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This report presents the results of a continuing effort in 
evaluating laminated elastomeric bearings for helicopter 
rotor applications.    The object of this contractual effort 
was to establish design requirements,  to conduct bench 
tests on pitch change elastomeric bearings,  and to publish 
data resulting from a contractor-sponsored flight test of 
an all-elastomeric-bearing configured UH-1 helicopter 
type main rotor. 

The feasibility of using only elastomeric bearings in a 
helicopter main rotor has been proven.    Flight test results 
show that the steady and oscillatory loads for the hub, 
blade,  and controls are comparable to base-line data for 
the AH-1G production main rotor. 

This Directorate concurs in the conclusions contained 
herein. 

The program was conducted under the technical manage- 
ment of Mr.   Rouzee E.   Givens,  Propulsion Division. 
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SUMMARY 

Presented in this report are the results of a flight test program con- 
ducted to evaluate elastomeric bearings in the main rotor of an AH-IG 
helicopter.    An experimental main rotor (illustrated in Figure 1) was 
fabricated and tested using only elastomeric bearings in both the flapping 
and pitch change axes.    With this rotor,   the flapping bearings carry the 
rotor drive and lift loads and allow the flapping motions.    Two pitch 
change bearings (as shown in Figures 2 and 3) were used in each grip to 
carry the blade bending and shear loads and transfer the blade centrifugal 
force to the rotor yoke.    These bearings also accommodate the blade col- 
lective and cyclic pitch change motions. 

Torsional,  radial,  and axial load deflection curves are given for the 
flapping and pitch change bearings.    In addition, the results from a 
limited endurance test program are included for the pitch change bearing. 
The purpose of the endurance tests was to assure that bearing metal 
parts would not fail prior to elastomer shredding.    Thus, visual in- 
spection of the elastomeric bearings was considered sufficient for saiety- 
of-flight during the test program. 

Flight test results showed satisfactory loads for the blade,   hub,   and con- 
trol system.    In-flight measured loads are compared with base-line data 
from the same AH-IG test vehicle at similar operating conditions.    Also, 
calculated natural frequencies and frequency test points,  for the experi- 
mental rotor,   a.re compared with calculated values for the production 
rotor.    The test results have shown the feasibility of elastomeric bearings 
for helicopter main rotor applications. 

in 



FOREWORD 

This report was prepared under Contract DAAJ02-70-C-0020,  Project 
1F162203A117,  with the Eustis Directorate>  U.  S. Army Air Mobility- 
Research and Development Laboratory.    The work conducted during 
Phase I was initiated on   3 March 1970 (bearing fabrication and bench 
tests) and was completed 1 September 1970.    The test results showed the 
bearings to be satisfactory for the flight test program. 

Phase II of the program consisted of rotor hardware fabrication and 9 
hours of flight testing on an AH-1G helicopter as a part of Bell's IR&D 
program.    The flight test program was conducted using CJSAAVLABS 
"Phase I" flapping and pitch change bearings. 

The contracted work was conducted under the technical cognizance of 
Messrs. J. N.  Daniels and E. R. Givens of the Aircraft Subsystems and 
Equipment Division of USAAVLABS.    Principal Bell personnel associated 
with the  program were Messrs.  W.  Cresap,  C.  Fagan, R.  Lynn,  and 
D. Snyder.   In addition,  technical assistance was received from Messrs. 
J. Gorndt, D. Myers,  R. Nicoll,  andR.  Peterson of the Lord Manu- 
facturing Company. 
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INTRODUCTION 

Elastomeric bearings are a relatively new development with much prom- 
ise for oscillatory motion applications.    The laminated pad in the bearing 
consists of alternate layers of elastomer and metal, which are quite thin 
when compared with the bearing's overall size.    The pad is molded (or 
formed) in a particular shape to accept the specific bearing load and 
motion design requirements.    Thicker metal housings are bonded to each 
side of the pad to distribute the loads over the bearing surface.    This 
type of bearing, when properly designed and fabricated,  is capable of 
carrying high compressive loads,  perpendicular to the laminates,  and 
accommodating oscillatory motions in the elastomer shear direction. 

In 1964,  Bell Helicopter Company initiated a program to investigate 
elastomeric bearings for application to helicopter rotor systems.   Since 
that time,  the company has flight tested two tail rotor configurations 
which used only elastomeric bearings in both the flapping and pitch change 
axes.    The satisfactory flight tesc results for the two rotors are re- 
ported in References 1 and 2.    An Elastomeric Bearing Symposium was 
conducted in March 1969 at the Eustis Directorate,  U.S. Army Air 
Mobility Research and Development Laboratory,   Fort Eustis,  Virginia. 
The symposium discussions (Reference 3) summarized most of the 
elastomeric bearing work conducted in the United States prior to that 
time. 

This report presents the results of an all-elastomeric-bearing main rotor 
test program conducted on an AH-1G "Cobra" helicopter as wel1 as the 
preliminary qualification testing to verify component design cha -acter- 
istics and to establish fatigue data.    The two-bladed seesaw typ»  exper- 
imental rotor used elastomeric bearings in both the flapping ana pitch 
change axes.    The rotor was evaluated during maneuvers and throughout 
the speed range of the test vehicle.    This program proved the feasibility 
of the concept and demonstrated the potential of elastomeric bearings for 
rotor applications. 

It is believed that the only elastomeric bearing rotors flown up to the 
present time are the systems discussed above.    The efforts leading up 
to and including the current tests were joint tasks supported by 
USAAVLABS and Bell Helicopter Company. 
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FLAPPING BEARINGS 

DESCRIPTION 

The radial bearing,   shown in Figure 4, was designed for use in the main 
rotor flapping axis of an AH-1 helicopter.    Two bearings spaced 9 inches 
apart are required to carry the rotor lift and drive torque as well as to 
allow the flapping motions (see Figure 1).    The flapping axis assembly is 
shown in Figure 5. 

The bearings consist of concentric layers of elastomer separated by steel 
cylinders,  both of which are approximately 0.05 inch ^hick.    The elasto- 
mer pad is Z. 5 inches long with an I. D.  of 2. 0 inches and an O. D.  of 3. 0 
inches.   Also,  the elastomer pad is contained between thicker steel inner 
and outer housings.      The flapping bearing is shown sectioned in Figure 
4b. 

ENDURANCE TESTS 

During a previous program, endurance tests were conducted to estimate 
a service life for a similar bearing in the main rotor flapping application. 
The test conditions selected were believed to be the loads and motions 
the bearing would receive during normal operation.    Thus,   1 hour of 
testing represented 1 hour of service during helicopter operation.    The 
test program consisted of loading the bearing radially to 27, 000 pounds 
and cycling it torsionally at a frequency of 324 cycles per minute.   During 
1000 hours of testing,  the bearing rotation was ±4 degrees for 760 hours, 
± 6 degrees for 225 hours, ± 8 degrees for 12. 5   hours,  and ± 10 degrees 
for 2.5 hours.    Three bearing specimens were tested for the 1000-hour 
spectrum and were in good condition after the tests.    Calculations show 
that 4 degrees of torsional motion develops a shear strain of 0. 28 in the 
elastomer.    The radial load (on the elastomer pad) was 5400 pounds per 
square inch. 

SPRING RATE TEST RESULTS 

Figures 6,   7,  and 8 show load deflection curves for axial, torsional,   and 
radial loading respectively.   All bearing load deflection characteristics 
are considered satisfactory for the AH-1 main rotor application. 



a. I n b o a r d E n d b . Sec t ioned B e a r i n g 

F i g u r e 4 . F l a p p i n g B e a r i n g . 

F i g u r e 5. F l app ing Hinge A s s e m b l y . 
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PITCH CHANGE BEARINGS 

DESIGN 

Two elastomeric pitch change bearings,   spaced 15.2 inches apart,  are 
used in each rotor grip as shown in Figure 1.    The two bearings are re- 
quired to carry the blade centrifugal force and to transfer the blade shear 
and bending loads to the rotor yoke.   Also,  the bearings accommodate the 
blade collective and cyclic pitch change motions. 

The magnitude of the bearing's radial, torsional, and axial spring rates 
was a major design consideration. The radial and torsional spring rate 
values discussed are those for a single bearing while under a 56, 000- 
pound axial load, since each bearing is required to carry one-half of the 
blade centrifugal force of 112,000 pounds. Operational service life, for 
the AH-1 main rotor application, was another important factor which 
affected the design of the bearing. 

The final design resulted in a conical part 4, 9 inches long,  6. 2 inches in 
diameter at the large end,  and 3.7 inches in diameter at the small end 
(see Figure 9).    The elastomer pad is made up of alternating 0. 05-inch- 
thick layers of elastomer and steel.    The layers are conic shaped with a 
60-degree angle included.    Figure 10 shows the final part with a quarter 
section removed. 

The following load and motion criteria (Table I) were used for design 
purposes.    Since establishing these criteria,  a more precise load and 
motion spectrum (which is slightly less severe and should be used for 
endurance testing) has been developed and is presented in the Flight 
Test Results section (Table II). 

I 

[         TABLE I.    ESTIMATED LOAD AND MOTION CONDITIONS 

Tor sional 
Helicopter Operating 

Condition 
Load (lb) Motion 

(dec) Axial Radial 

Parked 0 2,640 0 ±20 
Ground Run (Idle) 12,500 2,640 -11 ±   5 
Ground Run (Full RPM) 56,000 10,000 -11 ±   5 
Cruise 40% of Flight Time 56,000 10,000 

±4,000 
+ 4 ±   4 

Cruise 30% of Flight Time 56,000 10,000 
±4,000 

+ 4 ±   5 

Cruise ^0% of Flight Time 56,000 10,000 
±4,000 

+  6 ±   8 

Maneuver 10% of Flight Time 56,000 11.800 
±7,800 

+ J1 ± 12 

10 



F i g u r e 9 . E l a s t o m e r i c P i t c h Change B e a r i n g . 

F i g u r e 10. Sec t ioned P i t c h Change B e a r i n g 



I 
RADIAL SPRING RATE 

The bearing's radial spring rate was predicated on the rotor assembly's 
bending stiffness requirement.   A design requirement for the new grip 
assembly was that its in-plane stiffness be equal to that of an existing 
grip assembly (Bell's Cobra production Model 540 rotor).    Thus,   the 
operating frequency modes for the elastomeric bearing rotor were ex- 
pected to be the same as those of the production rotor.    Calculations 
indicated that a minimum chordwise radial spring rate of 600, 000 pounds 
per inch is necessary to meet this requirement. 

TORSIONAL SPRING RATE 

The torsional spring rate requirement of the bearing was established as 
190 inch-pounds per degree maximum,   on the basis of the pitch change 
bearing's effect on the steady collective control system load.    For safety- 
of-flight,   the AH-1G helicopter is equipped with dual hydraulic boost 
systems,  with each system capable of providing satisfactory control.    To 
maintain this provision,   the total torsional load of the four bearings (with 
15-percent allowable for friction and blade pitch coupling forces) was 
limited to that which could be accommodated by one boost system.    The 
total collective blade displacement is 23 degrees; assuming bearing   in- 
stallation (for no windup) at 8 degrees,   the maximum bearing torsional 
displacement is 15 degrees.   At the established spring rate,  the maxi- 
mum steady load on the collective controls will not exceed the capability 
of a single boost cylinder.    The calculated loads to the cyclic control 
system were less severe and did not affect the bearing design. 

AXIAL SPRING RATE 

The bearing axial spring rate was established as 466,000 pounds per inch 
per bearing and was not a critical item during the design.    Two pitch 
change bearings share the blade centrifugal force,   and the established 
spring rate was expected to keep the blade axial motion about the same as 
the present tension-torsion strap retention system, 

SPRING RATE TEST RESULTS 

Radial results are graphically presented in Figure 11.    The values show 
that the part has a radial spring rate of 800, 000 pounds per inch,  in the 
blade chord direction.    Also,   the figure shows that the stiffness in the 
blade beam direction is 500, 000 pounds per inch for the operational range 
loading,  which is less than Z00 pounds.    Both values are considered satis- 
factory for the dynamic and flight load-carrying requirement.    The 

12 



bearing lugs provide additional outer housing support in the chordwise 
plane,  which accounts for the higher spring rate in that direction. 

Torsional spring rates were measured while the bearing was under axial 
loads of 12,500 and 56,000 pounds.    Hysteresis curves for torsional 
rotation to ± 30 degrees are shown in Figures 12a (12,500-pound axial 
load) and 12b (56,000-pound axial load).    Figure 12b shows that the bear- 
ing has an operating torsional spring rate of approximately 150 inch- 
pounds per degree.    This value is well below the calculated maximum 
allowable of 190 inch-pounds per degree. 

An axial load deflection curve, for the pitch change bearing,  is shown in 
Figure 13.    The curve shows that the bearing will deflect about 0. 11 inch 
under its share of the blade centrifugal force (56,000 pounds).    The 0. 11- 
inch blade motion is considered satisfactory based on the deflection of 
the existing tension-torsion straps. 

ENDURANCE TEST RESULTS 

Two pitch change bearings were loaded axially from 0 to 150 percent of 
their normal operating axial load (84,000 pounds each) for 5000 cycles. 
The condition of one specimen,  after the 5000 cycles of testing, is shown 
in Figure 14.    The total axial deflection for each bearing when loaded 
from 0 to 84,000 pounds was measured after every 1000 cycles.   The 
values recorded are as follows: 

Number of Cycles 

0 
1000 
2000 
3000 
4000 
5000 

Deflection (in. ) 
Bearing No.   1     Bearing No. 2 

.146 

.145 

.151 

.158 

. 168 

.181 

140 
137 
140 
146 
154 
165 

Axial load deflection curves for the bearing before and after the test 
program are shown in Figure 13.    Visual ippearance of both test speci- 
mens after the test program was the same. 

The purpose of the fatigue tests was to assure that the bearing metal 
parts would not fail prior to extrusion ov shredding of the elastomer. 
Thus,  the condition of the elastomer can be used as an indication of 
fatigue load history during the flight test program.    Extruded elastomer 
in areas near the outer housing lugs is shown in Figure 14a.    This 
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condition indicates that the load was not evenly distributed across the 
bearing.    Redesign of the metal outer housing,  to obtain additional 
stiffness perpendicular to the lugs,   could result in a part with increased 
service life. 

ULTIMATE AXIAL LOAD TEST 

One pitch change bearing was loaded in the axial direction to 200, 000 
pounds--three and one-half times the operating load.    Inspection after 
the test revealed no damage to the bearing.    The load deflection curve 
in Figure 15 shows the bearing's compression characteristics from 0 to a 
ZOO, 000-pound axial load. 

14 
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FLIGHT TEST EQUIPMENT DESCRIPTION 

TEST VEHICLE 

A standard AH-1G helicopter.  Serial No. 20153,  was used for the flight 
test program.   A complete description of the helicopter is given in 
Reference 4.    The standard helicopter differed only in that an experi- 
mental rotor was used.   Standard AH-IG, 27-inch-chord blades were 
used,  and the production rotor diameter of 44 feet was maintained. 

MAIN ROTOR CONFIGURATION 

The experimental rotor contained two elastomeric bearings in the flap- 
ping axis and two elastomeric pitch change bearings in each rotor grip. 
Figure 16 shows a comparison of the elastomeric bearing and standard 
AH-1G rotor hub assemblies.    The rotor yoke flexures and pitch horns 
are the same for both rotors.    The mast trunnions are the same except 
the spindle size of the experimental part was changed to accommodate 
the small inside diameter of the elastomeric flapping bearing.    Figure 17 
is a close-up view of the elastomeric pitch change bearing installed in 
the hub.    Figure 18 shows the test helicopter with the experimental rotor 
installed. 

The test rotor was approximately 135 pounds heavier than the production 
system,  as a result of designing the experimental hardware for low-cost, 
one-of-a-kind fabrication.   A weight study was made for a new rotor of 
the elastomeric bearing type,  redesigned to use titanium in lieu of steel 
and a single-piece flexure and yoke extension.    The new rotor weight 
when compared to the present production AH-IG rotor showed a reduction 
of 52 pounds. 

Instruments were installed to monitor the loads and motions during the 
flight test program.   Locations are presented in Figures 19, 20,  and 21. 
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F i g u r e 17. E l a s t o m e r i c P i t c h Change B e a r i n g s . 

F i g u r e 18. AH-1G H e l i c o p t e r T e s t V e h i c l e . 

ELASTOMERIC PITCH 
CHANGE BEARINGS 

AH-1G HELICOPTER 
TEST VEHICLE 
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FLIGHT TEST PROGRAM RESULTS 

INTRODUCTION 

The flight test program with the all-elastomeric bearing main rotor was 
conducted in three phases. 

Phase I was a preliminary evaluation at 8000 and 9500 pounds gross 
weights at neutral eg,   and was limited to level flight ( at two main rotor 
speeds), dives,  and mild maneuvers.    The blades used in this phase were 
P/N 540-011-001.    The desired indexing of the feathering bearings was 
established,  and the concept feasibility was demonstrated. 

Phase II was an extension of the preliminary program and evaluated both 
level flight conditions and medium severity maneuvers at the eg extremes 
at 9500 pounds gross weight.    During this phase,  the standard collective 
friction unit in the rotating controls was successfully deleted due to the 
inherent damping characteristics of the elastomeric bearings. 

Phase III   was conducted to evaluate the effects of the latest production 
configuration main rotor blades P/N 540-011-250 ( strengthened trailing 
edge) .    This portion of the program was conducted at 9500 poun< - gross 
weight,  aft eg,  and only level flight conditions at 3Z4 rpm and ho^ er 
maneuvers were evaluated. 

MAIN ROTOR DYNAMICS 

Calculated natural frequencies served as a design guide for avo; ling 
dynamic problems in the elastomeric bearing main rotor.    The    esign 
objective was to preserve the natural frequency characteristics of the 
AH-1G main rotor.    Shown on Figures ZZ and Z3 are the calculated cyclic 
and collective mode frequencies for both the all-elastomeric rotor and 
the standard 540 (Cobra) rotor with P/N 540-011-001 main rotor blades. 
It can be seen that while the higher modes with the elastomeric rotor are 
slightly different from the standard rotor,   the more important lower 
modes are very similar.    Frequency verification points were obtained 
during ground-run rpm sweeps and are also shown on the figures.    These 
points indicate that the calculated beam modes are slightly low,  the 
calculated chord modes are high,   and the error increases as frequency 
increases.    With this information on actual frequency placement of the 
prototype rotor,  the precise stiffness requirements for a production 
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system can be established.    The production rotor would be "tuned" to 
avoid all important rotor modes. 

FLIGHT TEST DATA 

Mean and oscillatory load data from Phase I level flight and dive con- 
ditions are presented in Figures Z4 through 39.    Data are given for flight 
tests at gross weights of 8000 and 9500 pounds neutral eg, and at main 
rotor speeds of 314 and 3Z4 rpm.    For comparison,  data obtained under 
similar conditions with a standard AH-1G Cobra rotor are also shown on 
these figures. 

Right-hand cyclic and collective boost tube loads are shown in Figures 
^4,   15,   3Z,  and 33,  and main rotor pitch link loads are shown in Figures 
^6 and 34.    The magnitudes of the oscillatory loads obtained with the 
elastomeric bearing hub are very similar to those obtained with the 
standard hub.    Changes can be made in the steady loads by changes in 
the indexing of the elastomeric bearings.    Figure 40 shows steady col- 
lective boost tube loads versus collective stick position.    It can be seen 
that the slope of the line for the elastomeric configuration is slightly 
greater than the base line.    This is caused by the differences in the tor- 
jional spring rates between the elastomeric bearings and the standard 
blade retention strap.    The principal factor producing steady collective 
loads is the chordwise mass distribution of the blades,  operating in a 
centrifugal field,  which creates a strong tendency for the blades to return 
to a low pitch setting.    This "tennis racquet" moment is the same for the 
test and the base-line configuration. 

Drag brace loads are given in Figures 27 and 35.    Oscillatory loads are 
similar for the elastomeric bearing configuration and the base line.    The 
steady load increase obtained with the elastomeric bearing hub is the 
result of a design improvement in the test hub which located the pitch 
change axis 0.5 inch forward of the production design.    This pitch change 
axis offset was incorporated in the test hub to minimize steady chordwise 
loads on the bearings by using blade centrifugal force to counterbalance 
the driving torque loads at cruise conditions. 

Rotor yoke and blade loads are given in Figures .28 through 31 and 36 
through 39.    These figures show comparable loads between the elasto- 
meric configuration and the base line data. 

Data from Phase II and Phase III tests are still being analyzed.    General 
conclusions are that the overall load picture with the elastomeric hub is 
very similar to base-line standard hub data.    Some high-frequency 
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characteristics appear during maneuvers:   the placement of the second 
cyclic chord mode close to 9/rev results in a more objectionable vibra- 
tion in the ship than the 6/rev buildup during maneuvering with the 
standard rotor.    Flight tests with the latest production main rotor blades 
(P/N 540-011-Z50) produced similar results,   even though the higher mode 
natural frequency placements are somewhat different. 

Another significant result of the flight test program was the ability to 
remove the collective friction unit from the rotating controls system.    In 
the standard hub configuration, this friction unit is necessary to prevent 
intermittent 1/rev rotor-induced vibrations. 

Cabin vibration levels with the elastomeric bearing rotor were comparable 
to,  and in many conditions better than,   those achieved with the standard 
configuration. 

LOAD AND MOTION SPECTRUM 

The load and motion spectrum given in Table II was compiled from actual 
flight loads and more nearly represents average flight conditions than 
those available when the bearings were designed.    These data do not in- 
clude adverse environmental conditions; however,  flight conditions have 
been weighted to cover the AH-IG helicopter flight spectrum. 
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BELL  AH-IG #20153 
SYM     RPM 

D      3141  Standard  Hub 
O     324 1  Flight  L85 
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►     3241  Flight L89 A-B 

•      324    Dive   Flight  190  B 
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BELL AH-IG #20153 
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BELL AH-IG #20153 
SYM RPM 

D 314 j Standard  Hub 
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BELL AH-IG #20153 
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BELL AH-IG #20153 
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Based on a survey of actual flight loads on the AH-IG Cobra helicopter, 
the spectrum listed below has been established as representative of 
normal service operations.    The steady pitch motions are based on the 
bearing as installed during the experimental flights (no twist in bearing 
at 14 degrees above low blade angle). 

TABLE II. LOADS AND MOTIONS FOR AH- 
PITCH CHANGE BEARINGS 

IG MAIN ROTOR 

Time 
(pet) 

Pitch Motion 
Steady        Osc 
(deg)          (deg) 

Radial Load 
(lb) 

Axial 
Load 
(lb) 

Dynamic 
Freq 

(cpm) Steady          Osc 

0.25 14 ±9.5 10000        ±9400 56000 324      1 

2 4 ±9.5 9000        ±8000 56000 
I 

324 

6.75 4 ±9.5 7000        ±6500 56000 324      ! 
i 

22.5 2 ±8.2 6000        ±5000 56000 324 

22 2 ±7.0 4000        ±3600 56000 324      ! 

32 0 ±5.7 3000         ±2200 56000 324      , 
i 

14.5 6 ±3.2 2000         ±2200 56000 324      | 

Accomplish the following every 200 hours of testi ng: 
i 

i 
f 

800 
cycles 0 ± 12 2640 0 5   : 

800 
cycles 0/0/0 0 o 0/56000/0 5 

..  J 

Note: The radial load was derived by dividing the measured Sta.  8 
chordwise moment by the 15.2-inch bearing spacing.    This 
approach is believed to be about 5-percent conservative since 
the beam load contribution is neglected and the chord loads 
diminish toward the tip of the blade (center of bearings is about 
Sta.  21). 
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CONCLUSIONS 

The feasibility of using only elastomeric bearings in a helicopter main 
rotor has been proven.    Flight test resuhs show that the steady and 
oscillatory loads for the hub,  blade,  and controls are comparable to 
base-line data for the AH-1G production main rotor. 

Historically,  rotor hub bearings and related parts (such as oil and dust 
seals,  close-tolerance sleeves, bearing retainers,  and oil reservoirs) 
have been a prime source of service maintenance problems.    The use of 
elastomeric bearings for helicopter rotor applications is expected to 
virtually eliminate bearing replacements and greatly reduce unscheduled 
maintenance downtime and costs. 

Another advantage of the elastomeric bearing is that the appearance of 
the elastomer can be used as an indicator of the severity of previous 
rotor oscillatory loads and motions.    This feature and the visible gradual 
wear of the elastomer adds to safety of flight and reduces inspection time. 
Endurance test results and calculations indicate that the bearings used 
during this program would have a service life of several thousand hours. 
However,  the bench tests performed on the pitch change bearing did not 
simulate the wide variety of load and motion conditions that the rotor will 
experience during flight.    Additional endurance and environmental tests 
and/or an in-flight service evaluation are needed to determine the actual 
service life and also to establish failure criteria. 
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