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In¯ uence of Elastomeric Damper Modeling
on the Dynamic Response of Helicopter Rotors

Donald L. Kunz ¤
McDonnell Douglas Helicopter Company, Mesa, Arizona 85205

Several modeling approaches that describe the behavior of elastomeric materials used in helicopter rotor lag

dampers are examinedand evaluated,using laboratory test data. Two of the models are then used in a simulationof
a helicopter rotor startup, and the simulationresults are compared to one anotherand to ¯ ight test data.The models

created using laboratory test results show that the simple, complex modulus model will yield good predictions of
damper energy dissipation, but the simulation results indicate that this model is inadequate for predicting forced

response. Although some of the models evaluated performed better than the others, none were free from limitations
that would make them unsuitable for some applications. It is recommended that more effort be put into acquiring

and analyzing damper test data to facilitate the development of more robust modeling approaches.

Nomenclature
a, b, c = complex modulus exponential curve-® t coef® cients

(a + buc)
a1, a3, a5 = Fourier cosine coef® cients [Eq. (1)]
b1, b3 = Fourier sine coef® cients [Eq. (1)]
C = damping function, N ¢ cm¡ 1 ¢ s ¡ 1

c = Voigt±Kelvin solid damping coef® cient,
N ¢ cm¡ 1 ¢ s¡ 1

cp = anelastic displacement ® elds (ADF) solid
damping, N ¢ cm¡ 1 ¢ s¡ 1

c0, c2 = nonlinear Voigt±Kelvin solid damping coef® cients,
N ¢ cm¡ 1 ¢ s¡ 1

f = damper force, N
f0 = initial damper force at t = 0, N
K = stiffness function, N/cm
K 0 = stiffness modulus, N/cm
K 0 0 = damping modulus, N/cm
k = Voigt±Kelvin solid stiffness coef® cient, N/cm

kp , ks = ADF solid stiffnesses, N/cm
k0, k2 , k4 = nonlinear Voigt±Kelvin solid stiffness coef® cients,

N/cm
p1 , p2 , p3 = stiffness modulus coef® cients, N/cm
q1, q2, q3 = damping modulus coef® cients, N/cm
t = time, s
u = displacement, cm
v = velocity, cm/s
Wdiss = damping energy, J
x = frequency, rad/s
( Å ) = constant value
( Ç ) = derivative with respect to time

Introduction

E LASTOMERIC materials are used in a varietyof parts on mod-
ern helicopters.Bearingless rotor helicopters, such as the Mc-

DonnellDouglasExplorer, theBell Model680, theBoeing/Sikorsky
RAH-66, and the MBB BO-108, employ an elastomeric snubber-
damper that serves both to restrain the motion of the pitch housing
and to provide necessary lag damping to the rotor system. Elas-
tomers are also used in the lag dampers of aircraft such as the
McDonnell Douglas AH-64 Apache, the Bell Model 412, and the
Boeing Model 360. Because of the fact that the use of elastomers in
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critical components of rotorcraft is now so widespread, the subject
of elastomeric damper modeling has received increased attention in
recent years.

For many years, the preferred method of describing the stiffness
and damping properties of elastomers has been the complex modu-
lus method. This method models the damper as a linear spring and a
lineardamperoperatingin parallel.However, it is clear fromeventhe
most rudimentarystudyof elastomericmaterialpropertiesthat linear
modelingof elastomericdamper response is entirely inadequate.An
in-depth discussionof the in¯ uence of the nonlinear characteristics
of elastomerson the design of lag dampers is presented elsewhere.1

That paper discusses the dependence of elastomeric material prop-
erties on factors such as amplitude and frequency of motion, tem-
perature, and preload. However, instead of focusing on the effect
of these factors on damper response characteristics, the emphasis
is placed on how each factor affects the values of the linear com-
plex moduli. It is clear that the investigationwas tailored to focus on
speci® c design parameters (e.g., spring rate and energy dissipation),
rather than on developing a comprehensivedamper model.

To keep the basicstructureof thecomplexmodulusmethod intact,
modi® cations have been proposed that account for dual-frequency
excitation2 and thermal effects.3 Felker et al.2 propose that the
damper force may be expressed as a spring force that is a non-
linear function of displacement, plus a damping force that is a non-
linear function of both displacement and velocity. Based on this
nonlinear function, nonlinear complex moduli can be derived that
are in much better agreement with measured moduli over a range
of amplitudes. Starting with amplitude-dependentcomplex moduli,
Hausmann and Gergely3 examine the effect of heat buildup and
environmental conditions on damper ef® ciency. In addition, they
touch on the effects of amplitude and frequency variations, as well
as polyharmonic loading.

Othersmake a breakwith thecomplexmodulusapproach.Gandhi
and Chopra4 place an additional nonlinear spring in series with the
linear,parallel springand dashpot.The rationalefor representingthe
series spring by a quadratic functionof the displacement is solely to
improve the ® delity of the static response. However, it does nothing
to account for nonlineardamping.The nonlinearmodel5 is based on
using the current and local peak velocities of a nonlinear damper.
It is shown to correlate well with experimental data taken using
sinusoidal excitation with both single and dual frequencies.

Other researchers6, 7 take a different approach to modeling elas-
tomeric materials but arrive at nearly the same model as that pro-
posedby Gandhi andChopra.4 This approachis basedon themethod
of anelastic displacement ® elds (ADF), which is extended to model
strain-dependentmaterial behavior.The mechanical analogyof this
model is structurallyidentical to that of Gandhi and Chopra,4 except
that now both springs and the dashpot are represented by nonlinear
functions.
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In all of the investigations cited above, and in many others, im-
proved elastomeric material models that have been applied to heli-
copter rotorshavebeen evaluatedon the basis of their effect on aero-
elastic stability.Becauseenergydissipationis an integratedfunction
of damper response, it is possible to derive a damper model that has
the same total damping, but radically different response character-
istics. Furthermore, aeroelastic stability is calculated from a set of
equations that are linearized about an equilibrium state, effectively
removing nonlinearities from the damper model during the stabil-
ity computation. Therefore, it would appear that a representative
damper model must provide a good approximation to the force-
displacement characteristics of the damper, as well as duplication
of its energy dissipation.

In this paper, the AH-64A elastomeric lag damper is used to in-
vestigate the relative merits of several modeling techniques. First,
harmonic responsedata that were obtainedfrom the Apache damper
in laboratorybench tests is examined and characterized.Then, sev-
eral different strategies that have been proposed for modeling elas-
tomeric materials are examined and evaluated, using the data from
thosedampers.Finally, two of the dampermodels are integratedinto
a multibody analysis of the Apache blade assembly, and evaluated
on the basis of how well they perform when compared to ¯ ight test
measurements of transient blade motions.

Apache Lag Damper
In the Apache rotor system (Fig. 1), the lag dampers are attached,

two per blade, between the pitch housing and the lead-lag link.
The leading-edgeand trailing-edgedampersaremounted identically
with a trunnionconnectingthe inboardend of thedamper to the pitch
housing, and a rod end connecting the outboard end to the lead-lag
link. As the blade undergoes lead-lag motion, the rotation of the
lead-laglink imposesequaland opposite lineardisplacementson the
leading-edge and trailing-edge dampers. These displacements are
resisted by the force resulting from the shearing of the elastomeric
material in the dampers.

The dampersusedon theApachearemanufacturedbyLordCorp.,
usingan elastomerknown as BTR VI. Four damper specimenswere
bench-testedby Lord to obtain typical values for the complex mod-
uli (K 0 and K 0 0 ). Each was subjectedto a single,harmonic excitation
at 2.42 Hz and the resultant force was measured.The stiffness mod-
ulus K 0 0 is de® ned as the force component (per unit amplitude) that
is in phase with the applied motion, and the damping modulus K 0 0
is de® ned as the force component (per unit amplitude) that is 90 deg
out of phase with the applied motion. Figure 2 shows the measured
properties as well as curve ® ts through those data. The curve ® ts
were obtained using the exponential function, a + buc (Table 1),
which was selectedafter attempting ® ts using a variety of functional
forms. This functional form, compared to polynomial ® ts for exam-
ple, appears to provide a reasonable approximation to the data over
the full range of interest.

In addition to the bench testing that produced the complex mod-
ulus data described above, forced-response testing was performed

Table 1 Complex modulus curve ® ts

a + buc a b c

K 0 7979 4453 ¡ 0.524
K 0 0 4277 1793 ¡ 0.644

Fig. 1 Apache rotor hub con® guration.

Table 2 Typical lag damper harmonic coef® cients

Amplitude, cm a1 a3 a5 b1 b3

0.099 4,911 361 224 ¡ 3,552 ¡ 402
0.508 20,667 2,921 1,124 ¡ 9,970 ¡ 1,965

Fig.2 TypicalApache lag damperproperties: and e , measured prop-
erties and ÐÐ , curve ® ts.

Fig. 3 Typical lag damper harmonic responses.

on the bench with nine lag dampers. These dampers were subjected
to 2.42-Hz harmonic excitations at amplitudes of both 0.099 and
0.508cm. Ten harmonicsof the damper forceswere recorded.Anal-
ysis of the bench-test data showed that only the ® rst three odd co-
sine and ® rst two odd sine components contributed signi® cantly to
the damper response function. Based on these data, a function that
describes the damper force resulting from sinusoidal excitation at a
single frequency can be written in the form

f = a1 cos( x t ) + a3 cos(3 x t ) + a5 cos(5 x t )

+ b1 sin( x t ) + b3 sin(3 x t ) (1)

Figure3 displaysthe force-displacementcurvesfor typicalharmonic
damper response, based on the average of the nine dampers tested.
The averaged harmonic components are tabulated in Table 2. It is
obvious from both Figs. 2 and 3 that nonlinearitiesplay a signi® cant
role in the forced response of the Apache lag damper. These data
are used in the remainder of the paper as a basis for creating and
evaluating various lag damper models.

It is instructive to observe the changes in the force-displacement
curves that result from selectively eliminating higher harmonics
of the damper response function. Figure 4 shows the changes in
shapesof the force-displacementcurves (0.508-cmexcitation)when
selected harmonic terms are removed from the response function
[Eq. (1)].Whenonly the ® rst harmonictermsareused in the response
function(dashedline), the curveexhibitsthe classicoval shapeof the
complex modulus representation. Of course, the constants K 0 and
K 0 0 are de® ned as the ® rst harmonic cosine and sine components of
the response,so this result is to be expected.The additionof the third
harmonic terms (dotted line) introducesthe distinctiveupturnedand
downturned points at the displacement extremes, and decreases the
magnitudeof the forceproducedas the displacementpasses through
zero. The addition of the ® fth harmonic term (solid line) tends to
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Fig. 4 Lag damper response harmonics.

enhance the features introduced by the third harmonic, sharpening
the points at the large displacements, and making the curve nearly
linear as it passes through zero displacement.

More interesting,however, is the effect that removing harmonics
has on the energy dissipation,1 as measured by

Wdiss = K f
@u

@t
dt (2)

When Eq. (2) is applied to each of the force-displacement curves
in Fig. 4, the resulting values of energy dissipation are identical.
This is a signi® cant observation, because it implies that the higher
harmonic terms, which are responsible for the nonlinear response
characteristicsof the damper, have no impact on the energy dissipa-
tion characteristics of the damper. The obvious implication of this
observation is that although the constants, K 0 and K 0 0 , which are
used to de® ne the complex modulus model, are suf® cient to de® ne
the energy dissipation characteristicsof elastomeric materials, they
are not suf® cient to describe the forced-responsecharacteristics.

Lag Damper Models
Voigt± Kelvin Solid

Traditionally, elastomeric damper properties have been repre-
sented using the complex modulus method, which is equivalent to
a linear Voigt±Kelvin solid (VKS). The mechanical analogy to a
VKS8 is shown in Fig. 5. In this approach, the values of the spring
stiffness and the dashpot damping are often assumed to be constant.
However, anyone who has observed the response of an elastomeric
device to virtuallyany type of excitationwouldagreethat this simple
model is not an adequate representationof the elastomer.

The differentialequationdescribinga nonlinearVKS (Fig. 5) can
be written in the form

f = K (u)u + C( Çu, u) Çu (3)

Linear Damper Properties

If the stiffness and damping in Eq. (3) are assumed to be constant
values, the VKS model becomes equivalent to the traditional com-
plex modulus representation.If the experimental data from Table 2
are used to de® ne the values of k and c, the response to harmonic
excitation is identical to the dashed line in Fig. 4, which includes
only the ® rst harmonic response.

Table 3 shows the closed-formsolutionsof Eq. (3) underdifferent
loading conditions,when k and c are assumed to be constants.Note
that for constant force, constant displacement rate, and harmonic
displacement, the form of the response function allows both of the
constants k and c to be determined from a single test. In addition,
steady-statemeasurements of the response to the constant displace-
ment rate and harmonic displacement loading conditions can be
used to determine both constants.

Nonlinear Damper Properties

To account for the nonlinear response characteristics of elas-
tomeric materials, it has been proposedthat the nonlinearproperties
of K 0 and K 0 0 be used to de® ne nonlinear stiffness and damping
functions. For example, the de® nitions of K 0 and K 0 0 from Table 1

Table 3 Closed-form solutions for a linear VKS

Load Response

f = Åf u = ( Åf / k) f 1 ¡ exp[(k/ c)t ] g
u = Åu f = k Åu
u = Åvt f = Åv (c + kt)
u = Åu sin x t f = Åu(k sin x t + c x cos x t )

Fig. 5 Mechanical analogy to a VKS.

Fig. 6 Felker± Lau damper response (amplitude = 0.508 cm).

can be substituted (with a slight modi® cation) into Eq. (3), resulting
in the following expression for the damper force:

f = (7979 + 4453j u j ¡ 0.524)u + (4277 + 1739j u j ¡ 0.644)( Çu/ x ) (4)

The problem with using this expression for the damper force is that
as u approaches zero, the value of f approaches in® nity; and when
u = 0, f is unde® ned. Therefore, the de® nitions from Table 1,
although providing an excellent approximation to the K 0 and K 0 0
measurements, are completely unacceptable for predicting damper
response.

Felker et al.2 present an alternative formulation, where the func-
tions used to provide an approximation to K 0 and K 0 0 are

K 0 = p0 + p1 j u j + p2u2
+ ¢ ¢ ¢

(5)
K 0 0 = q0 + q1 j u j + q2u

2
+ ¢ ¢ ¢

A least-squares ® t, applied to the data shown in Fig. 2, was used
to determine the values of the constants in Eqs. (5). If Eqs. (5) are
convertedto stiffnessand damping, then substitutedinto Eq. (3), the
following expression for damper force results:

f = (30,254 ¡ 71,525j u j + 76,599u2 + ¢ ¢ ¢ )u
+ (17,010 ¡ 43,618j u j + 44,666u2 + ¢ ¢ ¢ )( Çu/ x ) (6)

AlthoughEqs. (5)donotprovideas goodanapproximationto K 0 and
K 0 0 for the complete range of amplitudes, Eq. (6) has no singularity
at zero displacement. However, as shown in Fig. 6, Eq. (6) grossly
overpredicts the force near zero displacement, and consequently
overpredicts the amount of energy dissipated by 36%. To be fair,
Eq. (6) predictions fare much better for small-amplitude motion.
For example, at an amplitude of 0.099 cm, the energy dissipation is
overpredictedby less than 10%.



352 KUNZ

The fundamental problem with using the curves for K 0 and K 0 0
vs amplitude as a basis for derivingnonlinear stiffness and damping
functions is that the response always will be dominated by the be-
havior of the functions near zero displacement.As shown in Fig. 2,
both K 0 and K 0 0 measurements show a nearly exponential increase
as the amplitude approaches zero. Therefore, any function that ap-
proximatesthosemeasurementsmust exhibitsimilar characteristics,
and the resulting damper force will predict disproportionatelyhigh
forces as the displacement goes through zero.

Nonlinear Forcing

Instead of basing the nonlinear stiffness and damping functions
on the values of K 0 and K 0 0 , an alternative approach to modeling
nonlinear dampers is to derive those functions from the nonlinear
forced response.From bench testing of the damper, it is known that
the damper force has the functional form shown in Eq. (1), for an
imposed harmonic displacement of u = Åu cos( x t ). To express the
damper force in terms of u and Çu, and retain the same harmonic
content as in Eq. (1), the stiffness and damping functions can be
expressed in the form

k(u) = k0 + k2u
2
+ k4u

4 c( Çu) = c0 + c2 Çu2 (7)

SubstitutingintoEq. (3), theequationfordamperforce thenbecomes

f = (k0 + k2u
2
+ k4u4)u + (c0 + c2 Çu2) Çu (8)

The stiffness and damping coef® cients in Eqs. (7) now may be de-
rived exactly in terms of the harmonic coef® cients from Eq. (1):

k0 =
a1 ¡ 3a3 + 5a5

Åu
k2 =

4(a3 ¡ 5a5)

Åu3
k4 =

16a5

Åu5

(9)

c0 = ¡ (b1 + 3b3)

x Åu
c2 =

4b3

( x Åu)3

Using the values of the harmonic coef® cients from Table 2, and
substituting into Eqs. (9), Eq. (8) becomes

f0.099 = [49970 ¡ (3.126 £ 106)u2
+ (3.767 £ 108)u4]u

+ (3160 ¡ 471 Çu2) Çu
(10)

f0.508 = [34502 ¡ (8.241 £ 104)u2
+ (5.317 £ 105)u4]u

+ (2054 ¡ 17 Çu2) Çu

Although this approach yields an exact equation for the harmonic
damper force, it is exact only for a particular amplitude and fre-
quency. By comparing Eqs. (10), it is easy to see that the stiffness
and damping coef® cients are dependent on amplitude. It may be
possible to curve ® t the coef® cients in Eqs. (7) for a range of dis-
placements and frequencies,but a much larger databaseof response
data will be required as compared to that presented in Table 2.

ADF Solid

If one were to take the mechanical analogy to a VKS (Fig. 4) and
add another spring in series, the result would be as shown in Fig. 7.
The model described by Gandhi and Chopra uses this mechanical
analogy, and assumes that only ks is nonlinear. Govindswamy et
al.,6 startingwith the theory of ADF, arrives at the same mechanical

Fig. 7 Mechanical analogy to an ADF solid.

Table 4 Closed-form solutions for linear ADF model

Loading Response

f = Åf u = ( Åf / k1) + ( Åf / k2) f 1 ¡ exp[¡ (k1/c1)t] g
u = Åu f =

k1k2

k1 + k2
Åu + ( f0 ¡

k1k2

k1 + k2
Åu) exp( ¡

k1 + k2

c1
t)

u = Åvt f =
k2

k1 + k2 { k2

k1 + k2 [1 ¡ exp( ¡
k1 + k2

c1
t) ] +

k1

c1
t}c1 Åv

u = Åu sin x t f =
k2 Åu

c2
1 x 2 + (k1 + k2)2 {[c2

1 x
2 + k1(k1 + k2)] sin x t

+ c1k2 x [ cos x t ¡ exp( ¡
k1 + k2

c1
t) ]}

analogybut allows both springs and the damper to be nonlinear.The
differential equation that describes the fully nonlinear ADF solid is

k2
s cp

Çf + (k2
s + k 0

s f )(kp + ks ) f = ks(k
2
s + k 0

s f )(cp Çu + k pu) (11)

where kp , ks , and cp may all be nonlinear functionsof displacement
and velocity.

Some insight into the characteristics of the ADF solid can be
gainedby lookingat theclosed-formsolutionsof this equationunder
different loading conditions, when kp , ks , and cp are constants.

The ® rst item worthy of note is that while the responsesin Table 4
show signi® cant differences from those in Table 3 (VKS), there are
also some strongsimilarities.For example, the only differencein the
responses to a constant force is that the stiffness expression in the
ADF model is simply the equivalent stiffness for two springs in se-
ries. The same equivalentstiffness is apparent in the constant term of
the ADF response to a constantdisplacement,but the corresponding
VKS response has no exponential term.

Like the VKS, it is possible to calculatethe stiffness and damping
constants from the constant displacement rate and harmonic dis-
placement loading conditions. However, unlike the VKS, it is not
possible to determine all of the constants using only steady-state
measurements of a single loading condition. For example, analysis
of the steady-state response to harmonic displacement would pro-
duce sine and cosine components, but there are three constants that
need to be determined for the ADF solid. Therefore, the determina-
tion of the stiffness and damping constants from steady-state data
requires the use of more than one loading condition. In attempting
to create a curve-® t ADF model of the data shown in Table 2, it was
discovered that no acceptable ® t could be obtained. Once it was re-
alized that simple harmonic response data allows the determination
of only two of the constants, the reason for the failure of the ® tting
process was understood.

For a linear model of the mechanical analogy in Fig. 7, one could
determine the three constants by analyzing both the transient and
steady-state responses to either the constant displacement rate or
harmonicforcing.However, judgingfrom the formsof the responses
in Table 4, calculating the three constants would require solving
nonlinear equations in the constants. On the other hand, a mathe-
matically simpler solution would be to apply a constant force to the
specimen until it was displaced a predetermined amount. Then, the
displacementwould be held constantuntil steady state was reached.
The equivalent series stiffness could be calculated easily from the
steady-state measurement, and curve ® ts to the transient sections
of the displacement and force responses could be made. The solu-
tion for the stiffness and damping constants then only requires the
solution of simple, linear equations. Naturally, such a procedure is
subject to the availabilityof suitable test equipment. In addition, for
a complete characterization of the material, a range of forces and
displacements would have to be tested.

To create an approximate, nonlinear, ADF model from labora-
tory data, a similar procedure to that describedabove could be used.
However, because the solutions in Table 4 are for a linear model,
the procedure would carry the implicit assumption that the nonlin-
earities are small. Referring back to the data in Table 2, such an
assumption would seem reasonable. Thus, instead of determining
the values of constants from the steady-stateand transient data, one
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would determine the coef® cients of the functional forms, and then
solve for the function forms of the stiffnesses and damping.

Apache Blade Simulation
In this section, results from simulationsusing two differentrepre-

sentationsof the force-displacementequations for damper response
are compared to ¯ ight test data. A fully nonlinear, geometrically
exact model of the AH-64A Apache main rotor blade assembly was
created for performing these simulationsusing the general-purpose,
multibody system analysis program ADAMS. The model consists
of 20 parts, representing the rotor hub, swashplate, pitch link, pitch
housing, strap pack, leading- and trailing-edge lag dampers, lead-
lag link, and blade. Except for the strap pack, all of the components
are assumed to be rigid. Standard joints, primitive joints, and mo-
tion constraints are used to connect the parts to one another and
maintain the geometry of the model. Elastic components, such as
the feathering bearing, strap pack, and the lag dampers, are mod-
eled by forces acting between parts. In one of the simulations, each
damper is modeled as a linear VKS. The stiffness and damping are,
therefore, constant values that are derived from the ® rst-harmonic
response alone. The other simulation models the dampers as non-
linear VKS, where the stiffness and damping functions are derived
from Eqs. (7).

The ¯ ight condition used to compare damper models is a brake-
on/release rotor startup. In the simulation, the rotor brake is initially
locked, while the engines are spooled up. Then the brake is re-
leased, and the rotor is allowed to turn. The simulation starts when
the brake is released. A smoothed torque pro® le (Fig. 8), derived
from the ¯ ight-test measurements, is used to de® ne the torque that
is applied to the rotor shaft of the ADAMS model. The torque spike
that is present at the beginning of the simulation is due to the sud-
den torque applied by the engines to the rotor shaft when the rotor
brake is released. For a brake-off startup, this spike is not present.
The torque spike induces a large lag response by the blade, and the
prediction of this response poses a severe challenge to the simula-
tion software. The ability to predict the lag response for the brake-
on/release startup condition is important for two practical reasons:
® rst, the lag response has a signi® cant effect on the loads in other
parts of the Apache blade retention system, and second, the damper
design must be suf® ciently stiff that the blade is not allowed to
attain such a large lag angle that the lag stops are contacted. To
select appropriate damper constants for the simulation, the maxi-
mum damper de¯ ection was determined from the ¯ ight-test data.
For this ¯ ight condition, the maximum lag angle was estimated to
be 0.039 rad, which, when multiplied by perpendicular distance to
the line of action of the lag damper, results in a damper de¯ ection
of approximately0.45 cm. Therefore, the damper constants derived
from the bench tests that applied a harmonic amplitude of 0.508 cm
to the damper were used in this simulation.

The rotor speed predicted by the ADAMS simulations is com-
pared to the measured rotor speed in Fig. 9. Because rotor speed can
be expressed as an integral of the torque, multiplied by a constant
that is proportionalto the blade inertia, the rotor speed correlationis
a good measure of the ® delity of the inertia properties of the model.
The rotorspeedpredictedusingboth the linearand nonlineardamper
model tracks the measured speed exceptionally well for the entire

Fig. 8 Rotor torque input.

Fig. 9 Correlation of rotor speed predictions.

Fig. 10 Correlation of leading-edge lag damper predictions.

Fig. 11 Correlation of trailing-edge lag damper predictions.

40 s of the simulation. Note that a simple drag function, which is
proportionalto the square of the rotor speed and an averagevalue of
the pro® le drag of the HH-02 airfoil, is used to keep the rotor speed
from running away. The accuracy of the rotor speed predictions is
therefore somewhat dependent on the choice of the pro® le drag co-
ef® cient, particularly in the latter stages of the simulation when the
rotor speed is large. However, on the basis of the correlation shown
in Fig. 9, this model appears to have excellent ® delity in predicting
the inertial loads on the blade.

Figures 10 and 11 show the damper force in the leading-edgeand
trailing-edge dampers, respectively, as compared to damper force
measurements.The forces predicted by both the linear and the non-
linear models are consistently 1500±2000 N greater than the test
data for the ® rst 25 s of the simulation. One explanation that pro-
poses to account for this difference is that there is a preload on the
aircraft dampers that the model does not include. However, checks
of the assemblydrawingsand conversationswith ¯ ight-testmechan-
ics indicate that there is no preload applied to the dampers during
installation.Anotherpossible explanationis that measurement error
in the load cells accounts for the offset. Although this is certainly
possible, it is unlikely that the load cells on both dampers would be
erroneously offset by the same amount.
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Fig. 12 Correlation of lag angle predictions.

The most likely explanation of the differencebetween the ¯ ight-
test data and the simulation is based on the fact that after several
hours of operation, the dampers have been observed to acquire a
permanent set. If it is assumed that the dampers acquire a set with
the blades lagging, the simulation would be expected to consis-
tently overpredict the damper forces. Note also that after 25 s, the
predictions of leading-edge damper force track much closer to the
test data than do the predictions of trailing-edge damper force. Al-
though there is no explanation available for this observation, the
damper force predictionsremain symmetric and the measured loads
are nonsymmetric.

Of greatest interest in the context of this paper is the com-
parison of the predicted and measured lag angles in Fig. 12. For
the linear damper model, immediately after the brake is released,
the maximum predicted lag angle reaches approximately 55% of
the maximummeasured lag angle.However, it does manage to catch
up with the measurements 20 s into the simulation and tracks quite
well from then on. The nonlinearmodel performsbetter than the lin-
ear model immediately after brake release but still falls nearly 30%
short of the measurements. It also catches up to the measurements
after about 20 s. The results of this simulation show that neither the
linear nor the nonlinear model is capable of accurately predicting
the response of the blade under a large impulsive load.

Conclusions and Recommendations
Based on comparisons of the various lag damper models and on

the results of the dynamics simulations, the following conclusions
can be made:

1) The linear complex modulus approach to modeling the be-
havior of elastomeric dampers will produce accurate estimates of
energy dissipation, but it is not suf® cient for prediction of forced
response.

2) Modi® cations to the complex modulusmethod that derivenon-
linear damper properties from the nonlinear K 0 and K 0 0 properties
cannot be expected to give accurate estimates of energy dissipation
and are not suitable for prediction of forced response.

3) Damper modeling using the nonlinear VKS method (based on
response measurements) will result in accurate estimates of energy
dissipation and is suitable for the prediction of forced response.
However, this methodologyis limited in that the damper models are
amplitude-dependent.

4) The ADF approach appears to be an attractive, and more gen-
eral, alternative to the VKS. However, because there is an additional

parameter (or function) to be identi® ed, additional data over and
above that required to identify the VKS parameters are required.

5) Simulation of a brake-on/release rotor startup is a rigorous
test of the lag damper model. Although the simulations presented
hereindemonstratedgenerallygoodcorrelationwith ¯ ight-testdata,
the weaknesses of the damper models could be identi® ed readily.
Clearly, simulations of this type are more suitable for evaluating
models of elastomeric dampers than are calculations of aeroelastic
stability.

Some of the damper models performed quite well, but all were
saddled with severe restrictions. To remove some of these restric-
tions and to permit more robust damper models, the following rec-
ommendations are made:

1) More data must be generatedin controlledenvironmentsto per-
form detailed studies of the in¯ uence of amplitude and frequency
on harmonic response, and displacement and velocity on nonhar-
monic response. In addition, the data should be structured so as
to facilitate comparisons of the relationship between harmonic and
nonharmonic response.

2) The testing methods used for characterization of elastomeric
materials need to be reexamined. Clearly, response to simple har-
monic forcing using a single frequencyand two amplitudes is insuf-
® cient to fully describe the material characteristics.In addition, the
traditionalparameters K 0 and K 0 0 are inadequatefor any model more
sophisticated than the linear complex modulus model, and need to
be augmented with additional parameters.

3) Elastomeric lag damper models that are developed in the fu-
ture should be evaluated against realistic data that possess a strong
nonharmonic content and provide a rigorous test of the model’s
capabilities.
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