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Volume | contains the development and background information used in producing the
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Volume |l presents design considerations and procedures, bearing applications, methods
of analysis, and techniques for predicting bearing performance.

Volumes |1l and IV contain the computer code and examples of problems showing
sample inputs and outputs.

The products of this effort provide a good foundation for building a comprehensive
manual and computer code for the design and analysis of elastomeric bearings for
helicopter rotor head applications. It was recognized at the onset of this program that
both the manual and the code would be first editions. The results of this effort were
expected to define areas requiring further development. Further investigations coupled
with feedback from users and/or evaluators are expected to provide material for upgrading
the content and format of the manual and codes.

Mr. John Sobczak of the Military Operations Technology Division served as project
engineer for this effort.
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SUMMARY

The application of elastomeric bearings in helicopter systems is of current
interest. This manual presents the results of the contract on Design Criteria for
Elastomeric Bearings conducted for the Eustis Directorate, U, S.Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia. The products of
this offort are a design manual and a computer program based on finite-element
techniques. These developments are an extension of prior solid rocket motor

thrust vector control elastomeric bearing and elastomer mechanics technology.

The program scope includes bearing configurations with potential applica-
tion in rotor heads, Type I (flat laminate) bearings react the main thrust or CF
loads and provide for lateral and torsional motion. Type II (radial or cylindrically
laminated) bearings react radial loads and provide for torsional motion with some
axial motion in the case of cylindrical shims and out-of-plane rotation in th‘e case
of spherical shims. Type III (spherically laminated) bearings react axial or CF

loads while providing for three degrees of rotational motion.

Several levels of design analysis are presented: closed-form equations,
computer-developed design curves, and finite-element computer analyses. The
material properties to make these calculations are determined for a selected

representative elastomer. Test specimens and methods are included in this dis-

cussion.

The design procedures are verified to show the accuracy of these resuilts,

The limits or regions of applicability are pointed out.

The design restraints determined by stability and service life are also

developed.

The results of this contract are presented in four volumes:
Volume 1 Final Report Volume IIT Program User's Manual

Volume II Design Manual Volume IV Programmer's Manual
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PREFACE

This manual contains the results of testing and analysis performed by

Thiokol/Wasatch Division under Eustis Directorate, U.S, Army Air Mobility
Research and Development Laboratory (USAAMRDL), Contract DAAJ02-73-C-0091.

e iigs

The contracted work was conducted under the technical cognizance of

Mr. John Sobczak of the Eustis Directorate, &

The work was performed under the direction of Principal Investigators

| C. W. Vogt and A. R. Thompson with the support of B, W. Law of the Program j
Management Directorate. . ) §
' I H

The principal contributors were:
Dr. G. Anderson--Material Properties and Service Life !
Dr. S. Kulkarni--Analysis and Stability
W. E. Berndt--Type I Bearing Verification

‘ L. E. Jensen--Type II Bearing Verification
f G. J. Bakken--Type III Bearing Verification

D. R, Trauntvein--Fabrication

n D. H. Lee--Programming
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1.0 INTRODUCTION

The primary objectives of this contract were the development of this manual
and the development of a computer code for the design and analysis of elastomeric
bearings for helicopter rotor head applications, It was recognized that the manual
and code would be first edition. That is, the results of the analytical and experi-
mental phases would provide definition of technology requiring further development.
Also, the feedback from users and evaluators would further define requirements

for highly applicable and user-oriented design tools.

1.1 APPROACH USED

The program approach was to utilize the analytical, experimental, design,
and process expertise developed for the design of solid rocket motor propellant
grains and thrust vector control (TVC) systems. Solid propellant is a nonlinear,
viscoelastic material with physical properties and response characteristics of an

elastomer. Elastomeric bearings for TVC are spherical (Type III) with core (elas-

tomeric pad and reinforcing shim composite) geometries proportional to that re- ‘
quired for rotor head application,

The program effort was planned to have a work scope consisting of the
following tasks: ‘

1. Evaluation and selection of a representative material, -
2. Evaluation and selection of appropriate test methods, !
3. Generation of requisite data, |
4, Development of a finite-element computer code,

5. Design and analysis of representative bearings, {
6. Fabrication and test of verification bearings,

7. Development of a design manual,

.
\




The development and results of this effort are presented in Volume 1. The com-
puter code is contained in Volumes HI and IV, which are, respectively, the Program .

User's Manual and the Programmer's Manual,
1.2 ELASTOMERIC BEARING TYPES CONSIDERED

For the purposes of this manual, elastomeric bearings for rotor head appli- .
cations have been classified into four types. The Type I axial bearing, shown in

Figure 1-1, is constructed by laminating flat annulars of elastomeric pads and re- .
inforcing shims between end rings. The primary load and motion for a Type I

bearing are the reaction of axial load (Fz) and torsional displacement (Oz). The

bearing will allow some compliance to the asymmetric motions and loads in the

x-y plane or about the x and y axes. However, these asymmetric loads and

motions will severely compromise the service life and stability of the design.

/F' REACT: AXIAL LOAD (F,)
PROVIDE: TORSIONAL DISPLACEMENT ()

MINIMAL ASYMMETRIC
COMPLIANCE: ey. ox' Myo M-xo uYo Uy Fy. FX

Figure 1-1. Typel axial bearing
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The Type II radial bearing, shownin Figure 1-2, is constructed of cylindrical
laminates of elastomer and reinforcement. This bearing is difficult to fabricate
when residual cure and thermal-induced tensile stresses must be minimized. The
primary loads and motions are the reaction of the radial forces (Fr) in the x-y
plane and torsional displacement (az) about the z axis. The bearing will also react

moments about the x and y axes and will provide minimal compliance in the axial

or z direction.

REACT: ASYMMETRIC RADIAL LOAD (Fy) AND ASYMMETRIC
RADIAL MOMENT (M)

PROVIDE: TORSIONAL DISPLACEMENT (0,)
MINIMAL COMPLIANCE: u,, F, -

Figure 1-2. Type II radial bearing
15
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The Type III spherical bearing, shown in Figure 1-3, is constructed of spheri-

cal segments of elastomer and reinforcement between end rings. Compression,

transfer, and injection molding techniques are applicable. This bearing provides

for rotational motion about all axes while reacting axial and lateral loads,

b

By
1

—INBOARD END

OUTBOARD
END"

AXES

x: FLAP

y: LEAD-LAG
z: PITCH

REACT: AXIAL LOAD (Fz); LATERAL LOADS (Fx, Fy)

PROVIDE: DISPLACEMENTS (04, fx» Oy)

Figure 1-3. Type III spherical bearing

o o

The Type IV conical bearing, shown in Figure 1-4, is constructed by

laminating conical segments of elastomer and reinforcement between end rings.

This bearing primarily provides for torsional displacement about the z axis, while

the x and y axes is provided.

!
1 reacting axial and lateral loads. Some compliance to rotation and moments about
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REACT: AXIAL LOAD (F,); LATERAL LOADS
(Fxs Fy, My, My)
PROVIDE: TORSIONAL DISPLACEMENT (6,)

Figure 1-4, Type IV conical bearing

The design of Type I, II and III bearings is presented in this manual. The

computer code presented in Volumes III and IV can be used to design the Type IV |
bearings, and the basic design procedures can be extended to this bearing. :

1.3 DESIGN METHODS AND THEIR USAGE

P -
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This manual has been organized to reflect a typical design process involving

the following:

1. Evaluation of application and experience,
2, Definition of requirements,

3. Selection of material and development of data,

17
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4, Initial design or sizing,

5. Detailed analyses for stress, stability, and service life,
Figure 1-5 presents a generalized design flow diagram that canbhe applied as a guide
to the use of this manual, It illustrates the three levels of design: (1) basic sizing
utilizing guidelines in approximate formulations; (2) design refinement using para-

metric data in closed-form formulationse and (3) detailed design analysis utilizing

finite-element computer techniques.

Currently, the number of applications and flight test data are very limited.
Four types of general classifications of bearings have been defined, each of which
has been subjected to bench testing and some limited flight testing. Future de-
velopment will be of particular value in éstablishing the correspondence between

flight and ground test qualification requirements.

The materials section presents the general considerations for selecting an
elastomer formulation and design data for the elastomer used in the contract.
Because of the multitude of potential formulations and sensitivity to constituent

variations, the applicability of test methods and the presentation and utilization of

data have been emphasized.

The sections on initial design of Type I, II, and III bearings present tech-
niques utilizing equations and parametric data in the basic design or sizing, Re-
sulting designs are of vahie for rotor head envelope definition and will minimize

the iterations in detailed analysis.

The detailed analysis section discusses utilization of modeling techniques
for the finite-element computer code presented in VolumesIII andIV of this manual.
The significance, application, and limitations of bearing stability and service life

predictive techniques are presented in independent sections,

In combination, the application of this manual and the computer code will
result in rotor head bearing designs that will meet specified requirements. How-
ever, as it is typical of a developmental program, additional areas of technological

deficiencies are identified. The last section discusses those technological areas

requiring further development. 18
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2.0 APPLICATIONS AND REQUIREMENTS

2.1 APPLICATIONS

The application of elastomeric bearings in rotor head systems should be
considered in the early phases of development and demonstration. Current results
have verified the potentials and advantages of the elastomeric rotor head. While
most bearing comparisons are made on the elastomeric to mechanical component
level, the most significant advantages for the elastomeric system are found in such
systems considerations as:

1. Freedom from maintenance,

2. Reductions in spares provisioning,

3. Simplicity and flexibility in rotor head system
design,

4, DPotential for reductions in rotor head volume,

weight, and cost.

This manual, while providing design and analysis procedures, also provides
an assessment of the state of the art for elastomeric bearing design. To develop
the full potential of elastomeric bearings, further development in service life

prediction techniques, bench test requirements, and the interaction of design and

process variables is required.

Four major flight test programs have been initiated. These rotor head
designs indicate the many applications of the particular types of bearings and the
multiplicity of rotor head design possibilities.

2.1,1 Bell 540 Rotor System for Cobra

The Cobra is a two-blade aircraft which is ideally suited to the adaptation
of Type II radial bearings with cylindrical shims on the teetering hinge or flapping
axis as shown in Figure 2-1. The bearing is shown in Figure 2-2. In this applica-
tion, the critical design loads and motions are a 40-cycle-per-hour radial load and




RADIAL BEARING

YOKE BEAM

TEETERING OR FLAPPING
HINGE AXIS

ROTOR SHAFT

BLADE

Figure 2-1. Type II (radial) bearing in teetering or flapping
hinge on Bell 540 rotor
flap oscillations at 325 cycles per minute. The bearings have met bench life test
requirements of 250 hours and some have been tested to 364 hours at test termina-
tion. A similar bearing has been flight tested for over 4, 000 hours.

The Cobra system has also evaluated the use of Type IV (conical) bearings
on the pitch axis., Two bearings are used in each blade grip to provide for pitch

motion and to react the blade bending moments. The systemis shown in Figure 2-3.

The H-53 rutrofit programhas evaluated the use of large Type III (spherical)
bearings in conjunction with centering or rod end type bearings. The spherical

21
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Figure 2-2. Bell 540 rotor flapping bearing
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bearing reacts centrifugal force while allowing pitch, flap and lag oscillatory mo-
tions. The centering bearing, which uses a Type II (radial) bearing with spherical
shims, constrains the pivot point relative to the hub attachment trunnion as shown
in Figure 2-4. A rod end or Type II (radial) bearing with spherical shims was also
evaluated as a lag damper system. The centering and rod end bearings were fab-
ricated using split shims and split outer races which introduced severe stress

singularity in the elastomer and resulted in very low service life.

2.1.3 Sikorsky UTTAS

The UTTAS is a four-blade aircraft that uses a combination of Type I (axial)
and Type III (spherical) bearings to react the centrifugal force and allow pitch and
flap motions. This system has been flight and bench tested.

2,1.4 Boeing HLH

The HLH elastomeric rotor head system is shown in Figure 2-5. This
application of the spherical bearing is quite similar to that for the H-53 retrofit
program. The original bearing design proved to be unstable and buckled under

static loads.
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TYPE 111
ELASTOMERIC
BEARING

LAG
DAMPER

Figure 2-5. Type Il (spherical) bearing on Boeing HLH rotor '

2.1,5 Future Applications

As indicated by the current demonstration program, elastomeric bearings
can afford considerable flexibility in rotor head system design. These bearings
provide well defined hinge points which aid in the definition of or tuning of system
dynamic characteristics. All four bearing types can be incorporated in designs to
provide for the pitch or feathering motions. The Type I, II, and III bearings can
react significant axial or centrifugal forces. Type II and IIT bearings can be de-
signed to provide hinge points for flap or lead-lag motions. Obviously, the Type III ¢
(spherical) bearing is ideally suited to fully articulated rotor head systems; while '

-

the Type I, II, and IV bearings would be most applicable to the more rigid rotor

concepts requiring primarily pitch or feathering motions, |




2.2 REQUIREMENTS

Requirements or constraints are necessary to initiate design at the compo-
nent or detail part level. These constraints must come from the rotor head opti~
mization or trade-off study process which considers service life, spring rate,
envelope, and interfaces as dependent variables. This approach presumes a speci-
fied load-motion spectrum. Environmental conditions and design factors (struc-

tural design criteria) must also be provided.

The service life requirement is generally stated as an objective or goal.

Recent indications are that 2, 000 flight hours or approximately 30 x 106 cycles will
be typical values.

Load-motion requirements will, in general, be defined in terms of theblock
type endurance test matrix. Atypical format of the endurance bench test matrix for
a Type III (spherical) bearing is presented in Figure 2-6. Accelerated fatigue and
static load-motion test conditions might also be specified for the purpose of early
design verification. Current data indicates that bench test conditions are a very
severe test relative to practical flight history. That is, the temperature-time

dependence of the reversion or elastomer degradation process is not considered.

Environmental requirements are generally standardized by military specifi-
cations. Only elastomer formulations that are relatively insensitive to attack by
ozone, oxygen, fungus, and other active compounds should be considered in bearing
design. The most significant environmental requirement will be the operational
temperature extremes., As will be discussed, low-temperature crystallization and
thermally induced stresses in elastomer reversion are critical bearing design con-
siderations. However, the initial temperature in the temperature-time problem was
not within the scope of the current effort. This manual is, therefore, based on
ambient initial condition but indicates the implications of and evaluation procedures

for temperature extremes.
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While design factors or structural design criteria are certainly significant
design requirements, a universal approach within the helicopter industry does not
appear to exist., Therefore, this manual currently considers nominal or average

conditions to which the designer must apply the specified design factors.

The definition of constraints is very critical to the bearing design process <
and, thus, to the rotor system design. If service life were the only constraint, the
designer could design to that service life while minimizing bearing envelope,
weight, and cost and accepting the resulting stiffness or spring rates. If envelope
were the predominant constraint, he could maximize service life while accepting

' resulting spring rate, cost, and weight implications or he could design to a service
| life while maximizing spring rate or minimizing cost.
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3.0 MATERIALS

The design of an elastomeric bearing requires that the designer be familiar
with the properties of materials that will be used in the manufacture of that bear-
ing. The purpose of this section is to provide him with information on some of the
important properties that are required to carry out a meaningful analysis. Since
the bearing is comprised of two materials (namely, elastomer and reinforcements),

they will be discussed separately in this section,
3.1 ELASTOMER PAD MATERIALS

The primary objective of this program was {o develop reliable analytical
techniques to assist in the design of laminated elastomeric bearings. A rubber
formulation that is representative of those used in the helicopter industry for elas-
tomeric bearing applications was selected as the pad material. An elastomer for-
mulation development program would have greatly expanded the scope of this study
and required considerable research in the area of rubber compounding for different

specifications.
3.1.1 Formulation Selection

A typical rubber formulation contains two important ingredients in addition
to the basic stock. The first ingredient, usually sulfur, is used for vulcanizing and
stahilizing the basic stock. The second ingredient, usually carbon black, is a rein-
forcing agent that improves thehardness and modulus of the basic stock. The man-
ner in which these ingredients affect the properties of the formulation is discussed
in Volume I. The engineer should realize that properties are also affected hy
(1) variations in the raw rubber and the compounding ingredients, (2) small differ-
ences in the mixing procedure, and (3) the time and temperature of vulcanization.
In order to achieve the best correlations between design and performance, it is
mandatory that the properties of the formulation actually being used to fabricate the
bearings be specifically characterized.

30
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The rubber formulation selected for preparation of the test specimens and
for fabrication of the three types of bearings that were built under the present con-
tract is of the Efficient Vulcanization (EV) type (References 3-1 through 3-4). The
formulation has been given the Thiokol designation TR-3012; its composition is
given in Table 3-1,

TABLE 3-1 /

TR-3012 RUBBER FORMULATION

Ingredients Parts by Weight
Raw Latex:
SMR5-CV? 100
Filler Agents: =l
i SRFb Black 30
Zinc Oxide® 5 |
Cure Agent: |
Sulfur 0.6
Cure Accelerators: ).
Zinc 2 - Ethyl Hexanoate 2
Santocure MORd 1,44
g Butyl Tuadse 0.6
Antioxidant:
g Flectol ut 2
:Standard Malayasian Rubber Grade No. 5, Constant Viscosity
cSemireinforcement Furnace . 5
dAlso a Cure Agent

2 - Morpholinothio Benzothiazole
_ Tetrabutylphiuram Disulphide
i Poly-2, 2, 4 - Trimethyl 1-1, 2 - Dihydroquinoline

o
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The material property data presented in the remaining portion of this sec-
tion apply to the TR-3012 formulation. Other formulations can markedly affect
these properties. It should be pointed out here that rubber compound formulation
cannot be done by rules but requires experience, judgment, and skill. The design

engineer should coordinate his efforts with those of a rubber specialist.

3.1.2 Elastomer Properties

Natural rubber, as normally used in bearing pads, is a nonlinear viscoelas-
tic material capable of very large deformations. It is generally defined by a strain
energy function which contains a number of arbitrary constants (Reference 3-5).
For an isotropic body subjected to small strains, the strain energy function can be

expressed in terms of two constants for the material--the compression modulus
and the rigidity (shear) modulus.

The evaluation of all arbitrary constants may require considerable labora-

———— — o
———

tory testing and complicated sample analyses. Such an evaluation is justified if

the designer is faced with geometries and loads that warrant the use of a nonlinear
theory. However, a large number of experimental and analytical studies of the be- }
havior of rubber sheets bonded to rigid plates (References 3-6 through 3-8) have ).
shown that the classical linear theory of elasticity is generally applicable to bear-

ing design. A viscoelastic analysis, which is normally difficult, is not required.

r |
» The designer's objectives are to predict: . !
b 1. Stresses and strains in the pads under various !

|

loading conditions.
2. Life of the pads under these loads which are |

generally cyclic in nature. Q
b Accurate predictions are possible if a thorough knowledge of the material 1'
|

i behavior is available to the designer. The material properties that are required

for a detailed stress analysis of the pads are:

1. Material stiffness |




2. Bulk modulus or Poisson's ratio

3. Coefficient of linear thermal expansion |

Instead of using Young's modulus for material stiffness as is customarily
specified for metals, a modulus that is generally chosen to characterize the visco-

elastic response of rubber is called the relaxation modulus,

Thiokol's observations have shown that a major cause of bearing failure is 3
heat buildup during cyclic loading. Prediction of heat buildup requires a knowledge
of some additional properties; these are:
1. Dynamic modulus and loss tangent
2. Thermal conductivity
3. Specific heat

Each of these properties will now be discussed separately along with suggested

experimental methods for their determination.

3.1.2.1 Relaxation Modulus [

Relaxation modulus is defined as the stress per unit applied strain, It is
the relationship between the stress variation over time [0(t)] associated with an in- .

f stantaneously applied constant strain ( eo) that is shown as follows:

Relaxation Modulus = 28 (3-1)
4 o

Relaxation modulus can be defined in terms of shear stresses or tensile stresses. |
The relaxation modulus in shear is denoted by G (t) and will be discussed in this !
| Section because shear stresses are more dominant in most bearings than are ten- l

sile stresses. If required, tensile modulus values can be approximated by multi- |

plying the shear values by 3. {

The shear modulus of rubber is not constant, but varies with loading rate

and temperature. The variation is significant at low temperatures and/or at high

-

strain rates. The shear modulus is generally chosen to be consistent with the i

anticipated loading rate and temperature; it can be obtained from what has come to |

b
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be known as the "master relaxation curve' for the material. In order to determine
the master relaxation curve, it is necessary tc perform relaxation tests at differ-

ent temperatures.

A standard test for relaxation modulus of vulcanized rubber is given in
ASTM Procedure D1390-62. Procedures similar to those contained in Refer-
ence 3-9 could also be used. Another test that will provide z.lccurate shear relaxa-
tion modulus values for helicopter bearings is designated the Quadruple Lap Shear
(QLS) test. A QLS specimen is shown in Figure 3-1.

The procedures for relaxation tests--whether in tension, compression or

shear--are basically the same, and they are discussed in Volume I,

Typical shear relaxation modulus data for TR-3012 rubber tested at three

different temperatures are given in Figure 3-2, A tensile relaxation test was used

and the tensile modulus values were divided by 3. The procedure for obtaining
a master relaxation curve from this data is as follows:
1. Apply a temperature correction factor (Ts/ T)
to the data in Figure 3-2 and plot Grel TS/ T
versus log t as shown in Figure 3-3. The tem-
perature Ts is any arbitrary reference tem-
perature (77°F in Figure 3-3) and T is the test
temperature for a given curve. The temperatures
are in degrees Kelvin or Rankine. The tempera-
ture correction factor was first introduced by
Treloar (Reference 3-10).
2. Shift the temperature corrected values of
G Ts/T along the log time axis using the
William-Landel-Ferry (WLF) shift factor
"log AT" (Reference 3-11) defined by
log Ap = [797.4 -8.86 (T-Tg)]/[93.24 + T-Tgl

(temperatures are in degrees Fahrenheit),

For example, the shift factors for 77°F and
34




-20°F are, respectively, -2.984 and +0, 196,

Therefore, if 77°F i3 taken as a reference ’
temperature, the relaxation modulus data ob-

tained at ~-20°F should be shifted along the log t

axis by [0.196-(~2, 984)] or 3.18 units.

The master relaxation curve obtained by the above procedure is presented
in Figure 3-4. It shows tlat if the loading rate is slow (which corresponds to large
time) and/or temperature is high, the shear modulus has a constant value of 96 psi.
The curve can be used for other times (load rates) and/or temperature combina-
tions to characterize the bearing pad shear stiffness for analysis purposes. The

effect of time will become more apparent in the discussion on dynamic modulus.

ELASTOMER

Figure 3-1. Quadruple lap shear specimen.
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Figure 3-2. Relaxation modulus for TR-3012 elastomer at 30% strain.
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Figure 3-3. Temperature corrected relaxation modulus for

TR-3012 elastomer at 30% strain.
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Figure 3-4, Master relaxation modulus for TR-301% elastomer
at 30% strain.
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3.1.2.2 Bulk Modulus and Poisson's Ratio

The linear elastic material option in the finite-element computer program
described in Section 6.0, Bearing Analysis, requires Young's modulus and Pois-
son's ratio (v) to be inputted. The Young's modulus can be deduced from shear
modulus as explained in the previous subsection. For accurate analysis of nearly
incompressible materials (Poisson's ratio is close to 0. 5) such as elastomeric
bearing pads, the values of Poisson's ratio must be known to the fourth decimal
place. The effect of Poisson's ratio on the calculated stresses is shown in
Figure 3-5. They were determined analytically (Reference 3-12) in a sclid Type 1
bearing pad (no center opening) due to an axial load when edge singularities were

neglected.

Fairly accurate values of Poisson's ratio can be obtained by careful labora-~
tory measurements of the axial load-deflection relationship for a bearing similar
to that being analyzed. Proper value of Poisson's ratio can then be deduced by
comparing them with finite-element analysis results of the bearing using the

Young's modulus of the pad and various values of Poisson's ratio.

A second method is to obtain Poisson's ratio directly from bulk medulus (k) -
measurements using the formula giving v = (3k - 2Grel)/ 2 (3k + Grel)
~1/2 (1 - G, el/ k). This formula is exact only for linear elastic materials. How-
ever, by using the value of Gr from the master relaxation curve at the time and

el
temperature of interest, the above equation can be successfully applied.

The bulk modulus is the reciprocal of material volume compressibility and

for an isothermal condition is defined as

aP
k=-V =5 (3-2)

where V0 = Initial Volume
V = Volume

P = Pressure

38
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No standardized method is presently being used for obtaining bulk modulus.
Any method for applying a hydrostatic pressure to a body of rubber and measuring
the resulting volume decrease can be used. The major difficulty encountered is in -
obtaining an accurate measurement of volume change. Procedures have been de-
veloped using, in addition to others, pressurized gas, mercury, and oil (Refer-
ences 3-13, 3-14, and 3-15, respectively); the last two methods allow evaluation of
dynamic bulk modulus. A pressurized oil method previously developed for visco-
elastic 3olid propellants was used for evaiuating elastomeric bearing rubber as

described in Volume 1.

The bulk modulus is generally considered to be a material property; i.e., a
constant, In this case, the ratio 8P/9V in Equation 3-2 is a constant. For solid
propellants and rubber materials, however, the curve relating the volume to the
pressure may not be linear. In this case, the change in volume with respect to
pressure is the instantaneous slope of the volume~pressure curve. The bulk mod-
ulus is then determined as a function or pressure over small incremental changes
in pressure from the equation

AP
k= -Vo AV (3-3)

The bulk modulus is generally constant at pressures over 500 psi. Fig-
ure 3-6 shows the bulk modulus dependency upon hydrostatic pressure for TR-3012

rubber,
3.1.2.3 Coefficient of Linear Thermal Expansion

The coefficient of linear therinal expansion (o) is used in thermal stress
analysis of bearings. The o fer rubber is typically more than 10 times that of
steel. Since natural rubber is normally cured at 300°F and since bearings are
often required to withstand temperatures of -65°F, the thermal stresses in many
bearings (especially Type II) may be a major factor in bearing design.

Generally, a is obtained by first cooling the temperature of a laboratory
sample to a low value (-165°F) and then raising the temperature slowly (0.2° to

40
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2.0°F/minute) while monitoring sample elongation. The major difficulty in obtain-
ing accurate a values for rubber stems from the need to allow free expansion of
the rubber with negligible slump; other difficulties arise from the need to minimize
surface friction and applied forces from displacement measuring equipment while
recording extremely small changes in length, Many methods for avoiding these
difficulties have been suggested (References 3-9, 3-16, and 3-17),

The test procedure use! for determining o for TR-3012 rubber is given in

Volume I. Figure 3-7 shows the variation of o with temperature.

In calculating the temperature correction factor for relaxation modulus de-
termination, a parameter called the glass transition temperawre (Tg) was used,
T is defined as the temperature at which the volumetric expansion coefficient
changes from a value characteristic of a glass to that more characteristic of a
liquid. The value of T is normally obtained by observing changes in a. For
example, o changed from 34 x 10-6 in/in/°F to 97 x 107 in/in/°F at -106°F, which

is the Tg for TR-3012 rubber.
3.1.2.4 Dynamic Modulus and Loss Tangent

Dynamic modulus and loss tangent determination is important when consid-
ering heat buildup in the pads due to cyclic loading. In fact, many fatigue failures
can be attributed to reversion, which is a temperature-, time-, and strain-
dependent phenomenon., Although temperature and reversion failure boundary pre-
diction techniques have not been evaluated, a consideration of some of the proper-

ties required for such analyses has been included in the following discussion.

In order to explain dynamic modulus and loss tangent, it is desirable to
include a brief discussion on dynamic behavior of viscoelastic materials, For this
purpose, consider the application of a sinusoidal shear stress to a material. It
will result in a sinusoidal shear strain. If the material exhibits ideal elastic be-
havior, the strain will be in phase with the stress and will vary with the same fre-

quency. If the material is linearly viscoelastic, the strain will have the same
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frequency as the applied stress but will be out of phase with the stress. This re-
lationship is shown in Figure 3-8, which represents the sinusoidal stress and
strain behavior directly and in terms of a rotating radius vector. Analytically, it
is convenient to represent the sinusoidal stress as the real part of a complex
stress. Graphically, this complex stress would appear as a rotating vector in the
complex plane, the length of which is the amplitude of the stress and the projection

of which, on the real axis, gives the sinusoidally varying instantaneous real value

of the stress.

Mathematically, the complex shear stresses and shear strains can be writ-

i ten in a trigonometric form as
1 (3-4)

T* = iy (cos wt + 1isin wt)
. (3-5)
y* = v, lcos (wt-6) + i sin (wt-4)]
where 7* = Complex Stress
v* = Complex Strain
T Stress Amplitude
Vot Strain Amplitude
i 6 = Lag (or loss) Phase Angle
| w = Circular Frequency (rad/sec)
b t = Time
Equations 3-4 and 3-5 can also be expressed in an exponential form as
?.
1 iwt
el = -
‘: TT T TR® (3-6)
i(wt-0)
v =7, (3-7)

£
3
i

The complex modulus (G*) is then defined as the ratio of the complex stress and

e

complex strain; viz:

*
G* (w) = :“Y': (3-8)




=
g e

Figure 3-8.

Dynamic stress and strain for a viscoelastic material.
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Since G* is a complex number, it is normally written as
G* W) = G (w) + 1 G (w) (3-9)

G (w) is called the real part of the complex modulus or the storage modulus since
it is associated with the storage of the elastic energy in the body. G (v) is called
the imaginary part of the complex modulus or loss modulus since it is associated

with mechanical energy that is dissipated as heat. The loss tangent (tan ¢ ) is

defined as

tané = ar— (3-10)

The loss tangent has special significance in bearing service life considerations,

since the heat generation per cycle rate (q) is proportional to sin § (Reference 3-18)
and is given by

q =27 siné f U dV0 (3-11)

\'
o

where the integrand is the maximum strain energy in the volume v, during a given

cycle.

The exact linear viscoelastic relationship between the dynamic modulus

[G* (w)] and the relaxation modulus [Grel (t)] 1s
* - 3-12
G* () = iw L[Grel (t)] | (3-12)
S—=iw
where L = Laplace transform operator

S = Laplace transform variable

Therefore, by curve fitting the relaxation data, Equation 3-12 can be used to obtain
the dynamic modulus. This approach has provided fairly accurate values for G (w)
in tire rubber; however, the G' (w) values are generally underpredicted-by up to a

factor of 2 in tire rubber- (Reference 3-19).

—"a




The formula below is also useful for approximate analyses.
! = -
G' ) = Gpqp (t) t= 1/ (3-13)

Dynamic properties can be obtained by many different test techniques. ©ne
such technique is suggested in ASTM D945, '"Test for Mechanical Properties of
Vulcanizates Under Compressive or Shear Strains by the Mechanical Oscillograph."
A second informative ASTM document is D2231-71, "Standard Recommended
Practice for Forced Vibration Testing of Vulcanizates.!" An instrumentthat is
very well suited for rubber dynamic property characterization is called a Rheo-
vibron, It was developed by Toyo Measuring Instruments Co. Ltd., Tokyo.
Dynamic property data obtained by this instrument for TR-3012 rubberis presented
in Figures 3-9, 3-10, and 3-11. Complex modulus and loss tangent values were
obtained over a wide range of temperatures and for frequencies of 11, &5, and
110 Hz.

It is necessary to obtain complex modulus data only over a temperature
and frequency range for which a given bearing is required to operate. The most
reliable values of complex modulus can be obtained by subjecting laboratory test
specimens to conditions corresponding as nearly as possible to those of service.
These conditions are: form of stress (shear or compression), static strain,
dynamic amplitude, dynamic frequency (at least within one decade), and test
temperature. Very precise data is, of course, obtained by using full-scale

or scaled models.,
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3.1.2.5 Thermal Conductivity and Specific Heat

The temperature actually developed in rubber depends on thermal conduct-
ivity as well as specific heat. The thermal conductivity of rubber formulations is
very small; thus, the heat generated as a result of bearing cyclic loads is not readi-
ly dissipated. The thermal conductivity of a given rubber formulation is approxi-

mately an additive property proportional to the percentage of volume occupied by

each constituent. Thus the quantities specified by weight fraction must be divided

by the appropriate specific gravities.

The specific heat is also an additive property which can be calculated from

the proportions of rubber and other constituents in the composition and the specific

heats of the individual constituents.

Table 3-2 provides thermal conductivity, specific gravity and specific heat
values for the important constituents in TR-3012 rubber. Because the other ingre-
dients in the formulation are present in very small quantities, they need not be

considered in the calculation of thermal conductivity and specific heat.

3.1.3 General Considerations

The above discussion was concerned with the determination of properties
that are required for predicting bearing pad stresses and service life. The design
engineer should also be aware of other distinguishing characteristics of rubber that

differ from materials that are well characterized such as metals, wood, and concrete.

3.1.3.1 Mullins' Effect (Scragging)

At strain levels as low as 1 percent, and prior to exhibiting measurable
dilatation, most filled rubber vulcanizates exhibit a stress softening and hysteresis
phenomenon. This phenomenon is normally associated with microstructural fail-
ure prior to the formation of vacuoles and is termed the Mullins' effect. The
significance of this effect in rubber testing is that the stress-strain curve is not

identical for the first and second load cycles for the same applied strain. In fact,

e




TABLE 3-2

SPECIFIC HEATS, THERMAL CONDUCTIVITIES, AND SPECIFIC
GRAVITIES OF TR-3012 INGREDIENTS?

Specific Thermal
Heat Conductivity Specific
Ingredients (Btu/lbm/°F) (Btu/sq ft-hr-°F/in.) Gravity
Natural Rubber  0.45 to 0.50° 0.928 0.92 to 0.98

(""Pure Gum'')

Carbon Black 0.20
Zinc Oxide 0.12 4.06 to 4.785 5.606

1.015 to 1.943 1.8

_—
Reference 3-20
bSpecific heat for most rubbers increases with temperature

by about 0. 0077 to 0.0028 per °F; values quoted are for 68° to 77°F.




a number of cycles (approximately 5) are required before a consistent stress-
strain behavior is observed. Therefore, prestrains on test specimens should be
carefully avoided if material properties are desired for first cycle loads (such as
thermally induced loads applied after rubber cure). On the other hand, test speci-
mens should be preloaded (scragged) to a level greater than the test level for a
number of cycles before testing for mechanical properties used in predicting
stresses due to cyclic loads. Care should be taken to avoid heat buildup during the
scragging process by using a slow loading rate.

If a rubber specimen is allowed to sit in an unloaded condition for a period
of time after cycling, the stress-strain behavior for many formulations revertsto
nearly the first cycle response and, thus, indicates a healing phenomenon., This
healing can take place in as little as 30 minutes at room temperature and after

somewhat longer times at lower temperatures. Therefore, the rubber specimens

should be tested soon after scragging.
3.1.3.2 Low-Temperature Crystallization

Certain rubbers crystallize when maintained at low temperatures. The
rate of crystallization is greatest in the -15° to -40°F temperature range. A maxi-
mum crystallization rate is typically on the order of 50 percent crystallinity in
24 hours. Crystallization disappears rapidly as the temperature is increased.

The effect of crystallization is to decrease the thermal coefficient of linear ex-
pansion. The stiffness (modulus) also increases by orders of magnitude greater
than in the uncrystallized state. The increase in stiffness due to low-temperature
crystallization prevents the use of the WLF shift factor at these temperatures.
Therefore, a best curve fit using rubber exposed to an environmental temperature-
time combination is suggested, Crystallization also increases fatigue life and

tensile strength and provides excellent tear resistance.

i
;
[
\




%

3.2 REINFORCEMENT MATERIALS

The present contract was primarily conzerned with the design of elastomer

pads. However, the engineer should recognize that reinforcements (shims) canbe
critical to design.

Shims can be made of virtually any stiff material including steel, aluminum,
stainless steel, titanium, and composite materials. The mechanical properties of

these materials are much better characterized than those of rubber.

The physical size of the shim is a function of the loads and motions imposed
on the hearing. Shim design is based on two principles; namely, stress analysis
and failure criteria. The magnitude of the stresses due to the various loads onthe
bearing can be determined by finite-element analysis. Failure criteria are gener-
ally presented as strength values or failure envelopes. It is not our intent here to
present the scores of rules and procedures that are normally covered under the
subjects of "Strength of Materials' and '"Properties of Materials." These rules
and procedures have been used so generally in the engineering literature of the

last few years that no modern practicing engineer can afford to ignore them.

Since the loads and motions on the bearing vary in time, the importance of
fatigue as a factor in the design of shims should not be overlooked. Fatigue fail-
ures are generally produced by fractures propagating from points of high stress.
High stress points are generally cracks, flaws, and voids; therefore, the shim
designer should recognize their presence. This is especially true for high-strength
metals which have low fracture toughness values and do not readily deform plasti-

cally around the flaws to absorb local overloads.

The methods of fracture mechanics will insure that a flaw will not cause
premature failure. These methods are available in the literature (References 3-21
and 3-22). Information concerning yield strength, fracture toughness, Young's

modulus, Poisson's ratio, and crack growth rate is usually required.

-~
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This information will determine the fracture resistance, fracture growth rate,
and the maximum flaw size that can be tolerated in the shim for a given stress.
Maximum flaw size in the shim can be detected by avaiiable nondestructive test

inspection precesses prior to bearing fabrication.

The lead-lag, flap, and pitch motions that are imposed on a bearing cause
an alternating stress to be superimposed on a constant stress that exists due to
the centrifugal force load. A knowledge of the number of cycles of loads or motion
that the shims in the bearing can withstand without failure is useful in determining

the bearing's life; this is given by fatigue test data.

Fatigue test data is obtained by determining the number of cycles to failure
for a number of specimens stressed at various levels. Test results are plotted to
make what is called the S-N diagram. It represents the variations between the
number of cycles (N) for failure and the maximum stress (S). An example of such
a curve for maraging steel (as taken from Reference 3-23)is shown in Figure 3-12.
It shows that as the stress is reduced, the number of stress cycles required for
failure increases. S-N curves for various metals can be found in Reference 3-24.
The helicopter industry typically uses 70% of the S-N curve values as a 3¢ design
limit,

If the mean stress on a bearing is significant, fatigue life is influenced by
the relation between variable and mean stress. Because of the considerable varia-
tion in test results to determine this influence, various empirical equations have
been proposed. The most well known of these relations involves a method of plot-
ting that makes what has become known as the Goodman diagram. The Goodman
diagram for 17-4 PH stainless steel shown in Figure 3-13 was taken from
Reference 3-25. An informative discussion on Goodman diagrams can be found

in Reference 3-26.
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4.0 TYPE I BEARING DESIGN

A Type I bearing consists of a column of flat circular elastomer pads sepa-
rated by rigid shims (Figure 1-1). The shims greatly improve the load-carrying
capability of the bearing by increasing the ratio of the loaded area to the area in
which the elastomer is allowed to bulge or expand laterally. This ratiois commonly

known as the ""Shape Factor' and is denoted by S. ‘

A Type I bearing is designed to react compressive axial loads and allow
torsional rotation about its longitudinal axis. The axial load is due to the centrifu-

gal force generated hy the rotating blade, and the torsional motion is due to pitch or

blade rotation about its own axis. A limited amount of bending and shear deforma-
tions are permitted although the bearing is not intended to accommodate these .

deformations in a typical helicopter application.
4,1 PROCEDURE

The purpose of this section is to describe a simple step~-by-step procedure

for design of Type I bearings. The designer is generally given the requirements

for the bearing by the helicopter manufacturer. These requirements are listed for
the operating times of the helicopter in a ""Load-Motion Spectrum'' table. A typical
helicopter Load-Motion Spectrum is given in Section 9. 0.

f
Itis recommended that the design be carried out inthe following three steps:- '
1. Preliminary DesignI (Level 1) in which the rough size
of the bearing is determined.
2. Preliminary Design II (Level 2) in which the design
deveioped in Step 1 is refined.
3. Final Design (Level 3) in which the finite-element
program (see Volume III) is used to pinpoint any

problem areas.

—— W e v
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4.1.1 Level 1 Design

A flow chart of the Level 1 design procedure is shown in Figure 4-1. The l
procedure is as follows: !
1. Select elastomer formulation and develop material
properties E, G, k, v by the methods discussed in [
Section 3.0. A maximum shear stress fatigue failure ‘
surface of the type discussed in Section 9.0 is also
required.
2. Define initial values for axial load (F,) and pitch
angle from Load-Motion Spectrum table. Either
maximum values at the cruise condition or values
based on weighted average (proportional to time at
load) can be chosen. The former may generally
yield a conservative d=sign. Note that the pitch
angle specified in the spectrum table is the total
pitch rotation (eg) for the bearing.

3. Select an allowable compressive stress level (ag'u)
» for the elastomer. The necessity of selecting an
allowable stress level arises from the fact that the
load-carrying capability of an elastomer pad increases
as the shape factor is increased. This is shown by
the relationship between the "real" Young's modulus (E)
and the "apparent" Young's modulus (E) as given
by Equations 4-4 and 4-5 and presented in Figure 4-2, |

For very low shape factors, EA = E; and in this 1 §
) . case the advantage of restricting the area in which ‘

the elastomer is allowed to bulge is not utilized. é
For very high shape factors, on the other hand, 4
i

Ep, = Kk the bearing is too stiff to allow any appreciable

flexibility in the bearing. It is advantageous to operate
59
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9.

6.

in the shape factor range of 2 to 15 for initial design
purposes, as this will yield a reasonably sized bearing.
A agu value of 5,000 psi is generally found to yield

a shape factor in this range for typical bearing loads.
Assuming that ai“ = a%"e, Equation 4-8 can be used

to determine the cross-sectional area (A) and then

the outer radius (r,) since the inner radius (r;) will,

in general, be specified.

From the fatigue failure surface (Figure 9-2), select

an average axial strain (e:ve) that will provide a life (N)
that is adequate (i.e., 30 x 106 cycles). A recommended
value for € :ve is 15 percent. For the assumed values
of €2V€ and N, the maximum allowable oscillatory shear
stress (T%g) in the bearing, 52 psi, can be found in
Figure 9-2,

The total elastomer thickness (hT) is determined by
using Equation 4-17 for the total pitch angle (0:) selected
in Step 2.

The shape factor (S) is obtained by substituting

Equation 4-3 in Equation 4-6 or 4-7. Since the

inner and outer radii are known from Step 4, the
expression for S given in Equations 4-6 and 4-7 will
yield the elastomer pad thickness (h).

Since hT and h are known, the number of elastomer
pads (n) in the bearing can be calculated from the
relationship nh = hT.

Select shim thickness (t) as recommended in

subsection 4.3. All geometric parameters are

now known.

—
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10.

The bearing can be checked for stability by using
Equation 4-23 to determine the buckling load ( F:).
If Fg' is greater than the axial load (F,) then no
stability problems exist, If F(z: is less than F,

the bearing has to be made more stable. This

can be achieved by either increasing the outer
radius (ro) of the bearing or decreasing the total
rubber thickness (hT). Assuming that r is
increased, then Equation 4-17 shows that hT also
has to be increased to hold the maximum allowable
shear stress level constani at the value choselr_x

in Step 5. Therefore, even though the ratio T
cannot be changed, F: will still increase because
examination of Equation 4-23 shows that the
bucklli‘ng load is directly proportional to (ro)2
and (—0-)2.

hT

If ro cannot be increased, then hT has to be decreased.
Equation 4-17 then will indicate that either the pitch
angle (O’Zr ) requirement cannot be met--and has to be
decreased--or the allowable shear stress level

has to be increased--which would mean a shorter
life for the bearing. The only approach to keeping
the allowable shear stress level constant without
affecting life is to decrease the average axial strain
value (Figure 9-2).

It should be noted here that stability is generally
not a problem in an annular bearing because the

hub of the helicopter blade passes through it and

prevents excessive lateral deformation.

S )



11. Any stiffness requirement for the bearing can now
be checked by using the necessary stiffness equations.
For example, if the total torsional stiffness (K’g) is
specified, Equation 4~15 can be used to calculate
Kg‘ for the geometry determined above. Either
ro or hT has to be changed if the stiffness requirement
is not met. For a bearing with a specified torsional
stiffness, it is advisable to solve Equations 4-15 and
4-17 simultaneously for the two unknowns r and hT
instead of assuming 0:11 as in Step 3 to determine T
If the total axia. stiffness is specified, Equations 4-2

and 4-17 can be solved for r0 and hT for a selected
ave

value of €, .
12. For the given load-motion spectrum,check for adequacy
of service life by using Equation 9-8 as discussed
in Section 9.0. If the service life requirement of
6 ' ave all
30 x 10 cycles is not met, the €, and/or Tyq Will

need to be decreased and the design procedure repeated.

4,1.2 Level 2 Design

A flow chart of the Level 2 design procedure is shown in Figure 4-3. The
iteration loops in the Level 1 design procedure will enable the designer to become
familiar with the different parameters that affect bearing design. In Level 2
design, he can use the parametric curves that are presented in this subsection to
refine the basic geometry generated by the Level 1 procedure. The prrametric
data is useful for indicating trends such as the effect of a geometric parameter on

a particular design requirement. For example, Figure 4-4 shows the effect of
T; r

varylng — and — on the torsional stiffness (KG )s Therefore, if K 0 is specified,

h rj b
Z
several se‘ectlons of — and 71_ can be rapidly compared and the best values
o

selected. These selections can be checked for stability using Figure 4-5, which
r ri

shows the buckling load as a function of —; 2 and —
hT Ho
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Figure 4-3. Level2 design procedure flow for Type I bearings.

In Level 1 design, the allowable axial compressive stress (a:u) and axial
strain (ezll) were selected in the initial stage of the design procedure. This
determined the apparent modulus (E A) given by Equation 4-3. However, jvr in2
same allowable axial strain, the allowable stress level can be significantly
increased by choosing a slightly higher shape factor. This is because E, and,
hence, 0:11 are proportional to Sz. Therefore, the axial stiffness is also increased
by the same proportionality. In fact, in bearing design, the control of axial stiff-
ness is achieved primarily by trading off shape factor against the compressive

modulus.

4.1.3 Level 3 Design

The flow chart of the Level 3 design procedure is shown in Figure 4-6. The
complete geomeuv.ie description of the bearing is known after the completion of
Level 2 design. The finite-element program will enable the designer to obtain a
clear understanding of the structural behavior of the bearing. The versatility of
the finite-element program is described in Section 7.0; a sample output of the

computer program is given in Volume III. The computer output shows that the
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stress, strain, and displacement distributions can be obtained for the entire
bearing for various applied loads. A careful evaluation of the computer output will
reveal any problem areas in the bearing. The problem areas of major concernare:
1. Shim stresses.
2. Tensile stress in the elastomer due to thermal
cool—-down,
3. Tensile stresses in the elastomer due to vectoring
(bending) loads.

4, Shear stresses that can cause bearing failure.

The above problem areas are discussed in detail in Section 9, 0. Other
problem areas such as stress singularities and methods to avoid them by providing
radii at the edges of the elastomer pads and/or shims are also discussed. Shim

material and design are discussed in subsection 3. 2.

4,2 EQUATIONS

The equations required for a preliminary design are presented in this sub-
section. They are the final results of mathematical theories that can be found in

the literature (References 3-18 and 4-1 through 4-6).

In preliminary design, information concerning the deflection of an elas-
tomer pad under load (i. e., stiffness)is generally required. The stiffness equations
giveninthis subsection apply to a single, Type I pad only. Total stiffness of thebear-
ing is the reciprocal of the sum of the reciprocals of a single pad stiffness, i.e.:

1 1 1 1
= + + +

— . ] L] . + -_—
KTol:al K1 K2 K3 Kn

(4-1)

In torsion and transverse (shear) deformation modes, the shims do not affect the
stiffness. Consequently, the single pad relationships can be used by substituting
total height of rubber (hT) in the stiffness equation for the single pad thickness,

There are five possible deformation modes for a Type I bearing: axial,

radial, torsional, bending, and stability.

———




4.2,1 Axial Mode

The equations for the axial mode of deformation are:
1. Axial Stiffness (Kz)

F E A E, wn(r 2-r 2) F
K__z_A_Aoi_z (4-2)
z ~ gdve=T T = h " _ave
Z € h
z
where E A 18 the apparent compression modulus as given by
ave
o
E, == (4-3)
A ave
€
z
E, 1s related to E, G, k, and § by the relationship for solid pads (ri =0):
é—: 1 2+1.k25 (4-4)
A E+6GS

and by the relationship for annular pads (ri = 0):

A E+4GS2 k

1 1 1.25 (4-5)
E— +

Equations (4-4) and (4-5) are presented in Figure 4-2 for TR-3012 rubber,

For shape factors of 0, 3 to 10, the above equations can be approxim

ated by the
relationship for solid pads( o :
S=—=
2h
2
EA = E (1+28") (4-6)

o i
2h

and by the relationship for annular pads (S r -r ):

4.2
Ey =E (i38)

(4-7)

& yid 9 BT L T LU LR nre v aa)
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2. Average Axial Stress (a:ve):

/
ave ¥, ¥ (4-8) ¢
O = 2 2
ﬂ(ro _ri )
3. Average Axial Deflection (u :ve):
ave Fz ave
u z = K—' = ez h (4-9)
z
4, Average Axial Strain (e :ve) :
uave i
ave _ Z - 5.
€ AL 4-10)
4
| 4,2,2 Radial (Shear, Transverse, and Lateral) Mode
The equations for the radial mode of deformation are:
1. Stiffness (K ):
T 2 2
- Fr =%=M 4-11)
L ,
i
2, Shear Stress (7,.,):
3 F F
(LS L (4-12)
! oA T r2 -r2
x,-5))
;
1 ; 3. Shear Strain (v,;):
! ; ”
) P -
yrz h (4-13)
4, Maximum Deflection (ui.nax): 1
max Fr Frh "




e -

e 3%

4.2.3 Torsional Mode

The equations for the torsional mode of deformation are:

1. Stiffness <K0 ):
z

M, 3g G 4 .4 (4-15) |
' I

The above equation is presented in Figure 4-4.
2. Shear Stress {Tpgk

Go,r

Tre~ n (4-16)

max Z
and T _ o (4-17)

3. Shear Strain(y,g):

(4-18)

4. Rotation (97):

zZ = (4-20)

| 4.2.4 Bending (Vector) Mode

; . The equations for the bending mode of deformation are:

)
{ 1. Stiffness <K ):
i ]

_ r

2 (4-21) !




- S

Equation 4-21 was derived in Reference 4-4 and is
valid for solid elastomer pads only. Ilowever, for
preliminary design purposes, it can also be used for
annular pads., Figure 4-7 shows a dimensionless plot

of bending stiffness (Kg ) versus shape factor (S) for

r r

different ;L ratios. It was obtained by using the finite-
0

element program and shows that the agreement between

Equation 4-21 and the finite-element analysis is good

r

for r—i = 0 for shape factors of less than 10. However,
o r

for other 5 ratios, Equation 4-21 underpredicts the

o}
finite-element bending stiffness by about 15 percent.

2. Rotation (Or)

r
- il 4-22
or K ( )
6y

4.2.5 Stability Mode

For preliminary design purposes, critical buckling load (Fg) in a column of
Type I pads can be determined by using the following relationship:

2
Fc 2 r Z r r
Z s 0 i i
e T 1+ = 1~ —
Gnr® 4 V2 \h o o (4-23)

The above equation is valid for a Type I bearing with fixed ends and is pre-

sented in dimensionless form in Figure 4-5. Other end conditions are discussed in

Section 8.0,

The procedure presented in Section 8,0 should be used to refine the pre-

dicted buckling load.
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4.3 SHIM THICKNESS SELECTION

The thickness of the shims that are used in a Type I bearing are usually of
the same order of magnitude as the elastomer pad., The thickness is generally
governed by processing considerations. A very thin shim will not resist any bend-
ing and can cause premature buckling. A thick shim, on the other hand, will make
the bearing heavier than necessary. A reliable rule-of-thumb is to make the shim
thickness equal to the minimum elastomer pad thickness in the bearing. It is
recommended that shim stresses be carefully evaluated during Level 3 design

using the finite-element program,
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5.0 TYPE II BEARING DESIGN

A Type II bearing consists of a cylindrical elastomeric annulus with rigid
metal cylinders bonded to the inner and outer surfaces. Such a configuration allows
the displacement of two rigid boundary cylinders relative to each other, in both
axisymmetric and asymmetric modes. A typical bearing for helicopter application
is made up of multiple elastomeric cylinders (pads) and metal shims as shown in
Figure 1-2. This configuration has been used in teetering or feathering bearings
as shown in Figure 2-1. The degeneration to one or a few pads is typical of damp-

ers, one of which is shown in Figure 5-1,

Four principal loading modes are possible in the Type II hearing. These
loading modes produce the following displacements when considering the outer
cylinder fixed while the inner cylinder is displaced.

1. A rotation about its axis, referred to as torsional
deflection as shown in Part A of Figure 5-2.

2. A translation in which each point moves parallel to
the axis or axial deflection as shown in Part B of
Figure 5-2.

3. A translation in which each point moves through
an equal distance perpendicular to a plane con-
taining the axis or radial deflection as shown in
Part C of Figure 5-2,

4, A rotation of the axis in a radial plane about a
point on itself midway between the plane ends of
the elastic material or bending deflection as

shown in Part D of Figure 5-2,
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In typical helicopter applications, a Type II bearing has to react asymmetrie
radial loads (Fr) and provide torsional rotation (Oz). Generally, Fr’ oz. and the
torsional stiffness ( Ky )are specified.

z

[ W

% STEEL

ELASTOMER

Figure 5-1. Type II elastomeric bearing damper.
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5.1 PROCEDURE

The design procedure is similar to that for a Type I bearing and is carried

out in three levels,

5.1.1 Level 1 Design

A flow chart for the Level 1 design procedure is given in Figure 5-3. The

procedure is as follows:

1.

3.

Select elastomer formulation and develop material
properties E, G, k, and V. A shear stress failure
surface of the type discussed in Section 9.0 is also
required. Currently, little work has been accomplished “
in evaluating service life of a Type II bearing. Since
no lirect Type II service life data is available, it is
recommended that the shear stress failure surface
(Figure 9-4) be used for this preliminary design.
Define initial values for radial load (F,), torsional
displacement (#,), and torsional moment (M,) in the
same manner as discussed in the design of Type I
bearings from the load-motion spectrum table.

Select an allowable compressive stress level (a%u) =
5,000 psi as discussed in the design of Type I bearings.
Since the radial load is reacted by the projected area of
the bearing in the direction of the load, Equation 5-9
can bo used to determine an equation for the product
(r4L) assuming that oll - gave,

From shear stress fatigue failure surface (Figure 9-4),
select a curve to determine values for ™2 (which

will be due to the torsional rotation), fatigue life (N),
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and T5tatic, por preliminary design purposes,

curve number 2 is recommended because the values
given by it do not differ significantly from curve
number 1, Also, curve number 1 is for zero T 8tatic
and bearings normally have a certain static load
imposed on them, From curve number 2, values for
Tmax gnd rstatic can be read off for a desired

fatigve life.

In a Type II bearing, the maximum shear stress due to
torsion will occur at the inner surface of the innermost

pad (see Equation 5-5). Therefore, using the pmax

2

selected in Step 4 in Equation 5-5, an equation for r;“L

can be obtained. This equation can be solved
simultaneously with the equation determined in

Step 3 to solve for the two unknowns rj and L,

Since TStatle _ T pgr the shear stress due to the
radial load, Equation 5-8 can be used to determine

the outside radius (r,). All geometric parameters

of the innermost pad are now known,

In this preliminary design, the bearing will be
designed for constant torsional stiffness, From the
geometric parameters of the innermost elastomer pad,
its torsional stiffness can be calculated, Since the
total torsional stiffness of the bearings is specified, the
number of pads (n) can be determined by the

formula: n = torsional stiffness of innermosi pad/
torsional stiffness for entire bearing.

The inner radii for the next outer pad is determined
by the shim thickness. Shim design is an area where
more work is needed, and no equations exist for

selecting its thickness. It is recommended that
81
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10.

11,

the shim thickness be selected to be equal to the
thickness of the innermost pad (ro-rj). Shim
stresses, however, should be carefully evaluated
using finite~element analysis in Level 3 design.

By selecting the shim thickness, the inner radius

for the next elastomer pad ie known. Equation 5-4
can be used to determine its outer radius, since
each pad has the same torsional stiffness. The

inner and outer radii of all pads can be determined
in this manner.

The above procedure was for constant torsional
stiffness in each pad. If the bearing has to be
designed for constant service life in each pad, the
procedure is slightly different. After the dimensions
of the innermost pad are determined, Equation 5-5
can be plotted to show the variation of torsional shear
stress with inner radius., Since this shear stress is
proportional to (1/p2), the next outer pad will be
subjected to a lower stress level. Therefore, using
this new value for shear stress (T™M2X), the fatigue
surface curve can be used to determine 7 524¢ for
the same N value selected in Step 4. This T 5tatic
will be higher than the value for the innermost pad.
Equation 5-8 can then be used to determ_ine the outer
radius (r,) for the second pad. As the dimensions

for each pad are determined, the bearing is checked

for overall torsional stiffness and pads are added until

the specified stiffness requirement is met.

The constant torsional stiffness design approach ylelds

a bearing in which the pad thickness is proportional
82
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tor3, An empirical approach for determining
elastomeric pad thickness is to use a linear relation-
ship between pad thickness and its radius. Since the
innermost pad is subjected to the highest stress due
to torsion and the outermost pad has the highest
stress due to the radial load, this design approach
has been found to yield a bearing that has the L |
resultant peak stress umiformly distributed in the
bearing.
12, Adequacy of service life should be evaluated using the

procedure given in Section 9,0,

5.1,2 Level 2 Design

The Level 2 design procedure utilizes parametric data to refine the design
developed in Level 1. The flow chart {s given in Figure 5-4.

PARAMETRIC LEVEL 2 TO
LEVEL 1 DATA FOR »| DESIGN 9 LEVEL 3
DESIGN OPTIMIZATION COMPLETE DESIGN -
|
a
4
STIFFNESS le—
REQUIREMENTS
SERVICE LIFE |4
2EACH ITERATION REQUIRES EVALUATION OF DESIGN CONDITIONS

(F_, 6, AND MATERIAL SELECTION

e

Figure 5-4. Level 2 design procedure flow for Type II bearings.
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Parametric design curves are presented for the loading conditions as
follows:
1. Torsional in Figure 5-5,
2, Axial in Figures 5-6 and 5-7,
3. Radial in Figures 5-8 to 5-10.
The design curves are given i terms of dimensionless parameters in a range
typical for helicopter applications. The curves were obtained by finite-element

analysis for a single Type II elastomer pad having full radius ends (Figure 5-1).

Each loading type will now be considered individually for the application of

the design curves.

5.1.2.1 Torsional Loads
T,

Figure 5-5 shows the variation of torsional stiffness for a series of -1%

ratios.

Assume that the dimensions of the innermost p:.d have been calculated as
discussed in the Level 1 design. Figure 5-5 can then be used to compare alterna-
tive values for the dimensions to meet stiffness requirement. Suppose, for
example, that the bearing size is limited in the length direction and the value of L
determined in Step 5 is excessive. Figure 5-5 and Equation (5-2) can be used to
choose alternate values of L and determine its effects on stiffness and shear strain.
If stiffness cannot be changed, then % will have to be changed to meet this re-

t quirement. It may also be worth considering the use of a stiffer elastomer in the

' first few pads if this is necessary to meet the requirements.

5.1.2.2 Axial Loads

The trade-offs necessary to meet stiffness and strain requirements can be
done in a manrer similar to that used for torsional loading. The parametric curve

for axial stiffness, enlarged in the r% range for typical helicopter applications, 18

presented in Figure 5-7. Type II bearings in helicopters generally have a '%

ratio of two.
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Figure 5-5. Torsional stiffness (Koz) design curve for various '1% ratios.
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5.1,2.3 Radial Loads

An enlarged radial stiffness curve in the % range for helicopter
applications is given in Figure 5-9. Other design curves are similar to those .

discussed for torsional loading.

Very limited experimental data for r.dial stiffness exist for thin pads. A
comparison of experimentally measured stiffness with that predicted by the design
curves indicates a factor of four difference, with the measured value being the

lower. There are two reasons which might possibly account for this discrepancy:

1, When a Type II bearing is loaded radially, the
compression half of the bearing is very stiff while
the tensile half is very soft. Low tension stiffness
could be due to cavitation or internal cracking of
the elastomer (References 3-6, 4-4 and 5-1), It
is quite possible that this behavior could account
for as much as a factor of two.
2, The design curves were drawn for an elastomer
with a Poisson's ratio of 0,4997. Figure 5-11 shows
the effect of Poisson's ratio on radial stiffness for a
thin elastomer pad with ilo ratio of 0,98. Radial
stiffness 1s very sensitive to changes in Poisson's
ratio; this indicates that a knowledge of Poisson's
2 ratio up to the fourth decimal placs 18 necessary for
accurate prediction. This would imply that the shape
factor of the bearing is high and that bulk compression
cannot be neglected,
Experimental results for the radial loading of Type II bearings are con-

,
-e"_
-/

: 5

tained in Reference 5-1. They became available while this manual was being pre-

pared; hence, the results could not be compared with theoretical predictions.
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5.1.3 Level 3 Design

. The flow chart for the Level 3 design procedure is given in Figure 5-12.
It utilizes the finite-element computer program to determine stress, strain and
displacement distributions in the entire bearing under various loading conditions.
A careful evaluation of these distributions will determine if the design is satis-
factory. The finite-element analysis will enable the designer to improve pre-

dictions on service life by using strain energy density as the fatigue failure

criterion.
‘. 2x 106
/ |
O
4 u /
r .
’ 2 = 0,98
r
o

b
L
‘ 5 T, =2 /
f 2x10 o
¢ /
| /

0.4990 0.4992 0.4994 0.4996 0.4998 0.5000
POISSON'S RATIO (v) g

Figure 5-11. Effect of Poisson's ratio on radial stiffness, ;
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5.2 EQUATIONS

The preliminary design equations for a single elastomer pad in a Type II

bearing are given below for the axial, torsional, and radial loading modes. Analy-

sis of the bending mode is difficult and closed-form equations are not available.

65.2.1 Axial Mode

The equations for the axial mode of deformation are:

1., Stiffness (Kz):

F

K -Z _ 2.73GL
z uz 'l"':=I
Logo| T

i

2, Shear Stress (T_):
rz

F

Trz - 2mrL

3. Shear Strain (¥ _):
rz

_ Trz

yrz G

65.2.2 Torsional Mode

The equations for the torsional mode of deformation are:

1, Stiffness (Koz):

2, Shear Stress (‘rr 8)

M (Note: Shear stress is maximum
ré 2 at r = ry)

z (Note: Shear stress is maximum
atr=r;)

(6-1)

(6-2)

(5-3)

(5-4)

(6-5)
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3. Shear Strain (‘}'ro) :

re
Yo = = (5-6)
5.2.3 Radial Mode
The equations for the radial mode of deformation are:
1. Stiffness? (K )
3
F r
CRL B _2) L L
Kp = Tave = 24761, ( h (Zr Tanh o ) (=7
u o o
r
2, Maximum Shear Stress ('r ;r;ax)
L
Frh (Tanh or )
T 2 (5-8)
2 ggp (L - Tanh —L—)
o] 2r 2r
0 0

Maximum shear stress location is at point A as shown in part C of Figure 5-2,

3. Average Radial Stress (a ?ve ) :

ave Fr
o = (5-9)
r or2Ver,
ave ro i 8! ave
The average radius (r ) is 2 for thin pads r > r.

—_—
For compressible materials, the radial stiffness is given by

2Gr0
K = (5-10)

e @y e @)

The radial stiffness factor (¢r) is presented in Figure 5-1i3.
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5.3 MANUFACTURING CONSIDE RA TIONS

A Type 1I bearing has very high tensile stresses induced in the elastomer
during cool-down from the molding temperature to ambient. Figure 5-14 shows
the hydrostatic tensile stress in a Type II elastomer pad cured at 300° F and cooled
to 70°F. Tensile stress in elastomers should be avoided, since cavitation is
initiated when the stresses are about 3/4 of the clastomer tensile modulus (Refer-
ence 5-2), Therefore, if the bearing is to have a reasonable service life, it is

necessary that these induced thermal stresses be minimized.

Pressure molding has been used in an attempt to reduce induced stresses.
The applied pressure decreases the inner housing diameter and increases the outer
housing diameter of the bearing. Upon release of the pressure, the housing
shrinks on to the elastomer pad, resulting in a state of compressive stress. It
is also possible that a high molding pressure causes sufficient bulk compression
in the elastomer which, upon release of the pressure, could result in a compres-

sive stress state.

Currently, preliminary design curves are not available to treat the cure
and thermal-induced stresses. It is recommended that these stresses be obtained
by using the finite-element computer program in the following steps:

1. Obtain deformed geometry of the housing and shims at
molding temperature and pressure. Note that there is
no elastomer (void element) in the finite-element model
in this step.

2. Incorporate elastomer in the finite-element model after
Step 1. Apply a thermal load on the entire bearing to-
gether with a negative molding pressure on the exposed
core ends (elastomer and shim areas) to effectively
remove the pressure applied in Step 1. The thermal
load should consider cool-down to minimum storage

temperature.
a7
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Superimpose thermal and radial loads prescribed on
geometry obtained in Step 3.

Evaluate resultant stress field from Steps 2 and 3 to
determine if critical tensile stresses are present in

the bearing.
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6.0 TYPE IOI BEARING DESIGN

A Type III bearing consists of alternate layers of spherically shaped rubber
pads and shims (Figure 1-3). It is designed to react axial loads and allow motion
about all three axes, In a typical helicopter application, it will support the centrif-
ugal force load and allow blade pitch, flap, and lead-lag motions. In helicopter

terminology, the minimum spherical radius end of the bearingis normally referred

to as the "inboard", end and the maximum spherical radius end is called the "out- ) *

board" end. The outhoard end is generally fixed, while the inboard end is free to | %

SRR AL

move,

6.1 PROCEDURE

S5 KRl

st

The design procedure is similar to that of a Type I bearing. The reader is

i

referred to an r-z cross section of a Type Il bearirg in Figure 6-1 for some of

the geometric parameters that are unique to this bearing and used in the text.

r
FAN

FIXED L
OUTBOARD END

aut

i

!‘u o iy

Rin ' |4
. ave out {a

in [

& ) ||

P Ly {13
/
ﬂ 1 i B :

Figure 6-1. Type II bearing nomenclature, |
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6.1.1 Level 1 Design

A flow chart of the Level 1 design procedure is given in Figure 6-2.

procedure is as follows:

1,

2.

5.

Select an elastomer formulation with known properties
E, G, k, V. A maximum shear strain failure surface
of the type discussed in Section 9.0 is also required.
Define initial vé.lue for axial load (Fz) pitch angle

(o;r) and flap angle (o;f) from load-motion spectrum
table as discussed in the design of Type I bearings
(Section 4. 0).

Select an allowable axial strain (eg“) and an allowable
axial stress (a%u) as discussed in the design of Type I
bearings. Values of €2!l = 15% and g21! = 5,000 pst
are recommended. Assuming that agll = agve,
Equation 6-4 can be used to determine E5 and the pro-
jected area (A). Since ry is specified, r,; can be
determined. Also, since E 4 is related to the shape

factor (S) by Equations 4-6 and 4-7, S can be calculated.

Select a value for the included half angle (8) of the
bearing., For this preliminary design, a value of
45 degrees is recommended. Assuming that the in-

board end average radius is (rf: ®= ﬂ;—r“) , the
pivot point can be located by construction or by simple
trigonometric relationships.

The shear strain failure surface is used to read off the
y8ll value for the chosen e*z“’e = 15% and acceptable
life value of, say, 30 x 108 cycles., The shear strain

in a Type III bearing is the result of the strains due
to pitch and vector rotations and is given by

vall =\ /"rev2 u yB.oz
1Nn1

The

(6-1)

—
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6.

The shear strain due to the lead-lag motion is not
included in Equation 6-1 since it is generally small
and out of phage with yrg and YRy, This omission
will result in a conservative design because the lead-

lag motion reduces the magnitude of the shear strain
in the bearing.

Equation 6-1 can be expanded using Equations 6-6 and
6-8 to yield

/OT Jave 2 ‘-. 2
Jall _ [ 5 Gave r_O] . IGT rave [gave ,ave -ave ]
\/ nT G J RAG (6-2)

The first iteration of this preliminary design is simpli-
fied by assuming J&€ = J, r, =y, R3€ = R = Ry + h7T),
G3Ve = G, and A?V€ = A, Since the total flap angle (o;r)
and the total pitch angle (9; ) are chosen in Step 2, the

only unknown in Equation 6-2, namely, hT, can be

determined.

Shim stresses are highest in Type III bearings during
vectoring. It is recommended that shim thickneas be
chosen equal to the elastomer pad thickness. Therefore,
since tT = hT, the length of the bearing (L = tT + hT) can
be calculated.

For this preliminary design, each pad can be assumed
to have the same projected area (A). Therefore, the
inner and outer radii (rjio and roq), respectively, at the
outboard end can be determined. Note that the average
radius at the outhoard end (rg‘zf) is measured from the

z axis to the point <;f intersection of a straight line of

slope f and an erc of spherical radius, Ry, given by
Rout = Rin + L.



8. Since the basic envelope of the bearing is now defined
and S is known in Step 3, the pad thickness (h)
can be determined for the middle pad. Assuming that
all pads have the same thickness, the number of pads
can be calculated., All geometric parameters of the
bearing are now defined.

9. The second iteration can be carried out without making
the assumptions used in simplifying Equation 6-2 in
Step 5. This will yield more accurate values for the
geometric parameters.

" 0. Check bearing for stability by using Equation 6-7 for
bending stiffness and Equation 6-9 for shear stiffness
of the middle pad in the buckling Equation 8-1 pre-
sented in Section 8.0. If bearing is unstable, these
stiffnesses may have to be increased. Bending stiff-
ness can be increased by increasing 8. Shear siiff-
ness can be increased by reducing the pad thickness
or increasing the cross-sectional area. As in the
design of a Type I bearing, care should be taken that
values e:"e and 72l chosen in Steps 3 and 5, respec-
tively, are not violated. If they are not met, new values
of €2V€ and 8l may have to be chosen.

11. Check for any stiffness requirement as discussed in the
design of Type I bearings.

12, Check for service life as explained in Section 9. 0.

6.1.2 Level 2 Design

The flow chart for the Level 2 design procedure is given in Figure 6-3.
In the Level 2 design, the designer can refine the Level 1 design by noting

the effect of some of the important parameters in the design equations, For

example, Equation 6-8 shows that all pads will have the same bending strain, if the
104
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Figure 6-3. Level 2 design procedure flow for Type III bearings.

parameter RA is kept constant in the bearing. On the other hand, Equation 6-6

r
shows that all pads will have the same torsional strain, if the parameter To is kept
constant, Therefore, if the bearing is to be designed for the same strain in each

pad, a compromise between Equations 6-6 and 6-8 will have to be reached,

Since an important consideration in service life is shear strain, methods
for minimizing the shear strain should be investigated. One approach is to make
the spherical elastomer pads with different moduli.

Another parameter that can be modified at this stage is the included half
angle (B). If the axial load (Fz) is considerably less than the buckling load, 8 can
be reduced. However, the minimum value of 8 is determined by the maximum flap
angle of the blade shaft,and adequate clearance should be provided between the out-
board end and the shaft in the maximum flap position.
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The detailed design equations given in Subsection 6.2 can also be used at
this time to determine the stiffness and stress in each pad. They have not been
plotted in a parametric form because of their complex nature. However, some

observations for the important equations are provided.

The maximum shear stress failure surface criteria can also be evaluated

in Level 2 design by using the detailed design equations for shear stress.
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