests are summarized kelow.

«.3.1 Titanium Hub Materials Test Summary

The titanium hub materials tesis are reported i1n Reference 2,

Engineering material properties were developed for a

3 x 16 x 36-inch 621-4V titanium alloy billet tinish forged

in Alpha-ueta range and subsequontly processed to the solu-~
tion treated and over-aged (STOA) condition. These properties
were obtained for application in the Jesign of large

fatigue critical forged titanium helicopter dynamic system
components. Static strength, smooth and notched axial fatigue
strength, fretted fatique strength, fatigue crack propagation,
and fracture toughness data were chtained. Fatigue strength
data which indicate the influences ot shotpeening and the use
of coatings to inhibic fretting were also obtained.

The titanium alloy forging, procured to AMS4Y28, was sectioned
intco blanks for test specimens. Each fatigue and fracture
specimen was coded to indicate its original location within
the forging.

Both the forged bhillet and specimen blanks in che machined

and nonmachined rondition were suhjected to ultrasonic,
penetrating radiation, liguid penetrant, and blue etch anodize
nspections. These insgpections did not reveal any significant
material or processing anomaiies.

The structure of the titanium forging usec for the {atigue anc
fracture specimens can be metallurgically characterized as
large grained with sizes in the approximate range of 0.06 to
0.10 inch. The wmicrostructure was comprised of elcngated
Alpha platelets in 2 transformed Eeta matvix. To a much
lesser extent, globular Alpha in a transformed Beta matrix

was observed.

The elements of this test program were structured to provide
inter-relating pieces of data often rcquired in a particular
sequence. Each of the tests and the more significant results
are summarized below.
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Fretting Inhibitor Evaluation Tests

The initial test involved the screening of 24 candidate
raterial-~surface, condition~coating combinations with the
objective of identifying four systems with superior fretting
inhibiting oroperties for use with titanium. The candidate
systems were tested in a machine which produced oscillatory
relative motion at the interface between the titanium arnd the
coating or other specially process material surface. While
underqoing this motion, the interface surfaces were maintaired
in contact through externally applied pressure. Coefficient
of friction znd wear measurements were determined at various
lifetimes up to 50,000 cycles. Rased on these results, the

following four candidate coati: | re identified for further
use in fretting fatigue evalu - sts:
@ Teflon-Dacron Type L1276 - ave of Teiflon and Dacron

impregnated with phenolic resin.

® Sermetel 72 - An inorganically bonded coating of reflon
and molybdenur disulfide.

e Nylon 11 - A Corvel NCA77 fluidized bed coating
@ Silver - An electroplated silver
The sclection of the initial three systems above was based on

their demonstration of low wear and coefficient of friction.
The silverplate was selected on the basis of its wide use as a

fretting inhibitor for titanium in many @erospac:e applications.

Shotpeening Process Evaluation Test

The influence of shotpeening on the fatigue strength of ti-
tanium was evaluated., Two candidate shotpeening processes,
differing nnly in shotpeening intensity, were applied to

three types of axially loaded fatigue specimens. Results of
fatigue testing groups of samooth, notched, and fretting speci-
mens indicated no clear superiority of one candidate process
over the other. More significantly, additional testing indi-
cated that shotpeening did not appreciably improve the fatigue
strength of tivanium over the range ol conditions investigated
in this program., Improvements in mean fatigue strength at

5 x 107 cycles with a stress ratio of 0.05 were approximately
zero percent for smooth specimens, and five percent for
fretted specimens. An improverent in unotclied specimen
fatigue strength could not he clearlv identified.
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Mean Stress - Alternating Stress Relationship Fatique Test

The presence of a steady tension stress was found to signifi-
cantly infiuence the fatigue strength of the forged titanium
material. Increasing the s.eady tension stress on smooth
specinens from zero ksi to 25 and 50 ksi resulted in 65 and 70
percent reductions, respectively, in the average fatigue
strength at 5 x 107 cycles. This same general trend was seen
in the notched fatigue strength data. This data is summa-
rized in the modified Goodman Diagram of Figure 10.

Although insufficient testing was conducted to enable complete
definition of =similar diagrams for shotpeened material, trends
similar to the non-shotpeened material would be expected.

- -

Fretting Fatique Test

The relative fatigue ctrength of titanium when subjected to
fretting environments of various severity was investigated
using pin-ended link specimens. Baseline data was collected
on specimens having a steel bolt bearing directly on the
titanium bore. Other groups of specimens utilized steel
interference fit bushings with the outside bushing diameter
coated with one of the four candidate fretting inhibitors
identified previously. At 5 x 107 cycles and a stress ratio
cf 0.05, the meen fatigue strength of the specimens with
coated bushings was greater than that of the specimeas without
bushings. Of those specimens with coated bushings, those with
Sermetel 72 fell in the tog of scatter indicating a mean
fatigue strength at 5 x 10/ cycles which was approximately

10 to 20 percent greater than that of the specimens with
Nylon, Silver, or Teflon-Dacron coated bushings.

Detailed metallurgical examination di-<closed some fretting on
the bores of those specimens with Sermetel-coated and silver-
plated bushings. On the Nylon-coated bushings, a localized
buiidup of the coating at the bushing edges indicated that sume
ext: 1sion of the coating had occurred. All bushing coatings
showed wecar w0 some degree.

Fracture Toughness Test

The determinatinn of fracture toughness proved to be highly
sensitive to test techniques and material characteristics.

Tests utilizing four-poini bendin: specimens were conducted
according to the requiremants of ASTM Method E399-70T. The
majority of tests did not yield valid measurements of plane
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strain fracture toughness. The primary causes of invalid
results were nonuniformity of crack front and fatigue pre-
crack length in excess of the maximum permitted by the test
method specification. From the valid tests, a plane strain
fracture touchness, Kj., of approximately 100 ksi ¥ in. was
determined at -65°F,

Fatique Crack Propagation Test

Fatigue crack propagation tests were coaducted to investigate
the influences of stress ratio, enviroument, loading fre-
quency, and grain direction on the fatcigue crack growth rates
of the titanium forging material. The expected trend in
crack growth rates and stress ratio was seen. For a given
value of the stress intensity range, /\K, the fatigue crack
growth rate increased with increasing values of the stress
ratio, R. This trend was seen in the data for specimens
tested in air and for specimens tested in a 3.5 percent salt
solution. TFor comparable conditions, crack growtii rates in
the 3.5 percent salt solution ranged from approximately the
same to three times the rates in air. No significant influ-
ences of loading frequency were seen over the range of 4 to 30
Hz which was investigated in this program. Similarly, longi-
tudinal and transverse specimens yielded approximately the
same crack growth rates for the conditions evaluated. The
majority of specimens exhibited considerable crack branching.
The primary cracks in a few specimens grew in such a manner
as to propagate almost parallel rather than perpendicular to
the loading. This phenomenon has tentatively been attributed
to the properties of the large grain structure.

During the «ourse of the program, it became evident that
optimum mechanical properties, especially high-cycle fatigue
strength in the presencz of steady tensile stress, could not
be consistently achieved or regulated in large titanium
forgings without controls in addition to thcse of AMS 492g,
This conclusion was based primarily on the experiences and
emerging practices of the industry, but was reinforced by the
mean stress/alternatlng stress (Goodman diagram) data ob~
tained in this program.

While the majority of data and trends obtained in this test
program are felt to be representative of large titanium
forgings, there are instances where potential exists for
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achieving more favorable properties by closer control of the
forging process. Specifically, the trend of the alternating
stress/mean stress diagram is felt to be controlled by the
amount of work and associated macrostructre and microstructure
of the forging. Obviously, a forging material which exhibits
a small, rather than large, decrease in fatigue strength with
increasing tensile steady stress would be advantageocus for use
in helicopter rotor components.

Since these components are generally sized for a condition of
fatigue loading in association with a steady tensile locad,
the resulting component weights are highly dependent or how
the fatigue strength of the material varies as a function of
steady tensile stress. In order to realize and maintain
consistently favorable mechanical properties for fatigue
critical helicopter dynamic system components, a specifica-
tion for premium quality titanium forgings was prepared.
This specification, Reference 3, covers the material and
process requirements for triple melt premium 6Al1-4V titanium
alloy forgings and establishes the control requlrement. for
the various processors involved in forging manufacture.
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2.3.2 Fail-Safe Pitch Link and Attachment Tesuts

The Fail-safe Pitch Link and Attachment tests are reported in
Reference 4,

2.3.2.1 Pitch Link

The fail-safety requirement of the Model 301 pitch link, !
Figure 11, is met by the provision of dual load paths (a ‘
primary and a secondary) each comprising upper and lower rod
ends connected by left- and right-hand threads to a turn-
bucklie. The primary path is the outer and has forked rod ends
which enclose those of the secondary lcad path. The rod ends
of the latter have a clcarance fit with respect to the outer
race of tha spherical bearings and thus remain unloaded until
a failure of the primary permits the outer race to make con-
tact with the lug of the secondary rod ends which then

carries the load.

The primary and secondary load paths are each designed oan the
same basis as safe-life parts with fatigue life requirements
of 3600 and 100 hours, respectively, referred to the mission
profile.

The objectives of the test were-

@ Determination of the loads required to fail the primary
load path.

® Confirmation of the ability of the secondary load path
to pick up the load on failure of the primary.

® Determination of the loads required to fail the
secondary load peth.

e Determination of the modes of failurc. '

® Identificition of which of the two load paths is priaary.
(This identification is predetermined by the desigr..)

In flight, friction in “he ball joints results in the appli- !
cation of end moments to the link. Bending moments are also
induced by column effects when the link is loaded in compres-
sion, so that the turnbrckle tends to be critical under this
type of loading:; whereas the rod ends are sensitive to tensile
mean loads. It was, therefore, necessary to investigate the
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effect of both 2 tensile and a compressive mean load. Two
specimens were tested, the first with a tensile, and the
second with a compressive mean load.

The specimens were instrumented and mounted in a heavy frame
installed on a Weston-Boonshaft and ¥uchs fatigue test
machine. To represent the effects of the friction end moments,
the specimens werc set up with special fittings in the rod
ends to apply the load with an offset of 0.3 inch froa the
central axis of the link.

Testing wis conducted in a series of constant amplitude runs
of approximately two million cycles, load being increased
after each run-out until failure occurred. At this point,
the load level was reduced and the proces:s repeated until
both load paths failed.

Specimen 1

This specimen was tested with a tensile mean load {(Load Ratio,
min/max = -0.5). The first crack developed in the ring por-
tion of the primary rod end. To accelerate the test, the

ring was cut through near the crack and the procedure repeated
until both rings of the primary rod end had completely failed.
As failure of the primary load path progressed, load was
transferred to the secondary path which, in turn, failed in
the threads connecting the rod end to the turnbuckle.

Specimen 2

The second specimen was tested to investigate the consequences
of a primary turnbuckle failure, and testing was conducted at

a load ratio of -2.0. The primary turnbuckle was notched on
the outside surface opposite the run-out of the internal
thread. When it was found that high-level alternating loads
failed to cause a crack to propagate from the notch, the
turnbuckle was cut through and testing continued until the
secondary load path failed. The mode of failure, wear of the
threads, was the same as that of the first specimen.




Because c¢f the difference in load ratio, the endurance
limits of the primary rod end and turnbuckle are based on
test results o7 a single specimen. In the case of the
second~ry load path, the differences in load ratio merely
changes the direction of mean load on the threads so that
the two results may be combined to determine the mean
strength. Tha table below compares the results with pre-
dictions of the endurance limits needed to achieve the
required faticue lives.

TEREE O S

2 w;’:_
-

ﬁ% Test Endurance Required Endurance
% Liwit - Lb Limit - Lb
¥ :

= Primary (M -30°)

7 Rod End (R = -0.5] + 5200

e

fed (R = =-2,0) + 8400 + 6360

oy

§$ Turnbuckle + 5200

w

e Secondary M -I0°) + 4360 i 4420

-

&

B Since the failurcs wera pracipitated by fretting between the
o

i lug and the bearing outer race, the endurance limit can be
improved without weight pernalty by the incorporation of
anti-fretting material at the affected interface. Also, a
slight adjustmeuni of secondary load path thread engagement
will bring the strength of the secondary load path to the
required level. It should be noted that the total test
cycles applied between observatior of the first crack in

the rod end of specimen #1l and complete rod-end failure are
- equivalent to the cycle accumulation of over 700 flight hours
- at operating rpm.

_”} The test proved conclusively that the dual-load-path concept
‘- will provide ample time for the detection of a pitch link

' tailure.

4
-
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2.3.2,2 Ppitch Link to Swashplate Attachment

Fail-safety of the attachment of the pitch link to the
rotating swashplate ring is achieved by designing the struc-
tural components on the assumption that a failure has occurred.
The principal elements are the attachment clevis, which is an
integral part of the aluminum alloy swashplate, and the bol:
connaecting the pitch link to the clevis at the rod end ball
joint (Figure 12). Both the bolt and each lug of the
clevis are designed to meet the 100-hour post-failure fatigque
life requirement in the event of a failure of either the
opposite lug or of the bolt, broken in such a location that
the load can only be transmitted to one lug. During this
106~hour interval, it is expected that the first failure will
be detected by visual inspection. Since the bolt is totally
enclosed when assenbled, it is made with a hollow shank con-
taining a quantity of dye-penctrant fluid, the escape of
which indicates the presence of a crack in the bolt,

The test objectives of this test were identical to those of-
the pitch link test. Since the attachment is not of dual—
load-path design, it is appropriate to refer to "intact
structure" and "structure with single failure" instead of
*primary load path" and "secondary load path", rcespectively.
(The objective of confirming the ability of the secondary
load path to pick up the load is automatically met and the
identification of the primary load path is irrelevant.)

The swashplate attachment was tested to investigate the pre-
and post-failure capabilities of both the clevis and the bolt.
It was, therefore, arranged that one specimen should represent
a lug failure and the other a bolt failure.

Motion of the pitch link around the tilted swashplate causes
angular oscillations which result in alternating loading in
the direction of the bolt axis. To account for this, the
specimens were loaded through a dummy pitch link having a

6° inclination to the vertical. They were mounted on the
same rig as was used to test the pitch links and subjected to
a similar loading procedure.

This testing is also reported in Reference 4.
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Specimen 1

This specimen was tested at increasing load levels until
cracks appeared in the lugs. These originated at the lug
intexrfaces with the bushings and woere firsi observed when
they had extended beycond the bushing flanges., Testing was
continued at reduced load levels to check that the rate of
crack propagation was acceptably low and it was found that
the lug carrying the lateral lcad had a considerably higher
propagation rate than the other. When the laterally loaded
lug wag practically severed, it was cut through. The load
was again reduced and the remaining lug tested until failure
was virtually complete. The bolt did not fail.

Specimon_z

Testing of the second specimen was begun with the bolt notchesd
in order to initiate a failure and to prove the effectiveness
of the dye-penetrant method of failure indication. Following
the same loading procedure as was anopted wiih the first
specimen, testing continued until dye was seen to be leaking
around the bolt washer, showing that the c¢rack had renched
the bore surface of the bolt. At this peint, the bolt was
cut through and the remainder of the test carried out with
the load transmitted through the remaining part of the bolt
to one lug. The test was concluded when the loaded lug
failed. Therce was no other bolt failure.

Comparison of derived and reguired endurance limits as
follows:
Test Endurance Regquired Endurance

Limit - Lb Limit -~ Lb
Structure Intact
M -30")
Clevis + 5,450 + 4,020
Bolt + 8,590 4+ ©,«80
Structure Failed
(M =107
Clevis + 2,750 4+ 2,390
Bolt + 4,590 * + 4,530

* Bolt failures are based on run-outs.
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It should be noted that the cycles applied to Specimen 1 in
the crack propagation phase represent more than 700 flight
aours at 156 rpm.

The tests indicate that a joint of this type, designed to
meet the case of partial failure, can provide a safe interval
within which failure detection is possible. 1t is also clear
that the application of arti-fretting material to the clevis
bushings and improving th .r fit will result in weight reduc-
tion in the final design.

2.3.3 Frequency Sele~tive Lag Damper

One of the advanced technology concepts which was evaluated
under this program is a frequency selective lag damper (FSD).

The FSD concept increases the damping efficiency and reduces
the damper force, thus permitting substantial rotor weight
reduction.

The FSD concept development consisted of three phases:

a. Analysis and laboratory testing of a breadboard con-
figurataion using a modified CH-47C damper.

Lh. Design, fabrication and development testing of an
HLH size FSD. _

c. Rotor testing of the HLH frequency selective dampers
or. the Whirl Tower and Dynamic Systcem Test Rig.

The runction of the blade lag damper 1s to prevent a buildup
of bl .de motion at the lag natural frequency (approximately
%W per rev on the ILH). A tendency toward blade resonance
may occur cn the ground at takeoff {ground resonance) or at
certain flight conditions.

Conventional hydraulic blade lag dampers are most effective
for the ground rescnance condition where the blade motion is
predominantly at the lag natural frequency. During forward
flight, the blade has a large one-per-rev velocity super-
imposed on the relatively low Y%-per-rev velocity as illus-
trated in Figure 13.

Since the damper forces in a conventional lag damper are
proportional to the total blade velocitv, the damper
effectiveness is very low for tiis condition as will be
shown,
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The damper force during forward flight (Figure 13) is

out of phase with the %-per-rev component during part of each
revolution (30° to 60°, 90° to 110°, etc.).During these
portions of the lag cycle, energy is introduced into the rotor
system at the lower freguency as indicated by the decline in
the damping energy level shown in Figure 13, Thus the net
energy available at % per rev for control of aeromechanical
instability is reduced.

The frequency selective damper (FSD) is intended to prevent
degradation of damping available to oppose %-per-rev motion.
This is achieved by preventing energy introduction into the
rotor aystem at the % per rev frequency by allowing the piston
to disp.ace without excrting a damping force whenever the %-
per-rev veloc .ty is out of phase with the total velocity. The
FSD concept increases the damping cfficiency of a standard
damper in suppressing forward flight instabilities by 56%.
Thus, an FSLD needs 56% less capacity than a standard damper,
permitting force output, damper weight, and size of the rotor
hub components tou be reduced.

A frequency selective damper is illustrated schematically in
Figure 14. The damper cylinder, preload valve, check
valves, and associated interconnccting fluid passage:: comprise
a conventional preload type lag damper. The control valve,
control cylinder, orifices and interconnecting fluid passages,
and th.: control rod spring comprise the frequency selective
elemente,

Connection of the control valve to the damper is such that the
flow bypasses the preload valve of the damper when the ve-
locity of the damper piston and the control valve displacement
are out of phase (one retracting and one extending). When the
damper velocity and valve displacement are in phase, fluid is
forced across the preload valve of the damper. Therefore, if
the valve displacement is in phase with the %-per-rev velocity,
the veguired selecilve loading and unloading of the damper
previously discussed i1s obtained.

The frequency selective lag damper “"breadboard" development
bench testing is reported in Reference 5. The cbjective of
this program was to demonstrate the frequency selective damper
{FSD) concept., This included the specific objectives of:

53

T AN R N . SR D AR D ol




;o

DAMPER
DAMPER CYLINDER DISPLACEMENT (X)

e

. " Av

T
' |
¥ cuick
VALVE l
i et
=N |
= |
L
T.
—
CONTROL VALVE — |
2y /,
‘2z RETRACT 2 //7 ZIUh exTeND |
“——  POSITION 2 4&4 7 d POSITION
Z 7 Z |
TOTAL & 1/4 LVELO- ‘—L[E I
*CITY EXTENDING - I
. . 1':CONTR0L ORIFICE l
TOTAL VELOCITY Rk~
T~ L BACTING EQUIVALLNT ORIFICE FOR:

1/4 L VELOCITY EX- —_ LEAKAGZ , RELILF, AND
TENDING BYPASS FUNCTIONS
CONTROL CYLINDER
+
— oy E—
1 aoER (Y | pT,. "R"
i A | CONTROL ROD>
SPRING (K)
EXTEND | "~ rd
VALVE POSITION IS '\ ’
APPROXIMATELY PRO- f \ / <APPROXIM}\TE VALVE WAVE T'ORM

PORTIONAL TO . FOR EQUAL AMPLITUDE OF 1JL
‘\/—7/ AND 1/4 N DAMPER DISPLACEMENT

f" at RETRACT /\___,.'
1/4 4L VELOCITY COMPONENT

FIGURE 14. SCHEMATIC OF FREQUENCY-SELECTIVE DAMPER

54

OV,




/‘;'! .

ETRR PR T

e

TRE

1

i |

ay

Jﬁgfii

S e —mrer e

a. Determination of performance in both the FSD (mixed
frequency) and non-FSD (single frequency) modes

b. Investigation of sensitivity tc system parameteis
c. Correlation of analytical and test results

This test program was conducted on a laboratory model, con-
sisting of a CH-47C lag damper (P/N 114 H 6800) with an
externally mounted frequency selective contrnl, tc determine
the performance and parameter sensitivity of a frequency
selective (FSD) blade lag damper. Single frequency tests,
and mixed frequency tests using a 1/3-per-rev subharmonic
frequency, (1 per rev = 3.78 Hz) were conducted for both the
FSD and non-¥SD configurations.

The test program successfully demonstrated the frequency sc-
lective damper concept. Under mixed frequency conditions at
a onc-to-one input displacement ratio, the FSD produced a
100% increcasce in the 1/3-per-rev subharmonic energy dissipa-
tion for phase anglea of 0° and 90°. At & phase angle of
180°, a 54% increase in the 1/3-per-roev energy dissipation
was obtained. It was concluded, thercfore, that the FSD
cf¥ers a significant improvement in mixed frequency damper
pextformance.,

Overall, the analytical correlation was good to excellent

once the basic (non-FSD) damper characteristics were matched.
The poorest correlation for the FSD configuration wu.:

obtained for 180° phasge., Based on an axamination of the test
waveforms, icwas concluded that the FSD performance at 180°
phase is highly sensitive to rnth the valve motion and the
valve shaping (area vs. stroke relationship). This was con-
firmed by analytical vesults which showed a substantial varia -
tion in damper performance with minor variations in valve
shaping.

As a result of this teat program, it was recognized that in a
prototype FSD design, a symmetric control cylinder piston
(equal areas) and essentially equal control cylinder volumes
was required.
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2.3.4 Pitch Link Bearing Comparative Test

Teflon fabric dry lubricant bearings were successfully intro-
duced in the helicopter rntor control system in the early
1960's. Performance of these bearings has continually been
improved as design and manufacturing techniques were developed.
The most recent dry lubricant bearing configuration used in
the CH-47C pitch links, for example (Boeing Vertol P/N
114RS318-2)is giving two to three times the life of the
bearing previously used.

The objectives -f this test program were:

® bvaluate two dry lubricant control system bearing
configurations under typical loads and motions and
under environuental cerditions against the performance
of the baseline 114RS318-2 bearing configuration.

e Develop a condition indicator for dry lubricant bearings
to aid in diagnosing bearing wear.

'he test results ure reported in Reference 6.

An important part of this program was the conduct of a bearing
Quality Assurance examination. This examination included de-
structive and nondestructive examination of test bearings in
an effort to find attributes that could be used as standards
in the evaluation of futurc bearing procurement to assure con-
sistant pertformance.

This testing was done on the CH-47 swashplate endurance test
machine (Figure 15)as this makes possible testing with realistic
loads and motions applied to tle bearings; i.e., steady plus
alternating bearing loads with cyclic misalignment. Pitch link
bearing wear values obtained in previous testing with this test
fixture correlated well with the wear deta resulting from heli-
copter operatior. This test was done concurrently with the
Swashplate Bearing Condition Indicator, and the latter test is
summarized in the following section of this repcrt. All pitch
link hearings were tested under conditions representative of
the HLY'S expected service and simulated the environment found
to be typical for a helicopter rotor control system. The test-
ing consisted of cyclic tension-compression tests, with the
sphericel ball nutating. Eight Teflon pitch link spherical
bearings were tested simultaneously to determine the bearing
wear and to establish life. The effects of temperature, sand,
and salt were ectablished. The 114RS$318-2 present design CH-
47C pitch link bearings were tested under identical conditions
to the candidate alternate bearings. Two of these had the
bearing wear indicator installed. This test determined the
comparative life of the bearings both in a dry =anvironment and
also under a severely contaminated environment.
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The test bearing pressures, surface velocities and the
pressure-velocity product (PV) correspond to those of ths
Model 301 heliccpter as shown in Table 3 below.

TABLE 3. PITCH LINK BEARING COMPARATIVE TEST LOADS

HLH Test Load, L,
on CH-~47 Pitch
% Max. Max. Links to Simu- | Brg. Surface
Test | Load, Pressure,| late HLH V Velocity pv
Time | L,Lbs. P, PSI Pressure ft/min Producﬁ
95 3250 1000 275 4+ 925 15 15,000
5 4230 1310 366 + 1220 15 19,000
] = __..L_..._.
NOTE: P DX W

where L = maximum load, lbs,
D = Dbearing ball diameter, inches = 2.5 inches
W = beariny outer race width, inches = 1.3 inches

where S = sgurface travel of HLH ball surface under
luad/cycle -.0965 feet
N = cycles/minute of oscillation = 156 cycles/min,.

Eighteen different groups of bearings were tested, reflectinyg
different manufacturers, processing variations and materials,
These groups are described in Takle 4. Wear values varied
greatly from group to group,

The significant findings of this testing are:

l. The present production configuration of Teflon fabric
bearing (P/N 114R5318-2) manufactured by the Astro
Division, New Hampshire Ball Bearing Company gave the
moet consistantly good performance and gave an equiva-
lent HLH life of 1150 houxs to 0.007 inch wear (an
index value of wear not necessarily related to the
permiggible pitch link wear of the HLH aircraft).

2. Processing problems appeared to be the most prevalent
reason for poor performance of the majority of other
bearing configurations.

3. The pitch link bearing wear indicating system was
not effactive in determining bearing condition.
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This device, which worked on the electrical conduc-
tivity principle, was later found to be ineffactive
because of a break in the electrical path intr~duced
in manufacture. Further development of this ; aciple
is required to prove or disprove the practical. y of
this approacl.

The salt environment in which the bearinygs cperated was the
concentration specified in MIL--STD-810. That method of testing
is accelerated for corrosion testing. It was not possible

to correlate the test environment to real oceanic atmospheric
conditions. The sand and dust test attempted to provide more
realistic conditions. The concentration of sand and dust was
within an order of magnitude greater than observed conditions:
at the rotor hub location on the helicopter. Operation in
the sand and dust environment with one exception showed negli-
gible increase in wear, indicating that no unusual operationa.
maintenance problems should be expected because of this
environment.
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2.3.5 Swashplate Bearing Condition Indicator

Ona of the ATC tasks was the evaluation of methods of diagnosing

swashplate baaxring conditions. The ability to detect swash-
plate bearing failures at early stages of defect progression is
desirable from a reliability viewpoint and to help preventi
catastrophic failures. Since the swashplate bearing perform-
ance is critical to flight safety, better methods are desirable
for dutecting incipient failure of this bearing. This program
task evaluated the following:

® Acoustical Pic:up

® Vibration Sensors Accelerometers and Sinock Pulse
e Temperature Sensors

This test is reported in Refercic» 6.

The acoustic emission technique utilizes the phenomenon that
most materials emit sound waves during deformation and that
these sound waves provide information on the deformation cha-
racteristics of the material and, in addition, provide a warn-
ing of impending failure.

A sensitive piezo-e¢lectric transducer is used to detect the
lovw-level sound waves that occur as a result of the acoustic
emission phcnomenon. The sound waves are of very short dura-
tion and of a variable amplitude; i.e., the waves have the
predominant characteristics of a variable amplitude impulse,
time function.

Data (events per unit of sample time) was sampled at regular
intervals and plotted against test time with an increase in

the number of ewvents per unit of sample time indicative of
bearing damage,

Vibration Sensors

Accelerometers - Three accelerometers for datecting vibration
levels were installed on the swashplate assembly. The trans-

ducers were arcanged so that the vibration levels normal, radial

and tangential to the bearings could be determined. The vibra-
tion levels (peak g's) were indicated on a panel meter and
periodically monitored for evidence of swashplate bearing de-
terioration.

SKF MEPA-10A Shock Pulse Meter - The SKF shock pulse meter is a
diagnostic instrument for use in determining and defining the
condition of rolling element bearings while installed in their
operating environmernts. With the aid of the shock pulse meter,
the shock emission envelope of the bearing is ~onstructed by
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neasurement of rate of emission of shock pulses versus level of
the emicted shock. The change in shock level in relation to
time of operation provides an indication of bearing surface
damage. The rate profile of shock emission gives a measure of
extent of damage and may be used to determine the propagation
of the damaged area. Typically, threec general types of curves
are generated.

® Existence of foreign matter in the lubricant is
diagnosed from a plot of having high rates of
very small shock levels.

® A dry bearing or rolling element damage muy be
indicated by a curve shape with very low rates
of very high shock levels.

® A curve shape which starts to fill out having a signi-
ficant rate of shock is indicative of bearing damage.
The spread in shock level with rate illustrates
that there is a spread of shock emission level with
the way each individual rolling element encounters
the damage or wear product.

Piezo-electric crystal transducers were installed on the swash-
plate assembly to detect the shock signal. The signal was then
processed by a signal conditioning electronic package with a
data readout meter. For optimum performance, the transducers

should be in a direct line to the bearing. This was not possible

to accommodate on the available swashplate.

Temperature Sensors

Thermocouples were installed at two locations on each bearing
row of the swashplate bearing. Temperatures were continually
monitored.

Test Summary

The bearing failure detection device was evaluated on a back-to-
back swashplate test rig shown in Figure 15. This test
evaluated two CH-47C swashplate bearings simultanecusly. Total
test time for the rig was 3000 hours. Two new besarings were
tested for 1000 hours each for baezline information on the
failure detection systems and to determine if any degyradation
could be observed. No sign of deterioration was visible after
the initial 1000 hours. The bea: ng from the lower swashplate
assemrly was mechanically etched in an attempt to generate a
bearing failure and reinstallued for continued test. A bearing
which had been in helicopter service for approximately 700
hours was installed in the upper swashplate asse.bly. This
service bearing had evidence of corrosion pitting on the race-
wiy and ball surfaces when installed. After the sal¢ spray
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test (2200 hours total test time), the swashplates were again
disassembled for inspection. The inspection showed that the
swashplate bearing from the upper assembly had a gspalled area
approximately 3 inches long on the rotating ring (Figure 1i6).
There was no apparent damage on the lower swashplate assembly :
bearing. Inspection at the conclusion of the test program ‘
showed that the size and secverity of the spalled area of the

upper swashplate bearing had not changed noticeably

and the lower swashplate bearing still had not failed. Both
swashplate assemblies had been regreased at the end of the 1000-

hour and 2200-hour inspections. The failing condition of the

upper bearing provided a test for the indicators.

Test Results

The general trend of the acoustic emission data is such as to
indicate increasing damaje with time. It cannot be shown,
however, that the information is entirely the result of swash-
plate bearing damage. The clata shows one period in which the
emission from the vicinity of the lower bearing reduced greatly.
This is inconsistent with normal rollinu element bearing per-

formance which does not show an appreciable improvement with
age.

During two test periods, the acoustical emission signals

were detected at high rates and appedar to correlate to the
pitch link bearing condition. One pericd occurred at approxi-
mately 2200 hours of testing after a salt spray environment
had resulted in extreme wear of all pitch link bearings. The
secr 1d period occurred at 2500 hours of test when experimentcal
pitvn link bearings were installed which had metal-to-metal

bearing surfaces as opposed to the conventional Teflon fabric
lining.

The detection devices relying on a shock or vibration siynal
were also ineffective in isolating swashplate bearing deterior-
ation. These signaly sensed information from the total test
system, the two swashplate assemblies, the connecting pitch
links, drive linkages and the test rig drive system components.
The signal from the spai:led area of the upper bearing could not
be isolated from the many other shock and vibration signals
originating from the test svstem. This was due in part to the
physical location of the transducers which were not in the op-
timum location for monitoring bearing information oaly: the
shock pulse transducers particularly are known to be highly
directional in their signal sensing capability. Deterioration
also appeared to be masked by the magnitude of the signals
originating from the pitch link bearings.

As a rolling element bearing fails, i1t would be expected that
a pattern develop in shock intormation to describe the mecha:ism
vf the behavior of the damage. In the case of grease lubricated
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bearings, it might be expected that a nigh shock value would
decrease as the edges of the damage are polishedby the rolling
elements. One might also expect the rate of change of the
shock amplitudes to be relatively small. The signals recorded
indicate a high rate of change ¢f shock amplitude values which
would be more indicative of pitch link bearing wear than
swashplate bearing detericration. The 1000-~-hour swashplate
bearing inspection did not indicate any bearing deterioration
that would cause rapid changes in shock amplitudes. During
this same time span, however, there were many pitch link bearing
replacements which could result in changes i. shocolhk amplitudes.,
Similar signals were recorded during the 2200-to 2500-hour

time frame. The predominant contribution to shock amplitude
changes was probably pitch link bearing wear and not change

in the swashplate bearing condition.

Thermocouple measurements were taken and temperature histories
were recorded during 2800 hours of the test program., During
the final 200 hours, the sand and dust envircnment caused the
temperature sensing circuit to fail with the result that there
is no reliable tempcrature indication for this portion of the
test program.

Temperature records show no positive indication of a swashplate
bearing failure. Variations in ¢perating temperature appeared
to coincide with the following ast events.

1. Operating temperature rises of 10 to 30 degrees
occurred after each bearing relubrication.
(1000 and 2200 hours). The temperature then
returned to the previous operating level.

2. Temperature drops of fifty degrees occurred during
the salt spray testing, possibly due to the improved
cooling by the moist atmosphere.

3. Temperature increases of 10 to 20 degrees occurred
during the elevated tcmperature (125°F) testing.

None of the bearing condition monitoring devices were able to
detect GQeverioration of the upper swashplate bearing with any
assurance.
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2.4 SYSTEM DESCRIPTION

The HLH rotor hubk and upper controls design that evolved from
the trade studies and design development test was the basis
for hardware for compon2nt and system testing.

The Heavy Lift Helicopter has a four bladed fully articulated
rotor head assembly as shown in Figure 17. A sketch of the
assembly is shown in Figure 18. The rotor blade attaches to
the titanium pitch housing via two titanium pins. The pitch
housing transfers radial loads to a spherical elastomeric
bearing through a titanium loop assembly. An integral
(pitch) arm on the pitch housing provides a reaction point
for rotor blade pitching moments. Another integral portion
of the pitch housing, the shear shaft permits the reaction

cf loads normal tc the blade axis, through a spherical Teflon
fabric shear bearing.

The elastomeric bearing is designed to react all radial blade
forces and permit pitch, flap and lag motions. The beuring
consists of bonded concentric spherical laminations of rubber
and steel. The end fittings are titanium. The bearing is
mounted so that rotor blade centrifugal force results in
compression of the elastomer while pitch, flap and lag motions
produce shear deflections.

A titanium crossbeam transfers loads from the elastomeric

and shear bearings into the hub assembly. Two titanium plates
form the cenvral hub assembly. These plates are splined to
the rotor sh..t and both they and the crossbeams are inter-
changeable between the forward and aft rotors.

A lag damper is attached to the hub, and a fitting at the

blade root end. In addition to its required damping function,
the damper provides stups for lead and lag motion. Flap and
drc . stops at low rotor speeds are provided by a centrifugally
operuted, spring loaded wheel, which slides on the pitch
housing shear shaft and contacts pads on the crosskeam. In
flight, the shear shaft itself would contact these pads.

The function of the upper controls is to convert the displace-

ment of the pilot's controls to the required degree of cyclic
and collective pitch change of the rotor blades. (See
Figure 19). A conventional swashplate arrangement is employed

and is raised, lowered or tilted by three hydraulic actuators,
the extension of which is determined by the fly-by-wire system
controlled by the pilot. The accuators, mounted on the trans-
mission cover, are attached to the stationary (inner) ring of
the swashplate around which the rotating (outer) ring revolves
on a double row angular contact ball bearing. Conhnected to
the outer rim of the rotating ring are the lower onds of four
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equally spaced pitch links whose upper ends are attached to
the four rotoir hlade pitch arms. Vertical movement of the

swashplate results in equal pitch changes on all blades, and
tilt of the swashplate produces an approximately sinusoidal
variation of pitch angle as the blade performs a revolution
about the rotor center.

The swashplate rotating ring is driven at rotor speed Ly a
drive scissors mechanism consisting of four scissors linkages,
arranged at right angles, with their upper ends hinged to the
drive collar and their lower ends connected by ball joints

£o lugs on the outer periphery of the swashplate rotating
ring. Internal splines on the dri-wc >ollar mate with those
on the rotor shaft. The axes of the hinge pins connecting
the upper drive to the collar and the lower arm to the upper
are parallel. The linkage can thus take load only in a
circumferential direction and offers no resistance to verti-
cmal or tilting motion of the swashplate. Three such linkages
spaced around the swashplate are sufficient to prevent in-
plane movement. The addition of the fourth arm in a cruci-
form arrangement provides a redundant system which can
tolerate the loss of one arm.
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3.1

3.0 DESIGN CRITERIA AND STRUCTURAL ANALYSIS

ATRCRAFT MISSION PI. E (FLIGHT SPECTRUM)

The mission profile (Table 5) used in the analysis is the same
as that described in Reference 7 except for the modifications
described below:

1.

3

The distribution of time spent in OEI flight, is trans-
ferred to full engine flight, since rotor blade and con-
trcl loads are considered identical.

The expression of autorotative control reversals and
landings as a number per 100 hours rather than a percent
occurience, and the addition of this time to time spent
in steady autorotaticn.

The addition of turns expressed as a number per 100
hours. These represent the transient portion of the
maneuver and are in a dition to the turns represented
as a percent occurrence. The laiter is considered as
representative of the steady-state rortion of the turn.

STRUCTURAL TIeS5ICN CRITERIA

Gross Welght and Maximum Load Factors

L DESIGN GROSS | ALTERNATE MINIMUM
ITEM W 1GHT DESTGN G.W. FLYING WT.
Gross Wt. 118,000 148,000 63,063
Limit Man.
Load Factor +2.5/-.5G +2.0/-.5G +2.5/-.56G

Center-of-Gravity Rangu

Mos* Forward CG = 60 in. Fwd
Moot AL CC = 40 in. Aft
85
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TABLE 5. DYNAMIC COMPONENT DESIGN FATIGUf LOADING

Condition

Ground Cnnditions

Take Off

Steady Hovering

Turns Hovering

Control Reversals/Hovering
Sideward Flaght

Rearward FlighLt

Landing Approach

Forward Level Flight:

20% Vi
40% Vu
50% VH
60% VH
70% Vg
80% Vi
SO% Vg
VH

115% Vi

Takeoff Power Climb

Full Power Climb

Partial Power Descents
Right Turns

Left Turns

Control Reversals

Pull Ups

Power to Autorotation
Autorotation to Power
Autorotation - Steady
Autorotation - Left Turn
Autorcotation - Right Turn
Autorotation - Control/Reversals
Autorototion ~ Luanding

86

Percent Time/Occurrences

1.0
(400)
30.0
{2000)
(2000)
2.0
1.0
(750)

x
OO OO0 0O00O O




I

(3)

3.4

Rotor Design Spe-s

? DESIGN RPM 3 POWER ON POWER OFF
- 4
Mipimum ; 155.7 140.1
Normal i 155.7 -
Maziimum , 155.7 176.9
Limit j 171.3 194.6 |
l .

DESIGN CONDITIONS

Fatigue - The loads used for fatiqgue analysis are de-
scribed in detail in References £ and 9.

Maneuver - Limit condition 'is a 2.5G symmetrical pull-up
with nose-up pitching.

G.W.: 118,000 1b.

C.G.: 60 in.fwd

A/S : 150 k.

(a) Ground Flapping - 4.67G limit for the hub component:.
This condition is not critical for the control:
because of the coincidence of lag and flap hinges.

{(b) Blade Folding - The system shall withstand a 45-knot
wind from any direction.

FATIGUE METHODOLOGY

Fatigue Allowables

The

S-N curves and Goodman diagrams for steel and £itanium :in

Figures 23 through 25 were used for the safe-life fatigque
and fail-sate tatigue analysis.

Design Allowable Stresses

! ' End. M-30% | M=-o0«
i Design| Limit | Non- | nNon-
Material cv Cycles | Fretted| Fretted| Fretted| Fretted
| steel .12 107 | +25000 | +10000 |+32000 |+12800
Ti .13 5%x107 | +20000 |+ 6000 | +26000 |+ 7800
Al .13 5x107 | + 6000 |+ 2000 [+ 7930 |+ 2640
*Docs not include Ki effects
87
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3.5 OTHRFR KiQUIREMENTS

Sefe-Life

Safe~1life is a desigu philosophy applied to fatigue critical
components in which a service life is established aend the co.a-
pouent is removed from gervice at or before this interval to
preclude catastrophic failures. Fatigue design parameters are
specified in Table 6.

Fail-safety

Fail-satety is a design philosophy applied to fatigque critical
vomponents in which features are lncorporated into the Jdesign
which will permit the timely detection of fatigue damage or
operational deterioration. Flight-critical upnper coatrol com-
nonents and most of the hub components are designed to be fail-
sate,

The tail-safe revuirements of AR-56 shall be satisfied by fail-
ure detection duvices, inspection procedures and structural
redundancy. Sce Table 6 for complete criteria.

Arb.ent Tenpurature

All componunts shall be designed tor operation at ambient tem-
peratures of -65°F vo 1640°F. Bucause of the extremely adverse
effect of cold temperatures on tre elastomeric bearing spring
rates, it is awsumed that & bearing warm-up procedure will he
followed prior to starting the rotors. This warw-up procedure
consists of cyciing the collective pitch lever, from 3° to 109,
30 times. Only a safe-iife condition will be ~2orsidered at
~65°F.

Lroop stops
Blade flapping shall be ilimited by drcop end flap stops.
Failure of the stops shall nut cause a catastrophic failure

cf the rotor system,

Frettang Proteogtion

To take advantage of the significantly higher allowable fatigue
stress for nonfreteed (vs. frotied) structures (Reference
Secticn 6.5%), all arewas of possible metal-to-metal contact,
axcelt scme koits and pins, are mrotected against fretting.

The fretting protection originalliy used throughout the rotor
system was & thin (.0095" thick}), Teflon base dry film lubri-
cant wita the trade nane, Sermetel 72. The coating is applied
to “he Lushiony outer dilamctery to proktect the lugs. Bolts are not
protected against fretting since the curing of Secmetal 72
requires o haking process which relieves compressive residual

21
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stresses under the beld head and reduces its fatigue strength.
Sermetal 72 was chosen as a result of fretted coupon testing
reported in Reference 2. Subsequent fuli-scale component
testing 1ndicated that Sermetel was not a suitable fretting
inhibitor for the pressures experienced in the HLH rotor head
components. The section describing the rotcr hub develooments
discusses other fretting inhibitors used. All critical stress
locations with the exception of bolt surfaces are to he pro-
tected against fretting. A coating or liner will be used for
this purpose.

3.6 LOADS AND ANALYSIS

Top-of- scatter loads have been used in design. For those cem-
ponents which would be identical on both rotoss, the ligher ot
forward or att rotor loads, or the most conservative combine-
tion of both, was used. The derivation of tatiquc design l.:ads
is shown in Appendix B of References 8 and 9.

3.¢.1 Rotor Hub Loads and Analysis

The rotor hub was analyzsed to determine fatigue life .nd ulti-
mate strength using the loads in Figures 206, 27, 28, and
29, Fiqure 30 defines the loads used for the pitch housing
stregs aralysis. The struc’ural analysis is reported in
Reierence 8. Table 7 lists the minimum marqgins of safety
from this analysis.

3.6.2 Control Loads and Analysis

All upper control lcoadings are based on pitch link loads,
either directly, as in the case of the pitch links and swash-
plate, or as the result of some kineratic dexivation, as for
the drive scissors and actuator attachmenis on the stationary
swashplate. The steady and alternating compononts are listed
in Table 8.

In these derivations, where lcading by all four piteh links
is involved, it is necessary that suitably phased pitch link
loads be applied. Foir this purponse, the pitch link wavetorm

shown in Figure 31 has been selected for design. It is a
computed waveform appropriate to high-uypeed level flight at
1,18 V.. with the rotor blade stalled. This foxrm i1s used in

all analyses with the mean and alternating values modified as
required.

The structural anslvais ¢t the controls is reported in Refer-
ence 9. Taple Y ilists the minimum margins of safety from
this analysis.
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TABLE 7. MINIMUM MARGINS OF SAFETY - HLH ROTOR HUB

-LIF ‘AIL-SAFE ]
COMPONENT SAFE-LIFE FAIL-S
FATIGUE| PG.| ULTIMATE| PG.| FATIGUE| PG.|LIMIT|PG. 1
Hub (Lug) 1.5 36 2.03 37 0 391 1.10 51 ]
iw* Crossbeam 4.29 57|  4.44 58/ .03 60| .30] 63 i
Qi\ Pitch Hcusing
e {Blade Lugs) .12 67
LX (Pitch Link Lugs) .72( 109
£y {Loop Lugs) .18 103 i
‘?' (Shear Shaft) .11 97 H
: |
A Inbd Damper .13 {132 .64 |136| N/a N/A {
J\ Dracket 1
b i
n {
NP Outbd Damper .56 146 .12 150| /A N/A {
Pl Bracket .
{
Hub/Crossbeam .92 154 .22 155 .30 158 0{ 159 j
Pins 1
» »
" !
) Hub Nut .60 | 166 .32 | 167y N/A N/ :
N
Blade Attach. 0 175 .44 180] 3.4 184 .02 188
,\ - Pins
v Loop Attach. .45 | 193 .17 | 193} .o05 197 .43] 198
. . Pins _J

NOTE: MS5=0 indicates a Sate—-Life of 3601 hours or & Fail-safe
Bk ' Life of 100 hours.

PG = pave uwuber, Reference 8
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Ground-Air~-Grecund {100) -5,710
Poser Dive 2.5 -15920

5710 ~4670

4670
5750  =1570

4700

+ +
¥ ¥
F F
¥ ¥
+ +
¥ T
¥ 3
T *
lorward Flight -
208 V 5.0  ~1070 + 3200 -900 + 2650
s08 v 2.0  ~-1080 ¥ 3230 -900 ¥ 2700
508 Vo 2.0 <790 ¥ 2370 ~650 ¥ 1950
668 Vh 5.0 -620 ¥ 1850 -500 ¥ 1500
708 VP 8.0 ~670 ¥ 2000 -530 ¥ 1600
g0% v 3.0 -830 ¥ 2500 -660 ¥ 2000
90% VH 16.8  -1070 ¥ 3210 -860 ¥ 2600
vit 2.0 ~1370 ¥ 4100  -1115 T 3350
1158 vy 1.0  =1800 ¥ 5700  -1570 ¥ 47C0
. 3.0 -610 * L340 =500 ¥ 1500
Climb, T.0. Power = —
ClimD! Full Powes 4.0 -610 ¥ 1840 -500 ¥ 1500
Partial Power Descent (50)) -820 + 2540 ~660 + 2000
Turns 5.2  ~1570 * 4700  -129C ¥ 3g60
(1L000)  -6120 ¥ 6120 -5000 ¥ 50006
Control Reversals (8L5) -6120 + 6120 -5020 + 5000
Pull Up (270) -8200 + B20C -6700 + G700
Power te¢ Autorotation (60)  =1,370 + 4100 -1115 + 335¢
Autorotation to Power (s0) -4900 + 43500 ~4,000 + 4N00
Steady Autorotation 1.1 ~1020 + 3060 ~830 + 2500
Autorotation Turns 0.4 -1570 + 4,700 -4290 + 3860
(160) ~5730 ¥ 5720 ~5000 ¥ 5000
Autorotation Control Rev. (40) -5730 + 5730 =-5000 + 5000
Autorotatio: Landing (40) -3300 + 3300 -2,700 + 2700
- Autorotation Pull Up (40)  =B200 * 2200 =679 * 6,700
% ry
+

Lri+i+

*Bracketed numbers are occurrences per 100 flight hours.

100

TARLE 8. HLH/ATC PITCH LINK LOADS
118000 LB. GROSS WEIGHT

Condition t Occur.* Forward Rator Aft Rotcr
Ground Conditions 1.0 -410 1220 -330 000
Takeoff (400) -530 1600 -430Q L300 :
Steady Hovering 30.0 -530 1600 -430 1,300
Turns Hovering (2000) =610 + 1840 =500 * 1500
Hover Control Reversals (2000) -610 1840 ~-500 + 1500
Sideward Flight 2.0 -1100 * 3300 -900 ¥ 2700
Rearward Flight 1.0 -1100 3300 -900 2,706
Landing Approach (763) -1,100 + 3,300 -300 2,700
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TABLE 9. MINIMUM MARGINS G} SAFETY - HLH UPPER CONTROLS

MAKRGIN OF SAIETY '
COMPONENT SAF'E _LIVE FAIL-5SAFE ;
tatigue Ultimata | Fatigue  (Ultimute
M.S. p. [ M.S. | p-{M.5. | p.|M.s. p.
Pitch Link + ,07 87 |+ .23 9]+ .02 107 0|13
Pitch Link Bolt + .22 | 88 |+ .94 94 0 J109 |+ .07 |113
Swasaplata;
Rotating Rinyg + .03 {122 |+ ..4 149+ .03 (158 ] + .02 (165
Stationazy Riny + .28 {179 [+1.52 1811 +1.19 {182 | +1.38 | 188
Stationary Scisdors:
Bolt, Transmission
Covar Attachmont + .17 {190 |[* N9 210
Lower Arm + .08 {197 0 212
Bolt, Lowexr-to-
Upper Arm Attach. + .80 [19a [+ .35 216
Upper Arm 0 {201 ;+ .03 221
Rod End, Swashplate
Attachmunt + .02 |206 |+ .06 222
Fitting, Swashplate
Attachmant + .14 208 }t+1.58 227
Centering Scissors:
Bolt, Drive Collar
Attachment + .69 2206 1+ .63 241 + .05 252 |+ .53 | 257
Upper Arm 4+ .37 |231 |+ .41 243] + .27 {254 | + (31 ( 258
Bolt, Louwer-to-upper
Arm Attachment + .92 1234 |+ .13 247} ¥1.16 | 254 |+ ,05 ] 260
LWer Arm +1.77 {234 | +1,.32 248 +2,17 {255 | #1.14 { 260
Boltl, Swashplate
At.tachment +1.3 240 | +1.44 251 +1.33 | 256 | *1.29 { 260
Drive Collar + .66 [207 |+ .09{ 269 + .92 | 471 )+ .16 :72

XMy

p. = page number, Referonce 9
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4.0 COMPONENT DEVELOPMULNT

The development of each hub and upper control component. is
discussed in this section; the contiguration, the function,

the construction, and the tests performed are considered. The
assembly and installation drawings are shown in Figures 20, 21,
and 22.

Certain features of several co.ronents are common arnd arc de-
scribed here, and they apply unless excepted in the description.
I'or cxawmple, all titanium components arce made from GAL-4V
titanium alloy in the solution-treated overaged condition,
Parts were strens relieved atter rough machining, and fatigue
critical par!s were shot pecned after final machining. The
Titanium Matcerials Tests showed that shot peening does not con-
clusively increase the tatigue strength, Shot puening is done
to nullify surlace damage occurring during machining that

would initiate ftailures. All tastencr holes, in both titanium
and aluminum parts, that arc assombly points were bushed with
17-4pU corrusion~-rusistant stecl. Attachment hardware, wherc
size permitted, was standard low alloy steel. llardware con-
tacting titanium parts were corrosion resistant steel to avoid
cadmium plating in contact., Initially, a1l bushings were
coated with Sermetel 72, an inorganically bonded {luorocarbon
containing molybdoenum disultide, as a fretting inhibitowr.
Changes te the fretting inhibitor utilized are described in

the tollowing scections. Fasteners lavger than standavrd hard-
ware woere tabricated trom 15-5PH corrosion resistant stecl.
This alloy was chosen because of the lower occurrence of inclu-
sions,  Reterence 10 presents the details of the fabrication of
the hardware,  Parts were tabricated for the completoe demonstra-
tion rotor which was operated on the whirl tower and DSTR.
Additional parts were tubricated for those items tested as
components, and lfor spareos,

4.1 HUBD AND CROSSBEAM

The huly consists ot two identical plates with four clevises
cach. The center body is splined to fit the rotor shatft. The
ounter oad of cach clevis is bored for pins which attach the
crossbeam,. ‘The kushings in the hub clevises were maciined to
final inside2 diameter and the flanges machined to a specified
dimension between the flanges, The titanium crossbeam con-
figuration is a ring with four bosses which fit into tho hub
clevis., Bushing: are installed in thes2 bogses in a similar
manner to those in the hub lugg. The diametral fit of the pins
and the distance between ftlanges provide for interchangeability.
The shear bearing is located in the inner dismeter of the cross-
bean ring and the elastomeric bearing is attached to the in-
board face. 'I''ec four shear pins connecting each crossbeam in
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the clevis were retained by prelcoad indicating bolts. These
bolts had a small transparent cover on the head with a fluid
inside the hollow shank. The appearance of the window changed
when the specified tension was applied to the belt.

The principal test of the hub and crossbeam was the fatigue
test reported in Retference 1l1,which is summarized in Table 10.
The first test revealed that Sermetgl 72 was not an adequate
tretting inhibitor. The second test specimen was fitted with
gseparate sle.:ve bushings, and washers in vlace of the flanges,
Some bushings were covered with a Teflon Dacron fabric, which
has been used successfully: other bushings were covered with
EP 15/¥M1000, a Nylon upo.ly adhesive on a Nylon carrier cloth.
An aluminum bronze washer contacted eachh hub lug and crossbeam
boss Between the pairs of bronze washers were a pair of
corrosion resistant steel washers, with tungsten carbide on
the sides that contacted each other. When loaded for the
fatigue test, the loads in the various joints varied widely.
It was concluded that the relative softness of the inhibitor
materials was the reason, and they were abandoned.

The specinwn was rebuilt with sleeve bushings of wrought alumi-
num bronze. A pai:r f washers at each joint were coated with
plasma sprayed alu 1 bronze with Ekonol on the side against
the titanium, and .+ | iten carbide on the side against the

other washer., VFailure of the heads of the shear pins caused the
pins to be redesigned trom a semi-hollow head in which the
securing bolt was roecessed tuo a solid head. The bushing con-
figuration reverted to a fluanged desiyn. Sermetel 72 was
applied to the cylindrical part of the bushing because failures
in the first test did not oriyinate here.  The underside of

the flange was coated with aluminum bronze-EBkonol because it

had performed well on the washoers of the previous configuration.
This configuration was subject to endurance testing (flight
loads) and cne bushing, was removed and examined. No damage to the
titaniun was scen, and the fatique test was perforaed. It termi-~
aated with tailure of two hub lugs. Failure due vo fretting
initisted at the cdge of the cylindrical sur.ace of the bushing
and the undercut at the shoulder.

A third specimen was assembled with aluminum bronze-kEkcncl on
als surfaces of bushings which contacted titanium boecause this
material performed the best of the inhibitor materials used
thus far. The shear pin was also coated with this material
because some distress had been seen or. the pins at the shear
line of the two bushings. This specimen underwent endurance
loading examination of bushing contact surfaces and fatigue
test. PFailure in this test occurred in a crossbeam loss due
to fretting which had occurred in a previous test.
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Testing concluded that

Fatigue testing of the 301-11168 hub and 301-11280-3 cross-
beam substantiaces a safe life of 2645 hours for the HLH.
This is a conservative safe life because the failures were
induced by fretting at the endurance limit fatique test
load levels which were substantially highei than flight
loads.

Aluminum bronze-Ekonol is the becgt fretting inhibitor for
this hub and crossieam configuration. This was demonstrated
by an endurance test where 258 hours of flight load were
applied to the specimen without deteriorating the fretnting
inhibitor.

The ability to carry limit load with one lug failed has been
demonstrated.

The hub-crossbeam configuration is satisfactory for flight
on the HLH prototype helicopter. The prototype crossbeam
would have increascd boss diameter, committed after the
first test.
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4.2 SHEAR BEARING

locates the in-
loads perpendi-

The shear beariny, secured in the crossbeam,
board end of the pitch housing and transmits
cular to the blade axis to the ntbh. The bearing permits motion
about 3 axes; lead-liy and flap rotates the ball in the outer
race: pitch rotation occurs in the cylindrical bore in the
ball. The 440C corrosion resistuant steel outer race was machined
to finished size, then fractured into halves. The ingside of
, this race is lined with Teflon-Cacron fabriz. The ball, machined
' from the same steel alloy has a cylindrical bore which is also
lined with the samec fabric.

Endurance tests were conducted on throe specimens,which is
reported in Reference 12. . The bearing was 3ubjected to steadv
plus alternating radiul loads while being moved about 3 axes
representative of its application in f£light. The environments
in which the bearing was tested includ¢ normal and elevated
ambient temperatures and sand and dust. The loading is shown

in Table 11 and the results in Table 12. Figure 32 shows

a liner which has completed testing.

TABLE 11. LOAD AND MOTION SCHEDULE - SHEAR BEARING TEST
Load Misalignment Rotation| Cyclic %
Lbs. Flap/Droop] Lead/Lag| Pitch Rate(RPM)‘Time
4249 + 4511 +5° +1.5° | +11° 156 | 88.46
. 4854 + 7607 +5° +1.5° +11° 156 | 11.536
- - i
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TABLE 12.

ROTOR HUB SHEAR BEARING SPECIMEN SUMMARY

Initial
Spec| Cumulative | Test Wear Wear~-In
No. Hours Run Hours Test Condition In/Hx Inches
3 | 0 to 301 | 301 | Clear at 193 RPM | 15.4x107°| .00¢8
' Fan on 600 ¥t/Sec
| 301 to 1205 904 | Clear at 156 RPM i
i 301 to 1205 Fan on 600 ft/sec 7.5x10 \
| ;
1 0 to 200 | 200 | Sand & Dust at 13.7x107% | .0039
156 RrM
200 to 427 | 227 | Clear Fan on 600 4.21x1¢7%
Ft/Sec 156 RPM —6
427 to 557 130 High Temp no Fan 12.7x10
156 RPM
2 0 to 402 402 Cleur ¢t 156 RPM 6.25.10"6 0058
Fan un 600 Ft/Sec

The testing concluded that:

Using average wear rates
hub shear bearing can be

and initial wear-in, the HLH rotor
expected to exceed its renuired

life of 1200 hours by a considerable margin.

Initial wear-in is not related to initial tightness,
measured by friction torgue, basced on only two relatively
loose and one relatively tight bearings,

Operation at elevated temperature will increase the

wear rate.

It is not necessary to protect the beariny from saad

and dust.
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3 LINER WEAR AFTER 1,290 HOURS OF

NDURANCE TESTING

SERIAL NO.

FIGURE 32.
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4.3 PITCH HOUSING

The titanium pitch housing secures the blade at its outboard
end and transmits the blade centrifugal force to the loop
through lugs near the inboard end. Blude shear loads are
reacted at the sliear bearing. An arm on the leading edge is
connected to the swashplate for pitch control of the blade.
The center body and pitch arm form a hollow chamber which is
evacuated. Passages through the radial ribs and the inboard
shaft are also connected to the evacuated center body. A crack
into the evacuated volume will cause the pressure to rise.
This condition is signaled bv a visual indicator on the end of
the pitch arm. Corrosion-resistant steel sleeves are inter-
ference fitted on the two inboard shaft diamcters so that the
droop stop ring and the shear bearing do not operate on the
titanium.

Fatigue tests were conducted on two areas of the pitch housing:
the blade attachment lugs ard the pitch arm. These tests are
reported in References 13 and 14, .espectively. For the
blade attachment luy test, the specimen was installed in the
fatigue test fixture at an angle of 45° such that equal flap
and chord moments could be aprlied with a single lcading as
shown in Figure 33. The load levels were as showr. in Table
13 and ‘hrec lugs were failed in the number of cyclas shown.

A defect was deliberately introduced by an arc burn on the
bottom trailing edgce rib of the second specimen. After a
total of 1.0 x10° cycles had been applied, this arc burn did
not induce a crack. 7Jsing a circular saw, a cut was then made
through the arc burn to a depth of .25 inch. This was subse-
quently iancreased in size to .62 inch to activate the delta pres-
sure crack d=tection system. This saw cut did not propagate
until a total of 1.394 x 10°® cycles. The specimen was then
fatigued to the loads and cycles representing the fligyht spec-
trum. The specimen was then subjected to a static limit load
of simulated centrifugel forvce and a bending moment.

The analysis of the test results for the blade attachment lugs
indicate that they successfully demonstrate the safe life and
fail-safe life requirements. The fail-safe criterion regquires
3600 hours safe 1ife and 100 hours of operation feollowing an
initial lug failure. Calculated lives for this joint are 4445
hours safe life and 116 hours in fail-safe operaticnm.

The fail-safety of the rib section was demonstrated ir excess of
30 hours. 1In addition it was shown that a significant flaw,

in the form of a saw cut, could be tolerated for relatively long
periods with ne crack initiation.

The same two pitch housing specimens were used for the pitch

arm test. Th: loads were applied to the pitch link clevis with
an instrumented link as shown in Figure 34
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The first specimen failed after 0.401 million cycles at the 1

initial load level of +76J00 +7600 lbs., The calculated mecan

endurance limit is 5120 lbs and the (M-30) endurance limit is J

3490 1lbs, using a coefficicnt of variation of 12 percent. 'This

results in a calculated safe life of 850 hours on the atft pitch {

arm. The failure occurred where the pitch link clevis inter-

sected the unsupported pitch arm cylindes. No positive failure ?

indication by the crack detcection system was observed. The k

pitch housing was determined to be structurally deficient at j

the failure location and was redesigned for the prototype

aircraft, !
!

Al initial photoelastic coating investigation was conducted on ;
the second specimen pitch arm, prior to the modification, to i
determine the strain distribution and areas of strain concentra-
tion. Data was obteined at static load levels ot +7600 and
+15,200 1lbs applied at the pitch arm lug. Isochromatic J
photographs werce obtairned at these load levels for documcentation :
and subseguent reference. Strain gage rosettes were installed
at the critical strain arcas, to evaluate the minimum and maxi- .
mun principal stresses, maximam shearing stress. and the principal
stress direction at cach point. A corrosion resistant steel
reinforcing sleeve was installed in the outer end of the pitch
arm. This procedure was basically repeated on the modified

pitch arm P/N SK301-11745. to asscss any changes in the high
strain areas. The strain gage roscttes were only used to cva-
luate the maximum and minimum principal strains.

The pitch arm was then subjected vo ginusoidal load inputs
according to the test conditions and loading sequence shown in
Table 14. The loads were monitored as in the casce of the
first specimen. At the completion of the safe-lite testing,

a crack was inauced at the base of the arm, at the location
shown in Figure 35. 'The crack growth was measured with a as3cale
using the dye pencetrant method to permit visual inspection.,
After the completion of the crack yrowth testing, the limit
load was applicd.

The modified pitch arm completed 5 million cycles at the design

endurance limit load without incident. This gsubstantiated z i
safe life of greater than 3600 hours for the lug area and the
base of tht arm., The surface crack was 0.95 inch long at the i
surface at the indication of the vacuum detection gystem. The
load spectrum tests (Table l4, runs 4 through 18), eyuivalent
to 30 hourg of flight, produced an additional 0.02 inch of
crack growth, and the pitch arm sustained the limi%t load appli -
cation without further crack growth. The required 30 hours of
fail-safe operation had bc¢ :n demonstrated for the arm to barrel
junction but the margin beyond this could not be reliably usti-
mated. The test schedule permitted additional testing to be
accomplished, and the following tests beyond the contract and
test plan requirements were performed.
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) TADLE 14. HLH/ATC - PITCH ARM FATIGUE TEST RESULYTG
— SIMULATLED TLST CRACK
SPEC| RUN| PITCH LINK | FREQ | TEST LENGTH,
- NO, NO.{ LOAD - LIS Hz CYCLES IN. REMARKS
-
1 1 | +7600+7600 5 |0.401x20° - Failure at junction
of pitch link attach
e & k. .rrel sect.
Fivave 35
2 1 +7600+7600 5 5x10°¢ - Pitch arm modified
per SK301-11745
2 +8U90+7280 L 168009 - Crack prop.gation -
glot cut in arm
3 +6280451060 6 2000 Inturmediate crack
propayation
4 +2350+3520 6 123403 0.95 | Loss ol vacuum
indication
& | +2350+3520 | 12 4500
- o | 4+ 650+ 975 | 12 | 22500
t ol 7 | +135042020 | 12 | 41500
o 4 | +400041500 | 12 13500
.
i 9 | + BOU+1200 | 12 27000
10 | +143042900 | 12 9000
11 + 050+ 975 12 22500 0.95
_— 12
; thru - 12 140500 0.97 | Repeat ol runs
. 14 5 thru 11
- 19 +16750 - - 0.97 Limit Load
l 20 [ +5500+5000 | 12 20000 1.24 | increase crack
yrowth
21 4235043520 12 22300 1.34 | Roduce crack
= yrowth
22
e thru - 20 295000 1.40 | Hepeat ci runa
s, 35 5 thru 18
w 36 +16750 - - 1.40 |Limit Load
2 37 | +703047030 9 2x10°* 1.50 |Prototype spare
limited qual.
NO'I'LE 2
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Positive load is tension in gimulated pitch link
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The pitch arm was loaded at +5500 +5000 lbs for 20,000 cycles
producing a crack growth to 1.24 inches. The pitch arm was
then loaded at +2350 +3320 1lbs for 27,900 cyles with a crack
growth to 1.34 inches. B2 repeat of the 30 hour equivalent load
Spectrum (Table 14), runs 22 through 35) produced an additional
crack growth of 0.06 inch. After completion of thc¢ load spec-
trum, limit load was applied without incident. The final crack
configuration is shown in Figure 35. This test demonstrates

a safe-life capability of at least 60 hours, twice the regni.c-
ment,

The fatigue test of the modified pitch arm assembly has shown
that:

¢ The safe life of the pitch link luys and the base of the
pitch arm is greater than 3600 hours.

® The vacuum crack detection system is capable of indi-
cating a failure, such that the required minimum of 30
hours of flight, after initial indication can be achieved.

® The safe life of the modified ATC configuration pitch
housing, limited by the pitch link lug to arm area,
is greater than 1000 hours.

4.4 LOOP

The loop transfers the blade centrifugal force from the pitch
housing to the inboard end of the elastomeric bearing. The
loop must also react the side loads and torsiop due to de-
flecting the elastomeric bearing. The trade studies discussed
in Section 2 concluded that a two-piece 1loop was optimum.

For fail-safety considceration, the failure of ¢me «f the two
loop halves would cause considerable berding moment in the

loop when carrying the load on the remaining half. The final
loop design is in three pieces where the cenuter loop is twice
the thickness of each of the outer loops. 1f the center loop
failed, the remaining loading is symmetrical. If one of the
outer loops fails, the remaining two accommodate the load with
a small eccentricity. Teflon Dacron fabric is ingserted between
the individual loops and at the arch where the loop bears on
the ¢ lastomeric bearing tc prevent fretting. The arch of the
loop is flat, to which Teflon Dacron fabric is bonded. The arch
of the lcor fits into the clevis of the elastomeric pearing for
transmitting the centrifugal force.

Stress analysis reviewed after the loops were fabricated re-
vealed a deficiency in the fatigue life. Additional loops
were designed and fabricated with a slightly different contour
from 6AL-4V titanium alloy in the Beta solution-trea.ed over-
aged condition. 1In this heat treatment, the part is quenched
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from a temperature over the Beta transus, rather than below.
The original! loops were utilized for the rotor whirl test and
the jinitial DSTR operations. When the Beta heat treat loops
were available, they were fitted into the DSTR rotor.

The fatigue analysis of the loops proved to be difficult be-
cause the raaction loads and moments from the elastomeric
bea:ing were not available. Initial statemen’. of elastom:wric
bearing spring rates were totally inadeguate in view of the
substantial hysteresis. The mceasurements of the elastomeric
bearing were made statically, and the reactions can be expected
to be different dynamically. The only load measarements of

the bearing meaningful for loop analysis must come from the
loop reacting the bearing loads because they ara both highly
dependent on deflections. For some insight into the effect on
the loop, strain gages were applied to the loop auring the
elastomeric bearing static load tests. See Figure 45 . A
fatigue test was planned for the prototype loops. The test
fixture would load the loop and bearing with equivalent rotor
head parts duplicating the mounting stiffness, while stresses
are measured with various deflections of the clastomeric bearing.
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4.5 ELASTOMERIC BEARING

The elastomexic bearing development was carried out by Lord
Kinematics, Exie, Pa. The principal items in the development
were:

e Titanium shim feasibility

¢ 8 inch diameter bearing (LM-732-1)

@ Preliminary design evaluation

® Static testing

¢ Endurance testing

® lO0-inch-diameter bearing (LM-732-7)

® Static and low temperature dynamic testing

® Endurance testing, including environments

4.5.1 Titanium Shim Feasibility

The objectives of this study were:
® Select material

e Establish manufacturing methods, proce nd coIntrols
that can be scaled up Zor production

® Determine that parts produced conform rements
Three methods of forming shims from 6AL-4 .ium alloy
sheet were effacred: cold forming to size, 2rmiing Lo

size, and cold forming followed by hot siz

The selected method was to cold form in a tood teel famalz

die with a resilient punch, followed by sizineg in stainless

steel dies at 1,350°F for 10 to 1% minutes, depending on the
size of the shim.

The sample parts conformed to dimensional contours and tolier-
ances. Fluorescent penetrant inspection and scanning eleciyon
microscope examination confirmed absence c¢f cracks or inter-
granular failure. “he hydrogen content was at acceptable
levels.

The study is fully reported in Reference 15.
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4.5.2 EBight-Inch RBearing {LM-732-])

The most significant design requirements for the elastomeric
bearing are the operating schedule of motions with centrifugal
lcad for 1500 hours endurance, and the static centrifugal
capacity. The design specification, Refere.ce 16 , Revision

A, lists the operating schedule for the two rotors. The
reqguirements were based on blade centrifugal force of 150,000
pounds. The test plan, Reference 17, Revision B, lists the test
scheduvle for the forward rotor even though neither rotor is
uniquely more severe in motic requirements.

Bearings were produced to vhe spenification except that the
first five bearings were made with steel end plates as an ex-
pedient resulting from a strike at the titanium forging
vendor. While this was being carried out by Lord Kkinematics,
the increase in blade centrifugal force from 159,000 lbs to
170,000 1lbs caused the predicted endurance life to decrease

to an unacceptably low level. The development program was
redirected to a 10-inch bearing, However,with 8-inch bearings
available and the 10-inch bearing just begun, a certain amount
of testing was performed to have foreknowledge of probable
performance and to apply this to the 10-inch bearing. Endurance
testing would also discover any problems in the test machine,

The preliminary design evaluation is reported in Reference 18,
The objectives were:

® To determine the static spring rate chavacteristics of
the LM-732-1 in the axial, torsional, radial and cocking
(lead-lag or flap) directions

e To verify the capability of the LM-732-1 to support
limit and ultimate axial loading

e To perrform an experimental stress analysis with strain
gages on the shims. No analysis was made of the end
piates since the end plate configuration has been changed.

e To verify the suitability of the LM-732-~1 bearing for
pre-endurance and endurance testing.

Data available includes -

@ Load-deflection curves for axial and side (radial) loading
and for torsional and cocking rotatlon with and without
axial lcadine,

® Measured stresses at the edges of 3 shims for axial loading
and rotalion about the lecad-lag axis.
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The first static test was performed by Lord Kinematics at
Pittsburgh Testing Laboratory. The small end plate (outboard)
was cocked 10° relative to the applied load. The axial lcad
deflection curve was linear up to 235,000 pounds, then in-
creasing to the maximum load sustained of 276,000 pounds,
where the bearing became unstable. Figure 36 shows the bearing
with increased axial deflection, sustaining approximately
176,000 pounds. Note the lateral displacement of the upper
and lower loading blocks. An increased axial deflection re-
sulted in a decreasing load until a loud noise occurred with
a sharp drop off in load. Partial debonding cccurred in the
bearing. The bearing was subsequently loaded without cocking
of the small ¢nd plate up to 200,000 pounds. Failure to sus-
tain the limit load for the higher centrifugal force confirms
the need for the 10-inch bearing.

A loading fixture was fabricated to simulate the end conditions
of the bearing attachments. The steel simulated loop had the
flatwise EI value equal to the titanium lrop. The initial

test conducted at Swarthmore College resulted in a maximum

load of 190,000 pounds at 11°, and 132,000 pcunds when repeated.
Attempts to further load the bearing resulted in the central
shims slipping, laterally, relatively large distances from the
center line of the bearing. The first ovccurrence stretches

the elastomer to some permanent set so that the cclumn sub-
sequently becomes unstable at lower lcads. This test is re-
ported in Reference 19.

With the 8-inch hearing loaded by representative rotor head
parts, showing such poor correlation to predicted capacity,
the ability of the 10-inch beariang, being designed by the same
methods, to meet requirements was in serious doubt. One item
postulated to be responsible was the test fixture. A vertical
pin extending from the lower grip fitting of the test machine
extending loosely into a hole in the upper frame was to keep
the two parts in line by the horizontal shear force acting
normal to the pin. See Figure .7. The pin was found to be
bent. Vertical misalignment of thc two parts induced a moment
into the bearing which was a bias in the unstable direction.
The test fixture was modified by a more sturdy pin acting in
slotted brackets (shown in Figure 44). This configuration of
the test fixture was used for all subsequent tests.

Even with the modified fixture, the 8-inch bearing could not
meet the static load requirements. More significantly, the
bearing performance did not verify the analytical design method.
There was doubt that the l0-inch bearing would meet the static
requirements. Three additional B8-inch bearings were prepared
to explore what imight be done to assure that the 10-inch bear-
ing would meet its static reguirements:
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1. One bearing was made with stainless steel shims rather
than titanium, because the stiffness (Young's modulus)
of the shim is a factor in bearing characteristics.

2. One of the bearings with titanium shims was cut apart
at the small end plate, and the cone angle (or cnntour)
of the shim/elastomer laminates was machinea to the cone
angle of the 10-inch bearing. The small end piate was
bonded in place. This modified bearing approximated
a 0.8-inch scale model of the 10~inch bearing.

3. A bearing with stainless steel shims was similarly modi- {
fied as in item 2 above.

Results of the static tests of the 8-inch bearing are shown in
Table 15. As a result of this testing, the 10-inch bearing was 1
to have stainless steel shims, and confidence that the 10-iach
beariag would meet static requirements was increased.

TABLE 15. STATIC TEST OF ELASTOMERIC BEARINGS

Limit Load 3
(Pounds x 10?)
Cocking Angle with Loop
Bearing 0 Degrees 11 Degrees 1
8-inch titanium shims 230% 180
8-inch stainless steel shims 250%* 21v
cut-down titanium shims 237* 151%* )
cut-down stainless-steel shimg: *¥ 255%%* 150
272% 170%*x*

' previous test history:
, * tested beyond maximum load, considerable deformation
i *%  tasted to load limit, slight deformation

' L. *** reotested with 11 degree cocking angle

Endurance testing was performed un five 8-inch-bearings for a
total of 159* hours. The Test Plan and Tcst Report are listed

as References 17 and 19, respectively. The test machine is j
shown in Figure 38.
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FIGURE 38. ELASTOMERIC BEARING ENDURANCE TEST MACHINE
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The objectives of the test program were:

To assess the endurance capability of the LM-732-1 bearing
under laboratory test stand simulation of typical aircraft
motion conditions and C.F. load of 150,000 lbs.

To establish the environmental resistance of the spherical
elastomeric bearing to typical exposures of Stoddard sol-
vent, hydrauvlic fluid and P4 fuel. Early fatigue test
results led to the deletion of tais objective.

To check for fatigue sensitive process flaws in LM-732-1
bearing which may indicate a need for process changes in
the manufacture of the LM-732-7 bearing.

To check out and gain experience with the endurance test
machine prior to the critical schedule testing of the
LM-732-7 bearing.

The additional objective of evaluating the futigue life
of a LM-732~1 bearing with stainless steel shims compared
to the original LM-732-1 with titanium shims was added to
the program as a result of early test results.

Significant events during the test are noted on the chronologi-
cal chart below:

Bearing 0 100 200 300 400 500 600 700 HOURS
Serial
No.1l
123 Ti
, (2)
128 T1 @
119 Ti
©) ®
109 Ti —
6
1245 sS
6
. O, ©)
1 Shim material indicated thus: Ti-Titanium, SS5- stainless

© O

steel

Testing terminated at 52 hours because of substantial
abrading of elastomer between shims

Testing terminated at 52 hours because of substantial
abrading of elastomer between shims, and permanent set
{axial bowing) of laminates
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<:> Centrifugal force reducea at 128 hours to 121,000 pounds
to be representative of the average compressive stress on
the 10-inch bearing

(:) Testing terminated at 532 hours because of grocs abrading
and squeeze out (extrusion) of elastomer. New bearing
installed.

(:) Testing terminated at 700 hours to start tests on 10-inch
bearings.

Data available include:

] Individual bearing torsional load deflection curves at
various input amplitudes and frequencies

o Torsional load deflection curves of a tesi sample pair
subjected to axial loads

e Axial load deflection curves of individual samples
¢ Change in magnitude of key dimensions

° External appearance of individual sanples subjected
to varied loading (photographs)

Conclusions to the development testing of the €-inch bearing
are:

® The encdurance testing indicated thai. the fatigue lifc
and stability characteristics are interrcla’.ed.

° Quality of the bond affects the endu.ance performance of
the bearing as evidenced by the carly breakdown of the
elastomer in the first two bearings. Failure analysis
indicated that the poor bond, verified by pull test, was
a result of the low heat transfer of titanium affecting
the cure of the hond as compared to that of stainless

o ’ steel commonly usied.

™ Stainless steel shims provide greater endurance life
than do titanium shams. This fact reinforced the decision
to use stainless steel shims in the 10-inch bearing.

¢ Endurance life is strongly affecu«da Ly the compressive
stress in the elastomer.
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® Visual appearance changes provide ampie advanced warning
of approaching failure. 'The spring rate and dimensiconal
data accumulated is not cnonsidered sufficient to formulate
significant conclusions.

4.5.3 Ten-Inch Bearing

Revision B of the Developmeant Specification, Reference lu,
listed the highcor blade centrifugal force loads. The 10-inch
bearing with titanium shims was originally designated LM-732-6

by Lord Kinemaiics. When stainless steel shims were committed,

Lhe beag%ng was designated LM-732-7. The bearirng is shown in
Figure .

The Preliminary Design analysis is reported in Reference 20,
The objectives were.

. 7o determine the static spring rate characteristics of
the LM-732-7 in the axial, torsional, radial and cocking
(lead-lag or flap) directions

) To verify the capability of the LM-732-7 to support limit
and ultimate axial loading

o To perform an cxperimental stress analysids utilizing
brittle lacquer coating and strain gages

° To vorify the suitability of the LM-732-7 bearing tor
pre—endurance and endurance testing.

Data avaliable include:

® Load~-deflection curves for axial and side (radial)lcading,
and for torsional and cocking rotation with and without
axial loadinyg.

® Measured stresses at the edges of 3 shims and several
locations on the end plates for axial loading and rota-
tion about the lead-lag and pitch axis.

The preliminary design evaluation shows -

a Spring races should not be guoted simply as poundy per inch
or inch-pounds per duegree dssumlng a llngr rglatxonshlp.

Figures 42 and 43 show that because of considerable hyster-
esis, the force at any detlection can vary over a wide range,

dernending upon how the bearing got to that deflection. YFor

a:xxial deflection,Figure 40,a sccant spring rate frcem no load

tc a load such as normal RPM centrifugal force is uecessary
for determining blade radial position from test to normal

KPM. A tangoe.t spring rate is necessary to determine changes

in blade position duc to changes in radial load, as causad
by the blade damper in the case of the HLH. For small
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torsional deflections, the spring rate is independent
cf axial locad, but for alternating motions, hysteresis
must be considered.

» The relationship among axial load, cocking moment, and
cocking angle is evident in that the cocking spring rate
decreases with increased axial load and would be unstable
with axial load high enough. Also, the critical column
load decreases with increased cocking angle.

° The stress levels measured during the experimental
stress analysis indicate that the LM-732-7 bearing is
satisfactory for its intended use.

) The enerqy absorbed by a bearing because of hysteresis is
considerable. For example, for five degrees flapping
alone, a high-speed level flight condition, each beacing
converts approximately l.3 horsepower to heat. This is a
ccnsideration in endurance testing.

e To make evident the extent of hysteresis, a term efficlency
{n) is defined as the work .bsorbed by the bearing during
one complete stroke between symmetrical limits about a
zero force reference divided by the work in a stroke of
constant loads of the peak values over the sane displace-
ment. The efficiencies for the conditions in Figures 42
and 43 were calculated and shown in Figure 44.

Static tests on the 1l0-inch bearings were conducted using
titanium loop as shown in Figure 45. The first bearing
tested successfuily sustained 399,000 pounds ultimate load at
zero degrees cocking angle. Another similar bearing failed
to meet the requirement of 266,000 pounds at 11 degrees.
Lord Kinematics molded additional bearings with stiffer
elastomer. The original bearings were designated "soft" and
the later bearings "stiff", The stitfer bearings were
expected to have greater column stability but with a penalty
of reduced life. The stiff bearing exceeded the requircment
at 11 degrees by a considerable margin and another bearing

was molded with "intermediate" stiffness. The last bearing
alsc showed considerable margin over the requiremdnts, and it

was considered desirable to continue the program with the
extra margin recognizing a compromise of endurance life.

Loading curves for these bearings are shown in Figure 46.
All bearings for further usage were of this intermediate

stiffness,
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The endurance test plan and teot report are listed as |
References z1 and 22, respectively.

of typical aircraft loads and motions and selected
environmental conditions.

{
) The objectives of the test program were: i
¢ To determine the adequacy of the bearing configuration, 1
including elastomeric element design, and e raluation ;
of the strength of the metal components.
? e To determine dynamic endurance capability of the i
LM-732-7 bearing under laboratory tecst stand simulation s
1

) ® To determine the forces imposed or. connecting rotor
hub parts during start-up from low Lkemperature.

¢ To establish inspection and replacement criteria for ;
. scrvice bearings on the basis of endurance test
(¥ results, 1

Significant ecvents during the test are noted on the
chronological chart on the following page.

138 ‘




B .“'?.

025
026
027
028

029

Q@ ©

Bearing S/N

___©

I

Ol6

©,

o

| {
b 2¢0 4y 600 350 1000 1200

Testing terminated at 300 hours because of poor condi-
tion. Testing conducted with one large floor pedestal
fan blowing on bearings.

Yesting terminated at 1100 hours. Bearings declared
worn out. Testing conducted with smaller blowers
directad at secveral points on bearings.,

Completed 300 hours pre-endurance testing at ambient
conditions same as bearings 027 and (28.

Test terminated at 420 hours (120 hours of 120°F) by
machine shutdown. One bearing was scparated-bond fail...:
accelerated by high temperature.

Testing terminated at 1094 hours. Bearings declared
worn out. Thermucouples installed on one bearing at
peginning of test indicated temperatures for one and
five hour blocks (sece Figure 47). As a result, block
time changed to onc hour.

Completed 100 hours pre-endurance. Pre-endurance time
reduced from 300 hours because of success with previous
bearings in pre-endurance.

Testing torminated at 400 hours (300 hours planned at
~-65°F)
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All testing was terminated by direction with 6420 of the 12,000
planned hours accomplished. Testing was terminated to conserve
resources. Further testing would not provide any new informa-
tion but rather a bettcr statistical basc.,

Data available from these tests include —

® (Torsional) pitch and axial load - detlection curves
at several times during the endurance test

° Dimensions ot the bearing assembly attected by change:.
in the clastomer/shim laminates at sceveral times during
the endurance test,

® Extornal appearances ot the beariangs abt o several Cime:s:
during the cndhiance test (photographs)

. Time-tomperature plot ol a bearing durong the test cycle
ol one and ive hour bhlocks

. Load amd def lection in lead-fag corsus time al -ubH2K
(rotor start-up)

i concluded that

9 PThe LM=732-7 Dot inyg did nol e ol the desogn Pl goal ol
1500 hours in laboratory testing., Two pairs ol sanps b
were testoed Tor approximately 1100 hours each ol roeom
Lemperatur.-,

® The primary coance ol the ol be to reach the desiagn o
was beebiowvidd to e aecc ey ot bat bgquee dne to thiee hoaghb
internal boearing beaaperatin es gencrad o cho e 1 he
cnchi ganee Lot

% Th-- horgbh Femperatuwr e tect cesand b din o et reas 1y shor
cnduranci: 1Titeo The teot warn oxcensi ooly severe an Lhat
theroe was o cireulatory ot oo the chanber surrounding
Lhe hoeoaring::,

. Mhe low temperature enviromental (est did not dncrcase
the rate ot deterioration of the bearing.  AlLhough
LR EPRS +

'

thero 1n no uant itative measure of  poerformance dur 1ng
low tempoeratta e operation, an improvement in fatigue
pertormance prohably occurs, bo se ot incrcased heat
disipation.

. The free height and the axial spring rate decreasce with
usagye. Lt does not appear that they can be used as
indicators of cxpoended or remaining usceiul lite. The
rotor hub design must make provisions tor the change of
radial position of the rotor blade as the boearing ages.

141




B T

L The torsional spring rate and the other dimensional
characteristics did not exhibit trends which would allow
prediction of bearing life. In addition, these measure-
ments would be difficult to perform in service.

° Visual appearance of the elastomer gives adequate indi-
cation of the status of deterioration of the bearing.

° The correlation of bench tegting with service experience
remains to be established, particvlarly in view of the
large amount of heat generated and the sensitivity of
bearing performance to bearing internal temperature.

4.5.4 Egirl Test

After 8.7 hours of operation of the demonstration rotor on the
whirl tower, one of the bearings showed separation of the
elastomer from the lower side of the spherical segment of the
small end plate. When viewed from above, no separation was
evident. All four bearings were removed and returned to Lord
Kinematics. The failed bearing, serial no. 015, was completely
separated when cemoved (Figure 48). Approximately 90% of the
intcoface showed bare metal, indicating tailure of the adhesive
to bund. The remainder of the interface was separated by
Failurc of the clastomer.

Failure analysis using scanning electron microscopy and other
laboratory technigues reported in Reference 23 indicated that
there was a cortaminant on the surface of the small end base
plate where the separation of the clastomer occurred. Where
the c¢lastomer had adhered, there was no contaminant. The
contaminant was identified as the dotergent that is used only
in cleaning the metal parts before the adhesive is applied.
Corrective action was taken to control the cleaning process.

The other three whirl test bearings, S/N 014, 016 and 017, were
subjected to lead-lay gstatic deflections throuygh 24°. No
anomalous behavior was noted. The bearings were also subjected
to pitch change cycling of +12° at 156 cycles par minute for

30 minutes. Dynamic cycling was considered the best mcethod

for bringing out incipient bond failures. Two new bearings,
S/N €033 and 034, that were being used by Lord Kinematics for
their preliminary design evalustion work task were diverted

and installed on the demonstratinn rotor. 7Two of the rein-
spected bheavings were re-installed and a third held as a spare.

I'he careful inspection at this uime revealed that the surface
of the elastomer was covered with a network of shallow cracks.
This checking was attributed to ozone attack, a well-known
phenomenon with rubber. As was expectcd, there was no progres-
sion noticeable during the whole program, since elastomer
bearings are extremely tolerant of this surface checking.
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Immediately prior to the discovery of the separation of the
elastomer, the rotor was probably operating with most of the
base plate surface separated. There was no real indication
from the rotor opcration that there was separation. As an
indication of what might happen with a complete bearing failure
in this mode, a separated bearing was installed in the endvrance
test machine with a normal bearing. It was operated throuyh

a complete block of ail the loads and motions. The machine

and kbearing opzrated with no unusual indications. Normal
operaticn is not unexpected because the concentric sphericail
laminates of shims and elastomer nest more securely with

axial load. The friction between the elastomer and the end
plate was sufficient to prevent slippage during rotation about
all axes, This laboratory demonstration gives confidence that
the bearing wili function for a limited time in a rutor even
though there is a complete separation of the base plate.

4.5.5 DSIR

The difficulty in simulating operating environments for the
bearing in the laboratory was emphasized when temperatures
were measured on the 1l0-inch bearing during endurance testing.
An atteampt was made tu measure temperatures on a bearing operat-
ing on a rotor for at least the hovering regime of flight. The
DSTR would provide the loads and motions on the bearing and the
tiirust generated would provide the air flow. Four thermistors
were bonded to the élge of the second shim from the small end
plate in the 0.5-inch-djameter corc hole of the bearing. The
wires were directed to the small end plate and out through a
hole drilled near the edge of the elastomer. The lower end

of the core hole was potted with silicone rubber. The motions
of shims caused the lead wires to break carly so that no data
were available. The low priority for these data and the rework
to preload the bearings wcere the reasons that no further
attempts were made to measure temperature.

It has been discovered on the DSTR that when the rotor is at

rest for long periods, the bearings can develop local tearing
in the rubber layer bctween the small nnd plate and the firgst
shim on the lower lag side. One bear.ng was torn sufficiently

to reqguire replacement. The tearing is due to the tension on
onie side of the bearing resulting from being deflected in | \

uu.--.a-uu-‘.-—-‘nn‘nwea-uu—u----nn-ﬂ-h-i-h-.-h‘nﬁi‘.‘ﬂlﬂlﬂ!ﬂ.ﬁhﬁﬂ.lﬂ.

droop and lag as well as the axial tension reaction the lag
damper driving the blade to the lag stop. It is the same
condition that caused the bearing to separate on the whirl tower.
That bearing failed early because of the poor bond. TI'he solu-
tion was to provide a compressive preload of approximately

40,000 pounds on the bearing while the rotor is at rest. This
was accomplished by the addition of the thrust button shewn in
Figure 49, and there was no further degradation of this type.
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4.5.6

.

Conclusions

The LM-732-7 bearing is adoquate for the Prctotype and
also for an Engincering Development phase of an HLH
program.

The bearing is fail-safe in this application for
separation failures.

The bearing must be preloaded or othcrwise protected
from tensile loading to avoid damage.

Visual examination is the best way to inspect
for incipient failure or remaining life.

Moderatce checking (surface cracks) alone is not cause
for rejection of a bearing in service.

If there is to be desiyn change of the Rotary Wing

head, congideration should be given to the elastomeric
bearing to reduce the compressive stress in the clasto-
mer and to reduce elastomer stiffacess.  These changes
would increase the life of the bearing. A secondary item
for trade-off would be an open center to facilitate heat
dissipation.

146

-:s'.,-l_ N e

e ko aa i




=

1w

.

B

Tk
"

4.6 DROOP_STOP

The droop stop function
ground and the fuselage
contact in flight.

is to support the blade above the
when the rotor is at rest, but not

The HLH configuration is such that the position of the blade
at rest is higher than the flight clearance requirement.
Thercfore, a two-position droop stop was required.

The moment of the blade iz reacted essentiully vertically on
the outboard lip of the crossbeam and the shear bearing.

The crossbeam contains a titanium stop block replaceabie if
damaged. The droop stop part on :he pitch housing is a conical
ring lined with Teflon Dacron fabric that slides and rolls on
the inboard shaft end. A spring holds the ring at rest in the
inboard position. In this position, the ring between the
pitch shaft and tiace crossbeam holds the blade in the higher
position. As the rotor increases specd, the centrifugal

force on the droop stop ring overcomes the force from the
spring, and the ring moves outboard between 95 and 115 rpm.

With the full rotor assembled for the first time on the whirl
tower, the centritugal droop stops worked out of engagement
with the rotor at rest, causing the blade to drop to the lower
flight stop pcesition, and the edge ot the droop stop to be
chipped. The droop stop had a cylindrical bore fitting over
the pitch housing sha 't, and a conical outer surface that
contacts the pads in the cross beam. When at rest, the forces
on the cylindrical and conical surfaces caused an outward
conmhonent ol force on the stop. When totelly at rest, friction
vpposced that outward force. When winds caused the blade to
move slightly in lead/lag, the rolling motion of the stop was
sufficient to allow it to wurk itself outword against the
centrifugal restraining spring.

A sct of redesiyned stop rings, $K301-11751-1, was installed.
Thaese rings had a cylindrical outside as well as inside.

With no radial componcnt of forces from the pitch shaft and
stop blocks, the certrifugal spring is adequate to hold the
stop block during all the rolling, ‘The stop blocks now have
two shorter sgurfaces rather than the single surface that would
accommedate both droop angles. The stop ring or block will
yield at o lower g load but deformation of droop stops is not
expected ko present a safety hazard. The DSTR parts showed
no noticeable yielding.
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The static position of the blade tips was measured on the
DSTR. They were lower than expected; hence, the blade-

fuscvlage clearance was decreased. The rea: - for the
increased drocop at the tip was the greater ‘lections in
the hub ccuaponents. This was concluded by m.asuring the
i angle from horizontal at a number of pointe on the hub and
£ g pitch housing with the blade off the droop stop, and with
g the droop stop supporting the blade weight. A set of
%% droop stop blocks that provided -1° droop angle rather than
A the original -2€ were fabricated and installed on the DSTR
é? rotor head to preclude excessive droop during starting and
oy stopping. The control system for the aircraft will require
E. 4 limitations on the applied cyclic control (nominally zero)
N during these operations to restrict the blade from nejative
g& flapping and to prevent the droop step rings from engaging.
5
3
i
Gorier
.
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4.7 FREQUENCY SELECTIVE BLADE LAG DAMPER

The detail design, fabrication, fatigue and qualification
testing of full-scale frequency selective lag dampers was
subcontracted tc the Bertea Corporation, Irvine, California.
This Gampexr incorporated an 8000-pound preload to pull the
rotor blades back against the lag stop to prevent aircraft
wallowing on rotor startup. A combination accumulation -

reservoir mounted incide the hollow rotor shaft serviced all
four dampers,

Five freguency selective lag dampers were delivered to Boeing
Vertol and are retained at Bertea for qualification tescing.
Four of the five Boeing Vertol dampers were installed on the

rotor (Figure 50), and the sparc unit was bench tested in the
laboratory.

Performance testing of the lay damper in a mixed freyuency
laboratory environment showed energy dissipation well in excess
of specification requirements.

The whirl tower testing showed two basic and unforeseen problems,
however. The first is a limit cycle phenomenon, or "hunting";
the second is a frequency-selective-damper control valve by
passing due to low rate changes in blade lag position which
accompany changes in power; i.¢., Naheuver transients.

Limit Cycling

A huntiny or limit cycle phenomenon in which there is alter-
nately a loss of tension and compression cycle damper force

was experienced during the whirl tower test program. This con-
dition is illustrated in the time history of Fiqure 51. Prior
to "Cycle 0", the damper is developirj load in response to the
1/46 blade mnotion only in the extension (tension) direction.
Just prior to "Cycle 0" the dampexr begins to develop load
during the retruction (compression) cycle whica is followed
almust immediatoely by a forward shift in the blade mean lag
position and a loss in extension cycle damper force. At "Cycle
39" the reverse process takes place. It is evident that this
switching phcenomenon will be repeated, agiving rise to an un-
acceptapnle low-frequercy hunting of the blade about its equili-
brium position. Similar rosultys, Figure 52, have been

obtained with an effective C.F. spring and an existing wnalytic-
al model of the damper. The analytical time history differs
slightly from the test results in that the condition has been
initiated by an impulse at time zero. Displacement of thes FSD
control valve has been shown for reference purposes and explains
the mechanism of the low-frequency oscillation. 1In response

to the initial disturbance, the FSD valve is displaced to one
side ot its null ov center position which unloads the damper
during the retraction cycle. In turn, the absence of a
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t = 12.6 sec

IGCURE 52. FSD ANALYSTS WITH SMALL DRIVE CYLINDER BLEED
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retraction cycle force causes the blade to oscillate about a
poesition aft of its equilibrium position. As the decaying
valve displacement approaches its equilibrium position, the
retraction cycle forces begin to build up and the blade starts
to move forward. Due to the blade inexrtia, the blade main

lag position overshoots the equilibrium position which drives
the FEL control valve over center in the opposite direction,
causing a loss of extension cycle damper force. At this point,
it ies apparent that the cycle is repetitive and essentially
undamped.

Degradation During Maneuver Transient

During entry or recovery from a maneuver, therotor horsepower
increases or decreases at a rate which is determined by the
pilot's rate of collective input. The change in rotor horse-
power produces a change in the mean blade lag angle, which, in
turn,affects the damper performance. If the maneuver entry and
recovery are represented by ramp changes in mecan blade angle,
the analytical plot of Figure 53 shows the conditions which
affect the damper. For damper ramp velocities less than .02/
in/sec, the FSD control valve remains within the center dead-
band (overlap region) and FSD operation is essentially un-
changed. At higher ramp velocities, the FSD control valve

is driven off center, resulting in a loss of damping force in
one direction (1/2 cycle damping). The loss in damping will
persist until the blade is . :abilized at the new mean lag
position and the FSD valve Lus recentered. Valve recentering
time based on laboratory testing is typically on the order of
3.5 seconds. When the ramp duration is such that the FSD

valve is driven to the hardover position, the valve is closed
and the damper operates as a non-FSD damper. Lines of constant
maneuvering horsepower indicate that delca hursepower up to
approximately 1000 horsepower lie within tue 1/2 cycle damping
region for the typical maneuver time of 2 to 4 seconds. Since
a delta of 1000 horsepower represents roughly 11% of full power,
a large number of maneuvers will be performed in the 1/2 cycle
damping region. Thus, a typical ramp duration of 2 to 4 seconds
together with a 3.5 second valve recovery results in up to 7.5
seconds of 1/2 cycle damping. While this may or may not be
unacceptable, it is clearly urdesirdable since it degrades the
damping action at all frequencies.

Extent and Impact of Necessary Modilications

Analytical investigations revealed that the low freguency limit
cycle is a function of the leakage area across the FSD drive
cylinder. While a complete analysis was performed, there is
evidence to indicate that additional overlap in the FSD control
valve is also beneficial. Figure 54 shows a comparison be-
tween a non-FSD damper and an FSD damper incorporating a larger
leakage area. Examination of *“he damper displacement waveforms
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indicatus the moditled FSD confiyuration stabilizes almost as

kﬁﬁ rapidly os the non=-¥FSD contiguration.

fg? A bridct laLouratory test was conducted to evaluate the effects
i wloancrvased drive cylinder leoukage., Response to transient

b input s ghowed a giynil icant ifmprovement in F5D control valve
- tecovery btime, an illustrated in Uigure 55, Suvoral single
B fluquuncy steady- state conditions were investigoted and the

‘54 rosulim ace swamar ized boluw.  The vesultle indicatra siyniti-

cant roeduction in unergy dissapation tor small amplitude low
lhaguency iaputs {low volocitius) duw tu Lhe increased drive
G cylindor Youaage. Bascd un cuvrent analyses, this reduction

& in mals amplitude damping is belicved waryinal tor ground
iy gtabl lity and unacceoptable tor enyine/drive system Ltorsional
oo r stability. “here is a utrony possibility, howevoer, that thas

gitaation can be alleviated by means ot additional overlap in
the FSD contral valve.

STEALY GTATE LLUERI ORMANCE TESS - MODIFILED FSD

LEAKAGE AREA = .00025 1N

LNLERGY DLSOHL1VATION

Unmiodit ied Moduit ied Spec.
vtroke Freguency ¥ Non=i'sh ¥ Non-~FSD % Non-k'S5D

- +.025" 42.5 RPM 61 38 --

- 105" 42.; RreM gn 55 85

2
b 4.1 42.5 AbM 79 69 85
e
+.05" 156 RUM 93 84 85

while innreased drive cylinder ieakage cures the limit cycle
problem and prov.des a significant improvement in valve re-~
v covery time, this feuture alone is not an adeguate solnution
to the ramp displacement transient problem. On the contrary,
the increased leakage compounds this problem to the extent that

. the region of 1/2 cycle damping is enlarged. The ideal solution
g consists of a mechanism which permits the FSD control to sense
ﬁ& only alternating lag motivuns, Since the damper will also re-

e spond to very low frequencies (less than approximalely .5 cps)

in the same manner as a ramp it is also necessary to exclude
these frequencies from the damper.

5. Resolution of these ba:ic problems with the F5D was impractical

B within the scope of the ATC program. Since all damper parts
were fabricated, the dampers were reworked to lock out the fre-

e guency selective feature for the DSTR testing with no other

o change in the basic damper configuration.
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Cespite the present shortcomings, it is still believed that
the FSD concept correctly implemented offers a potentially
significant damping improvement for the mixed frequency air
resonance condition. The following future program is recom-
mended:

1) Define and invaestigate analytically a mechanism to
eliminate the degradation due to ramp displacement
transients.

2) Assuming a satisfactory solut‘on of Item (1), optimize
FSD cylinder leakage and valve overlap to eliminate
limit cycling while retaining acceptable low velocity
single frequency damping.

3) Modify an existing FSD damper and conduct sufficient
bench testing to confirm analytical results.

4) Conduct a preliminary flight test evaluation with
one operational FSD.

Modify additional units and conduct a thorouyh flight test
evaluation to obtain comparative FSD and non-FSD performance.




4.8 SWASHPLATE

The swashplate rings were machined from 7075T7 aluminum alloy
forging. Each ring is basically a U-shapc with a closing cap.
The section is closed hermeticall’ by AF-30 adhesive and an
O-ring. The structural joint is made by the same adhesive and
two rows of studs. Boron-epoxy-wound rings were bonded into
grooves on the rings with TAME 200 PB-2 acrylic adhesive
{Reference 24). The boron rings were covered with a urethane
strip bonded in place. The double-row ball bearing was 51.5
diameter at the ball path, Lip seals contained the grease
lubrication with the upper seal lip directed to pass grease

out during purging. The seal lips rubbed on thin corrosion
resistant steel bands bonded to spacer rings. The other sur-
faces of clamping rings were originally specified to be coated
with nylon as a fretting inhibitor, but considerable difficuley
was encountered in this process. The coating was changed to
MIL-L-8937 Solid Film Lubricant. This material scrved satis-
factorily in the light fretting environment. The lugs for the
control actuators on the stationary ring and those on the ro-
tating ring for the pitch links are fail-safe in that one lug of
the clevis will sustain flight for 100 hours. The bolts at
these attachments are hollow and filled with a dye so that a
crack will be evident upon visual inspection. The ends of these
bolts are retained so that neither end will fall out should the
bolt separate. The stationary ring has six greasce fittings so
that purging may bce accomplished around the complete periphery
of the bearing without turning the rotor. The stationary ring
dlso has a threaded hole for the shock pulse meter transducer
for bearing failure detection.

The swashplate endurance test was pertformed on two sets of ATC
swashplate asscmblics and one set of prototype assemblies.

The primary obj-ctives of this test were:

u. The cevaluation of swashplate pertormance under a
duty cycle providing the extremes of anticipated
tlight operation.

L. Demonstration that the upper controls are capable
of satisfactory operation over a substantial portion
of their design lives.

Sccondary objectives include evaluation of the swashplate
bearing failure detec ion system, «nd the wear characteristics
of pitch link rod end' pearings under simulated flight loading.

The testing was pertormed in a back-to-back configuration as
shown in Figure 56, requiring two scts of test components as

noted. Dummy or simulatced components were utilized where their
substitution will not compromisc test results. The specimens
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undur test consisted oty 2 complete swashplate assemblics;
§ pitch link assoemblies (without the tnner non-loaa carrying
Liank): 4 drive sclasora link asacoblive, and 2 stationary
seitnsors agsembl Ve,

it shiould be noloed that the game set ot drive scissors, sta-
tionary scisdors, and patch links wore used on cach of the
testy.  The loading schedules tor cack ot the ety are shown
in Table 1u. The maximum load test 2 was the »v octed
capabilily of the beaving used, Test 3 loads encompass all
tlight luads. Vor the first test the load was applied in
incroments until a steady compressive loud of 1%0 pounds with
an alternating luvad ot 2790 pounds (=150 + 2790) was obtained
in the piteh lainkyg., Thiz load condition was sun tor a totul
endurance time ot 211.0 hours. Upon compgletion of 211.0 hours
at this load level, the loads contorming vo condition (1) as
shown on Tawic 1o were applied and the testing continued tor
an additional 28.8 hours,

At 239.8 hours endurance time and still on load condition (1),
the vibration scnsor on the fixture automatically shut the test
down. The indicator on the upper swashplate rotating ring
assembly showed loss of vacuum at somue time between 230.7

and 239.8 endurance hours when the automatic shutdown occurred.
Inspection ot the upper swashplate assembly showed several
cracks in the rotating ring, and spalling of the balls and a
failed cage in the swashplate bearing assembly (S/N 4). For

a complete description of damage to the swashplate sce
Appendix 1 of Reference 25,

Following this unsuccessful test, strain surveys were conducted
on the lower swashplate assembly, a portion of the tailed
swashplate assembly, and the Dynamic System Test Rig (DSTR)
swashplate assembly. The results of these surveys confirmed
that the rings needed stiffening in order to adequately support
the swashplate bearings, or that a considerably deeper race

was required to contain the ball path.

A third completed swashplate was modified tor the secord ATC
test. Medification consisted of bonding 12 bulkheads within
the rotating ring as detined by SK301-11742. Swashplate S/N
A-101 (trolm ATC Test 1) was also modified the same way. in
addition, the two boron stiffening rings, and the ridges ou the
cover retaining the boron rings, werce machined off. Stcel
rings, with the same EA value as the boron rings, were bonded
and pinned to the cover. Bearings with a maximum depth of 27%
were usaed for this tost.

The rotating ring was checked and found to be leaking air into
the swashplate rotating ring in the area of the steel rings on
the cover. These leaks were pluyged, the ring ovacuated, and
testang continued at load condition 1. Once in operation, the
leakage reccvurred in this ring.
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TABLE 16. HLH/ATC SWASHPLATE ENDURANCE %LST LOADING

SCHEDULE
TEST 1
CONDITION | HOURS |——tCi LINR LOADZLBE mypust MOMENT
STEADY ALT. LA IN-LB
(1) HIGH SPEED 249.25
LEVEL FLIGHT| (99.7%)| -4260 +4365 [ -17,040 ) 298,455
AND MANEUVER
(2) MAXIMUM 0.75 -7420 +7350 | -29,6R0 | 502,735
MANEUVER (0.3%)
(3) INCIPIENT
BEARING ~-2360 +3185 | - 9,430 217,770
FAILURE
TESY 2
(1) 95%Vy 238.7 -1250 414275 | - 5,000 | 292,410
(2) TURNS & 1.6 -5730 +6532 | -22,920 | 446,790
CONTROL (0.64%)
REVERSALS
A (3) AUTOROTA- 9.7 -6120 +6976 | -24,480 | 447,160
: TION & (3.88%)
- CONTROL
iy REVERSALS
5%@ TEST s _ -
o (1) 958y . 237.0 -1200 £4105 | - 4,400 | 257,180
[relt i —
|
{2) TURNS & 1.6 -5730 +6530 | -22,920 | 446,660
CONTROLS (0.64%)
REVERSALS
(3) AUTOROTA- 9.7 -6120 +6980 | -24, 480! 477,430
TION & (3.88%)
CONTROL
REVERSALS
(4) PULL UPS 1.7 -8200 +9350 | -32,800 | 639,530
(0.68%)
) 1
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Testing was continued for an additionai 27.8 hours wihille
monitoring the lcak rate. DLuring this period of operation,
the leak rate continued tc increase. After 126.8 hours of
endurance operation, the rig was shut down to permit a leak
check, ultrasonic and X-ray examinations of the lower portion
sy of the rotating ring,

Visual inspection of the raceways of evach of the swashplate

- bearings after tests 1, 2 and 3 provided important infotrmation
é concurning the performance of the bearing under various test
= loads. The swashplate braring was initially analyzed using

& Boeing Vertol bearing Computer Progrum 533 both for an idedl
rigid support structurc and for a modified flexible support
structure. Ekxamination of the racceways after test 1 showed
that the bull path analysis provided a reasonable prediction
excupt in the areas of maximum Joading which resulted in sig-
niticant bearing and support structurc deflections. Thesu

: deflections resulted in the bails riding ovecr the race shoulder
ol of the P/N 301-11426-1 bearing (22% depth) causing premature

. failure.

The results of test 1 indicated that the bearing did not have
adeguate race depth to insurce that the ball path would remain
below the race sheoulder under maximum loads with the particu-
lar back-up structure. Bearings in the process of being manu-
factured were redirevcted to have the maximum depth avallable
from the rings, which was .27¢, tor the scecond tes*.

This test was t.rminated tor other than bearing failure at
12b.8 hours. Examination of the beuring showed no distress
but did reveral that the balls were riding close to the race
shculder under loads lower than predicted, ¢ven with the
stiffening provided by the ring modification.

The prototype 35% race depth bearings 1n thicker wall swash-
tlate ring: coempls ted the 250 bour test under all load condi-
tions without any siyns of distress. Visual inspection ot the
raceways indicated that the bai1l path was helow the shoulder,
¢ven under the maximum torward rotor witcen link load ot -8200
+9350. The results of the visual inspections are shown in

Tal le 17.

The ball path measurements of the prototype bearings in the
third test were taken following the endurance test. The maxi-
mum lcad ball path was not aistinctly visaible 1n the bearing
raceway since it was operating in this condition for only 1.7
K } surs. The denrth noted in Table 17 is not extremely orecise.

' :-. had been planned to etch the races and run for a short tim.
at the maximum load during th: damaged bearinsg segment o< the
test. This would have provided a clear ball path as had been
obtained with the other bearings. The measurement does indi-
cate, however, that the margin of availakle ball path (race

fin 163
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depth) is more than adequate. Cracks were located in the

area of once rotating drive scissors attachment and at the out-
board flange radius ot the inner boron ring. At this time
further endurance testing was toerminated.

Examination of Failure. An evaluation ot strain levels on the
ring in the arevas of railure as well as a physical examination
of the ring indicated evidence of debonding of some of the

bulkheads and marainal fatigue strength based on wall thicknoe::

Busced un the first two tests, the HLH prototype swashplatc
rings werce designed to have heavier walls and integral ribs
in the rotating ring. The ridges for containing the boron
rings were eliminated, and the boron rings were increased in
chickness, The bearing race depth was maximized (35%).

Two swashplates of this contiguration were fabricated tor
testing. Thoese swarhplates completea the 250-hour test with-
out iLncident.

The swashplate cendurance tests and DSTR expericnce conclude
that:

L] The prototype swashplate contignration with 35% race
depth bearing is more than adequate to meet cendurance
requirements. 1t should be possible to reduce the
wall thicknesses of the ringyg to reducce weigyht.

® The pitch links, drive scissors and stationary scissors
are satisfactory tor use on the prototype aircraft. The
bearings in these components have a reasonable chance of
mecting 1000 hours 'ife.

) The 300-hour interval tor ygreasing the swashplate can be
expected based on the guantity and quality of the grease
remaining atter the third test, during which nonc was
added,

- The urethane covaering for the boron rings is inadcyuate
because the swashplatce is used as a work platform, Thin
aluminum covers werce planned tfor the prototype, but
drawings do not exist.

® Fatigue tests of the stationary and rotuting rings
remain to be pertormed on the prototype confiquration.
The bearing tatilure indicator portion of the ¢ndurance
test should al: » be pertormed.
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4.9 DRIVE SCISSORS

The four dr.ve scissors causc the swashiplate to rotate with
the rotor hub, and maintain the swashplate concentric with the
rotor shaft. Each scissors kinematically is a four bar lir'age
in a radicl plane with the linke consisting of the upper arm,
lower » 7, swasnplatc, and rotor shaft/drive collar. The lower
drive —to-swashplate connection is a spherical bearing, and
the swashplate--to-rotor shaft connection is determined by the
position of the three swashplate actuators. The drive scissors
offer no restraint to vertical or tilting mot’ ~ of the swash-
plate.  The three control actuators determine oo position and
limits of vortical) and tilting motion. The kunomatic arrange=
ment cannot he aceomplished with rigid linkage: the lower
30 1580rs acm connection to the swashplate moves out of the !
radial plane when v . lted irn othor than through one of the con- !
nections.  The HLH accommodates this kincematic evror through 1
torsional deflection of the upper scissors arm. This part is {
made of two titanium picces hollowed to channcl sections which ;
|
i
1

are plasma arc welded togethoer.  The inner end is hinged on
Tellon-Dacron-flarged sleceve bearings in a titaniur drive
collar. 'The upper ond lower scissors arce also joiaed with
similas pearings.  The attachment to the swashplate is turough
a Terlon-Dacron-1lincd snherical bearing.

*oa valld fatigue: lests were performed oun speciwens consisting
o simulated drive collar with the lug contiguration, upper
«1 lower scisscis, Including bearings and attaching hardware.
ne toest osetup is oshown in Pigure 57, and the test is reportoed ;
in Reference 260, 1
1
{

the tivst failure in Specimen No.o 1 was a crack that occur red at
the upper (drive collar) end of the upper drive arm. This
crack o ‘ginated al oan arca of frett uwg between the flange of :
higei~-fit hashing and the face of the lug. As a conse- ’
e b this and because ol otiher advoersce experience, it !
wes aeci od o replace the original anti-fretting coating

(hermete, 20 with  aluiminum-bronrae containing 10% kkonol. ,
There wa 2 lyo a Fatigue failure of the flanue of a lower arm

< he

buching.  M™ie redesign included t™ickening of the bushing !
tlanges. i
A sceond test wiith Lhe scissors armg fitted with the new bush-
. . . o s . . ]
fnge Log ulscontinued on the discovery of a crack in the upper {
ar o urigirating in an arca in which the wall had a + Tp run i
ou’ due Lo misgmachinine,  This result is considered wvalid f
and 15 <l sregorded In otiae analysis of regults. i
i
Th  ihvrd tost was stoppoed at L152x10% cycles oa the fail- !
ure of the bolt connecting th reroand lower arms.  When the {
astoanbly wag taken apart it was ound that the shrunk-in {
!
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bushings did not tit properly duc to irreqular aluminum coating.
To facilitate manufacture to the required tolerances, further
redesign was necessary betfore continuation of the test. The
test was completed with the Cinal bushing design which has a
modified tlangew-cylinder radius and is tinished by grinding
attur cvoating tor dimensioral control,

Two turther bolis were testel to lailure belore tho upper arm
failed, having accumalatoed 1.408x10% cyclen. Basod on analysis
the predictions ot part lite are as shown in Table 14.

14 should be noted that the titanium parts at the upper arm,’
diive collar joint, with a demonstrated sate life of 2,700
duur e Juu Lo Lhe lTimitations of the toat, may be expected to
exhibhit liven excewding 3,600 housrs {1 more specimens are
tas d,

flthough tacre woere soevoural instancer o cracked bushings, the
ntructural parts were never affected; thele waii uuvor an indi-
cation that the crack ia the bhushing caused damage Lo struc-
tural pavts. Thevetoro, the cravked bushingy are not congiderod
¢critical Lo the fotiguoe strenoth oo omoade of taid Ture.,

Thee tnner stat jonaay ving of the swashplate was initially
testiained tiom voteting by a gingle gseissors attached to the
Coancanrsnson upper cover ., The parts were similar in construc-
tion to the drive soarnnors, The swashplate endurance test,
ey whit b toat, and the DSETR all operated tor a time with the
gingle hsceansors,  To hwther steady the swashplate, and Lo
provide 1ail satety, a cecond scigsors was added. The scoond
was tdeatical to the tirst, and future parts eould boe lighter
since, undor normal conditions, cach carrices approximately

one hall (he load.  This reduced load scissors would also be
required to carry the load alone for 100 hours for the tfail-
sate condit ion,
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4.10  PIirCH LINK

The piteh link connocte the swashplate Lo the blade piten aim,
Tie aank consiets o two concanti ice load path asnsemblies, cach
conarat tha ol oa pair of yod emde connected by a twirnbucklo,
Thee turnbuckles a0 oaned o tha. adjustment ot both binks
1o sl anvoug.  Spharical Tetlon-bacion-lined bearings e
progged ato the outar path red ondas. The buics ol theoe od
vt comtooaped v onght wlominum bronze Lbudhainga. The bushaingo
wore ue ogitally corrosion aedistant stoeel coated with Sevmetel
72 whic't woere replacvod ot the tine the hub tatigue test showed

Sermate. to be inadeguate as a fretting inhibitor.  The rod
ende 0l the innev load path Lins had bures lavyer than thee
bearing .o Lhat no losd was ca tied as long as the outer load

path link romalped in tact.  Core must boe exercised an assemb—-
Uing the link o assute this tunstion.  Yuring load calibra-
tion ol one Lastgae test link, thoe load was shaved between
thee two links boeoinning at o low load because the bearing and
vhe duner Jood peth rod ond were not concentric initially.
Wiih load, the outer link changed length until the clearance
i the inner rod end was taken up, Portions ot the inner rod
onas are coverad with Tet lon=bacren tabric.  These areas

i support the inner link within the vuter link avoiding the

' posnible fretting ot a metal -to-metal contact.

Two pitch Vink assemblies were fatigue tested as reported in
Reteronce 27.  Fach specimen was assembled to requirements
stated on ite assembly drawing except tor the tollowing:

@ The rod ends were placed in the same | lene rather than
isplaced by 43Y, This was done to permit the davelop-
w ment of the same loading on both the upper and lower
codd ends .

5 @ Ottset titting ssemblices were installed in place of
' the rod end bearings as shown in Figure 58, The purpose
%' ot the oftfset assembly was to permit the developrent of

ond moments, simulating thosc produced by bearing
friction. ‘'be test sctup is shown in Figure 59,

‘E& The first fatigue failures in both specimen: occurred in the
" outer rod end lugs and were nearly ldentical 1n appearance
and location. See PFigure 60 for the location of failures.
Testing was continued atter cutting away & portion of the
failed lug so that the load was c<n the remaining lug of the
outer load path clevis. The sccond failu:ze in Specimen No.l
occurred in the shank region of the remaining outer pitch
link lug. Light fretting was eviient in the lug toilure

al origin arcas of both spec.imens.
E 3
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Cracking followed a small undercut between the shank boure
wall and the intersecting spherical inner surtace.  The
second tailure in Specimen No. 2 occurred in the remaining
vuter pitch link lug in approximately the same location as
that ot the ftirst tarlure,

The sccondary load path ot both specimens succusstuily with-
stood one million cycles at 5000 +5000 pounds and a sub-
seqgquent proot load to 20,500 pounds without tailuie. In
addit ion, Specimen No. 2 was tun tor another one mallion
cycles at 6500 10500 pounds tollowea by proot loading to
20,000 pounds without tatlure.

All threads, both internal and external, looked very good

In both specimens atter completion ot tattque testaing., Theae
wds no binding ot these thread:s when the specimens woroe
disassonbled,  The tabrae linanyg material on the sceondary
links in both specimens showed no appaarent detortorat ton at
compleotion ol tatigue test g,

From analy s oof the test data, o sate 1ote ol Hed howry, and
d o tarl-sate 1Vt o J0Y% hours we re determined., These Hives,
however, derive trom the test tallure pornts and, therclove,
from the test Joading in which o tensile steady tead = 1.1 X
alternat iae tord was used. Actual rlight loads will be iess
severe acvording to the resuits ot the wind tunnel and whaeid
tower tests reported o Reteropces 28 and 29,0 These show
steady piten Tigk toads to be coppressive,  just as Lthey are
now in the CH=47 helicopter. Sinee any reduct ion in steady
tengile Toads will reduce Tug oyelic streszes, g signiticant
inervase 20 pocddleten Tt would tesult. With Lhe tonstle
Toveed capriadl e mes Balt the abteriot ing, the calcealaved sate
Jiter tw 2800 Dy s

The protocyoe picch Tinks were changed only in that the
bushings 10 the rod ends wes o changed to be corrosion-
resistant stoel with aluminm bronse with konol, the best
fretting mnhibitor testaed during the progra.
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4,11 DEMONSTRATION ROTOR

A complote jotor hub and upper

cont:ols artembly was abia
cated and insvalled with

tovg blacer on ey whintl towey
{(Figure ol). A baaef whitl test wan perltormed and 16 ropen ted 1
in Rutarencae 29, Itemu ot the test signaticant to the totor
bub and upper contiols were:

® Clearance chack of moving parta tor cleatance.

e I'rool loading of the controls throuah application of i
blade pitching moment .

@ Stress and motion surveys indicating stresuas as pre-
dicted.

® Operation of rotor at the overspeed condition
{125% normal) tor once hour,

® Evaluatiun ol the trequency seloective damper.

This test revealed deticiencies in the vlastomeric bearing,
droop stops, and the trequency seloective damner,

these conditions is described an the detail discussion of that
conponent. The titanium hub retention nut deflected exces- 1
sively when installed in acvcordance with Jdrawiag spaec.tica-
tions. The nut screws onto the rotor shatrt looeosely, and
thrust preload is avplied by 2% acyews applying force bebtwoeen
the nut and the hub. The offset between the shuatt threads and
the center ol the screws produce i moment tending to rcll the
nut inside out. For the reguired preload, the deflection of
the nut allows the lower diameter to expand and the lower
threads to separate substantially. A nut of moere substantial
crosg~saction was desiyned for iche DSTR.

Each ot

Uppon completion of tne whirxl test, the demonstration rotor was
ingtalled on the LSTR (Figure 62) with engines and trans-
missions to operate as a rotor-drive system. The tests are
reported in Refoerence 30, The DSTR provided more operating
experience to increase contfidence in the hub and upper
controls while revealing other deficiencies.

w

igni nt problem sulving was accomplished on the DSTR for
he hub and uppexr controls.

I I3 ol o e £ & kel n Tt sl - A B

gnifica

-

1
L ¢ IEvaluated preload button for elastomeric pitch bearing
” as 4 solution to the tearing of the bearing.
&  Evaluated frecting inhibitors that were identified for
use on tlight hardware and which denonstrated satisfactory
results. 3
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® Phoetograrbee b e vde maottons o coineg hab cine camera under
sttt np, shuatbswn, gl haoth o cyclaae conditions,

The DETR provided oxposute to routine operation and main-
tenance of JHEE hardware which weald have been bencetficial toe
mrtial HLH prototype operat tons,

‘ ¢  Kandom and sporadie peraiods ot horrerontal swashplate
moetion were visually observed and later measuvred., It was
net posiible to determine the causes o these motions,
act the siaqniticance, wrrthin the time of the tests.

® Goined signiticant ansitght anto the initial operating
temperature of the swashplate atter replenishment of
swashplate grease.,

¢ Duiacnstiated ticeld replacement ot dynamic system
compoment .oanchading hab, o1t ch housing, cressbeam, and
clastomer ve becring,

Operating problems aneluded tearing ot the elastomeric bearing,
~orvected with the thrust button, and the disengagement ot the
dreop stops, corrected with the cylindrical stop ring.  0On two
octasions, tarlure ot the DSTR (non-aircraft) control system
caused substantial damage to the droop stop parts when the
control system caus=ed large tlapping motion ot the blades
while the stop ring was in intermediate positions (botween 95
and 115 RiM) .

A new problem aross during the DSTR tests that did

not cecur during the short whivl test. 'he rvotor blade lag
Jdamper has spherical bearings at cach end and i3 free to
rotate about its uxis throuuh these bearings. The fitting to
which the inboara ond is attached has buttons on ecither side
of the clevis whicn contact the dwmper lug to limit this
rotation. Recause of the (reuue. y selective mechanism, the
center of gravity of the damper is above the axis and o
component. of centrifugal Force cuuces a moment about this
axis. The limiter button reacts the torque while rubbing due
to flapping »f the blade and damper. The original Nylon
buttens wore scevercly and were replaced with bronze oilite.
These also wore rapidly, but it was more expedient to replace
the limiters a few times during the test rather than cffect a
design change.  Future rotor heads would not try to correct
the rapid wear with othor watevials, but rather do something
to reduce tho moment of the lay damper which loaded the
buttons.

178

. B s e ¢ linttihbhod mn amrarrrs s e 8 -, St Rty e —— i




.‘iv !

w':‘-"‘*':

%

s

P

iy
¢
0 il

L -

Upon teardown of the hub and upper controls at the completion
the test, the following unsatistactory conditions were found.

Joints 1n the titanium structure which still had
Sermetel 72 as the fretting inhibitor showed incipient
tretting. All joints in the prototype had been changed
to use aluminum bronze with Ekonol.

Fretting on the eonds of bushings i1n the drive sclssors
was seen similar to that in the scissors tatigue test,
Prototype parts were coamatted at the time the problem
was initially recognized 1n bench test. No change for
the prototype was decided based on successtul tatigue

testing ot the scissors, and the imited degree ot the
iretting.

Light rust was tound on the fracture surtaces of the
430C corrosion-resistant steol outer race ot the shear
bearina.  The bearings on the DSTR rotur were not
passivated and the rust stains are most likely free iron
on the curtace. I'rotetype bearings specitfy passivatioon
to prevent recurrence,

white powdery products ot corrosion were lound on the
outside beariny diameter ot the aluminum stationary ring,
and the cwashplate bearing showed rust spots on the inside
diameter.  Rain water had seeped under the bearing
retalning ring.  The solution ottered was to provide a
preformed packing (0 ring).  Tnis had not been implemented
in the vrotetype swashplotes.




