JOURNAL OF AIRCRAFT
Vol. 35, No. 4, July-August 1998

Simulation of Helicopter Rotor-System Structural Damage,
Blade Mistracking, Friction, and Freeplay
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Selected helicopter rotor faults are simulated by changes in stiffness, inertial, and aerodynamic prop-
erties of the damaged or mistracked blade(s). A rotor aeroelastic analysis based on finite elements in
space and time and capable of modeling dissimilar blades is used to simulate the damaged rotor in
forward flight. The various rotor faults modeled include chordwise imbalance, aerodynamic mistracking,
localized cracks, distributed changes in blade stiffness properties modeling a stiffness defect and a man-
ufacturing defect, friction and freeplay in the pitch-control system and the lag damper, and friction in
the flap and lag hinge. Changes in blade tip response and rotor hub loads are identified for the selected
faults and tables of rotor-system diagnostics are compiled.

Nomenclature
C, C, C, = blade section drag, lift, and moment
coefficient
C, = thrust coefficient
C, = lag damper constant
Co = section lift coefficient at zero lift angle
Cy = section lift curve slope
D = damage intensity factor
El, = flap stiffness
EI. = lag stiffness
F.y = longitudinal hub force
Foy = lateral hub force
F_ = vertical hub force
Fy = lag damper load
Fy = steady component of damper load
Fy = vibratory component of damper load
F, = pitch link load
GJ = torsion stiffness
M .y = rolling hub moment
M, = pitching hub moment
M, = steady component of bending moment
M,, = vibratory component of bending moment
M. = yawing hub moment
N = number of spatial finite elements
N, = number of blades
R = rotor radius
T = kinetic energy
U = strain energy
v = lag deformation of blade
w = virtual work
w = flap deformation of blade
X = blade spanwise location of crack
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Superscripts
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ith sine component
ith sine component
nonrotating quantity

Introduction

HE helicopter rotor operates in a highly dynamic and un-

steady aerodynamic environment leading to severe vibra-
tory and fatigue loads on many critical components within the
engine, transmission, drive shaft, and rotor system. Repeated
exposure to this severe loading condition can induce damage
in critical structural components, which, if unchecked, could
lead to failure. To address this problem, damage-sensitive parts
are frequently inspected and often prematurely replaced. This
leads to higher operating and maintenance costs. In addition,
excessive downtime of helicopters for inspection and mainte-
nance may reduce availability and even jeopardize the mission.
The need for a sizable reduction in the operating costs and for
enhancement of flight reliability has directed attention to the
development of rotorcraft health-monitoring systems. In this
paper a mathematical model of the rotor system is used to



592 GANGULI CHOPRA, AND HAAS

examine the system response of the helicopter as a result of
selected rotor faults.

With regard to helicopter rotor systems, only limited work
on damage simulation has been reported in the literature.' Az-
zam and Andrew' worked on the development of health and
usage monitoring systems (HUMS) for helicopter rotors using
computer-based mathematical models. Rotor-system faults
were simulated for a five-bladed articulated rotor similar to the
S-61 rotor. Faults modeled include blade cracks, chordwise
mass imbalance, and defective lag damper. Selected valida-
tion of damaged rotor response and hub loads are presented.
The present authors® formulated a damage-detection method-
ology for helicopter rotors. The rotor faults modeled were
moisture absorption, loss of trim mass, damaged pitch-control
system, misadjusted pitch link, damaged flap, and damaged lag
damper. The influence of the simulated faults on blade re-
sponse and hub loads was analyzed. Results from the study
were summarized in the form of diagnostic tables that can be
used by pattern recognition algorithms to detect damage.

In addition to helicopter rotor-system faults, rotor track and
balance problems are also encountered by helicopter mainte-
nance engineers. Rotor track and balance problems are caused
by differences between blades that may be present because of
manufacturing defects or misadjustments in mounting the
blades on the hub. Track and balance problems cause changes
in rotor-system behavior, which typically show up as an in-
crease in fuselage vibration. Hub and blade balance weights,
trim tabs, and pitch-link adjustments are used to correct rotor
track and balance problems. Rotor aeroelastic analysis of dis-
similar blades provides the means to compare various track
and balance problems and determine the changes in rotor-sys-
tem behavior caused by blade mistrack and blade damage. This
is necessary for the health-monitoring system to differentiate
between a mistracked or unbalanced rotor and a damaged ro-
tor.

In contrast to the limited work on health monitoring of heli-
copter rotors, there has been considerable work in the areas of
machinery diagnostics and space structures. The damage-de-
tection techniques developed for machinery condition moni-
toring and space structures can serve as a guide for the more
complex helicopter rotor-system damage-detection problem.

Potential faults in rotating machinery include shaft cracks,
shaft imbalance, misalignment, rotor-to-stator rubbing, loose
stationary and rotating parts, poorly lubricated bearings, and
internal friction.””> The objective of these analyses is to diag-
nose the state of the machine to perform preventive mainte-
nance. Monitoring the dynamic behavior of machinery requires
transducers that measure acceleration, velocity, and displace-
ment at judiciously selected locations. In some applications the
transducers are mounted permanently and the signal is moni-
tored continuously for on-line health assessment.

In addition to rotating machinery, another area of active re-
search in fault detection is space structures. On-line health-
monitoring systems of space structures is important because of
their inaccessibility to ground personnel. Researchers in the
space structures field have integrated vibration analysis with
system identification algorithms to produce quantitative dam-
age-detection methods.® A mathematical model of the undam-
aged structure, usually correlated with experimental data of the
undamaged structure, is used to analyze the vibration response
of the damaged structure. The location and extent of the struc-
tural damage is monitored through system identification of the
vibratory response of the space structure during its service life.
Modal parameters such as natural frequencies and mode shapes
from a damaged structure can be related to the system mass
and stiffness properties of the undamaged structure. Compar-
ison of the mass and stiffness properties between the damaged
and undamaged structure identifies the damage location and
extent. The feasibility of identifying mode shapes, frequencies,
and damping of space structures in an on-orbit environment
has also been addressed.’

The damage-detection techniques developed in the fields of
rotating machinery and space structures can serve as initial
guidance for the more complex rotor-system damage-detection
problems. Work on turbine rotors, for example, is not readily
applicable to helicopter rotors because helicopter rotors have
1) flexible and articulated blades in flap and lag, 2) variable
pitch, 3) limited number of blades (typically, two to five), 4)
nonaxial aerodynamic environment, 5) rotation rate much less
than turbine rotors, and 6) high added damping in the lag
mode. Work on space structures is not readily applicable to
helicopter rotors because rotors have 1) strong aeroelastic in-
teractions, 2) highly flexible rotating blades leading to nonlin-
earities because of Coriolis forces and moderate deflections, 3)
periodic nature of blade response, and 4) strong modal cou-
pling between blade modes.

In the absence of a large database of damaged system re-
sponse, a key component of a successful damage-detection al-
gorithm is an accurate mathematical model, usually a finite
element model, of the system under investigation. Over the
past few years a comprehensive rotor aeroelastic analysis
based on a finite element method is space and time has been
developed with the capability to provide accurate and detailed
analysis of a typical helicopter rotor system.® The analysis has
been validated with experimental and flight-test data for a wide
range of flight conditions and rotor configurations. A special-
ized feature of the analysis of direct relevance to damage de-
tection is the capability to model dissimilar blades. This dis-
similarity can be in terms of blade structural, inertial, and
aerodynamic properties.

Formulation

Mathematical Model of Rotor System

The helicopter is represented by a nonlinear model of sev-
eral elastic rotor blades dynamically coupled to a six-degree-
of-freedom rigid fuselage. Each blade undergoes flap bending,
lag bending, elastic twist and axial displacement. Formulation
is based on a generalized Hamilton’s principle applicable to
nonconservative systems:

L
f (U — 8T — 3W) dys = 0 (1)
U

1

The 38U and 3T include energy contributions from compo-
nents that are attached to the blade, e.g., pitch link, lag damper,
etc. External aerodynamic forces on the rotor blade contribute
to the virtual work variational 8W. For the aeroelastic analysis
in this study aerodynamic forces and moments are calculated
using free-wake and unsteady aerodynamics for the forward-
flight condition. Compressibility effects are accounted using
the Prandtl-Glauert correction factor for quasisteady aerody-
namics and the Leishman-Beddoes unsteady model used in
the study also inherently accounts for compressibility. Appar-
ent mass effects are included for noncirculatory airloads, and
reversed flow is also included in the aerodynamic model. Finite
element methodology is used to discretize the governing equa-
tions of motion and allows for accurate representation of com-
plex hub kinematics and nonuniform blade properties. Beam
finite elements with 15 degrees of freedom are used. These
degrees of freedom correspond to cubic variations in axial
elastic and bending deflections (flap and lag), and quadratic
variation in elastic torsion.

The first step in the aeroelastic analysis procedure is to trim
the vehicle for the specified operating condition. The blade
finite element equations are transformed to normal mode space
for efficient solution of the blade response. The nonlinear, pe-
riodic, normal mode equations are then solved for steady re-
sponse using a finite element in time method. Steady and vi-
bratory components of the rotating frame blade loads, i.e.,
shear forces and bending/torsion moments, are calculated us-
ing the force summation method. In this approach blade aero-
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dynamic and inertia forces are integrated directly over the
length of the blade. Fixed frame hub loads are calculated by
summing the contributions of individual blades. A coupled trim
procedure is carried out to solve for the blade response, pilot
input trim controls, and vehicle orientation, simultaneously.
The coupled trim procedure is essential for elastic blades be-
cause elastic deflections play an important role in the steady
net forces and moments generated by the rotor.

Modeling of Selected Rotor-System Faults

The faults modeled in this paper are shown in Table 1 and
are discussed next. Engineering judgement is used to quantify
each rotor fault.

1) Blade crack: Cracks in the rotor blade cause a local re-
duction in blade stiffness. A blade crack is simulated by re-
ducing the stiffness of a small finite element of length 1% of
the blade length:

El.=(1 = DOELo  Elo=(1=DJEL,
2
GJ.=(1 — D)GJ,

D ranges from zero for no crack to 1.0 for a complete crack.
The subscripts F, L, and T refer to flap, lag, and torsion re-
spectively. The value of D can be obtained from experiment
or fracture mechanics models." Using this approach the de-
tailed description of a blade failure mode does not need to be
considered; only the associated reduction in stiffness is imple-
mented.

Reductions in flap, lag, and torsional stiffness are investi-
gated separately. Four damage locations on the blade are con-
sidered: 1) blade root (x = 0), 2) 30% blade span (x = 0.3), 3)
midpoint (x = 0.5), and 4) 70% blade span (x = 0.7). For each
damage location the baseline finite element mesh shown in Fig.
1 is refined until the frequencies converge. Details about the
frequencies of the cracked blade for various damage-intensity
factors and for all the damage locations are given in Ref. 9.

The nonrotating lag, flap, and torsion frequencies are shown
in Figs. 2a-2c, respectively. In these figures D is increased

Table 1 Potential rotor head damage

Rotor fault Simulation of damage

Chordwise imbalance
Track split

Shift in blade c.g. at damaged section

Damaged blade flaps higher than un-
damaged blade

Reduction in blade torsion stiffness
at crack location

Reduction in blade lag stiffness at
crack location

Reduction in all blade stiffnesses at
crack location

Reduction in all blade stiffnesses at
damaged section

Uniform reduction in all defective
blade stiffnesses

Torsion crack
Bending crack
Compound crack
Stiffness defect

Manufacturing defect

Freeplay in pitch-control
Freeplay in lag damper
Friction in lag hinge
Friction in flap hinge
Friction in pitch-control

Nonlinear spring

Nonlinear damper
Coulomb damping
Coulomb damping
Coulomb damping

5.4% 7.6%

7.7% 7.7% 7.7%

7.7%

6.8%

12111 110

5.4% 7.6%

Fig. 1 Finite element model of baseline blade (element length

shown as percent radius).
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Fig.2 Nonrotating a) lag, b) flap, and c¢) torsion frequencies with
increasing damage intensity, normalized by baseline value.

from O to 1 at the spanwise location x = 0.3. Observable
changes in the nonrotating frequencies occur when D > 0.5. It
is clear from these figures that a very large reduction in stiff-
ness is required to cause measurable change in frequencies.
This is because of the flexible nature of the rotor blade and
the short length of the assumed crack (1% of blade span).

For rotor-system response results in this paper three types
of cracks are considered at the blade midspan (x = 0.5). The
torsion crack is simulated by a reduction in GJ of 25%. The
bending crack is simulated by a reduction in EI_ of 50%. The
compound crack is simulated by a reduction in flap, lag, and
torsion stiffness by 25%.

2) Stiffness defect. A stiffness defect is modeled as a reduc-
tion in blade stiffness over a larger area of the blade compared
to a crack. Such a defect could arise from a structural flaw
such as a growing crack or delamination. For simulation pur-
poses the flap, lag, and torsion stiffness of the seventh element
of the blade is reduced by 25% from the baseline value. This
finite element is 7.7% of the blade length and is located at the
midspan, as shown in Fig. 1.

3) Manufacturing defect. Because of manufacturing defects
rotor blades may differ slightly in stiffness properties from one
another. To simulate a manufacturing defect, the flap, lag, and
torsion stiffness of the damaged blade is reduced by 3% over
the entire blade span.

4) Chordwise imbalance: Balance weights are often used for
correcting rotor track and balance problems. For example, Fig.
3 shows a blade with two balance weights of 1 1b each placed
at the blade tip. One weight is located 0.2¢ ahead of the quarter
chord and the other is 0.2¢ behind the quarter chord. Rotor
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Fig. 3 Balance weights on blades used to correct track and bal-
ance problems.
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Fig. 4 Schematic representation of a) pitch-link and b) lag
damper loads for blades with freeplay in pitch-control and lag
damper, respectively.

balance problems can sometimes be corrected by redistributing
these weights. To simulate chordwise imbalance the 1-Ib
weight is moved from the aft location to the forward location
on the damaged blade. This results in the element c.g. moving
ahead of the baseline position at the blade tip.

5) Track split: Track split is an example of aerodynamic
mistracking where two opposite blades flap higher than the
other two blades because of different pitch settings. By ad-
justing the pitch setting of some of the blades selected har-
monics of the hub forces and moments can be reduced or elim-
inated. To simulate track split the pitch setting of the two
opposite blades is increased by A0 = 0.635 deg such that the
damaged blades flap 1.5 in. higher than the undamaged blades
in hover (Aw = 1.5 in.).

6) Freeplay in pitch control system: The pitch-control sys-
tem is exposed to severe loading conditions that can cause
wear and looseness leading to freeplay. Freeplay in the pitch-
control system is modeled by the nonlinear spring, whose char-
acteristics are shown in Fig. 4a. For the undamaged blade, the
pitch-link load varies linearly with displacement and the pitch-
link stiffness is K,. However, for the blade with freeplay in
the pitch-control system, the pitch-link stiffness is zero unless
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Fig. 5 Tip deflection for undamaged rotor blade.

the torsion displacement exceeds a value ¢, thereafter the
stiffness is K,

F,=0 for &< o,
=Ky — &) for b=, (3)

For numerical results ¢, of 0.15 deg is used. This is about half
of the steady elastic twist of the undamaged blade (Fig. 5).

7) Freeplay in lag damper: The lag dampers used for artic-
ulated rotors are typically hydraulic dampers. These dampers
have linear characteristics for most of their operating condi-
tions. Sloppiness in the lag damper may cause the damper to
lose its effectiveness at low values of lag velocity. This is
modeled by the damper whose characteristics are shown in Fig.
4b. For the undamaged blade the damper load varies linearly
with lag velocity and the damping value is C,. However, for
the blade with freeplay in the lag damper the damping is zero
unless the lag velocity exceeds a value v, thereafter the damp-
ing is C;. In mathematical form the damper force is

F,=0 for V< )

=C/(v —v,) for v=yv,

For numerical results, v, is equal to half the 1/rev lag velocity.
8) Friction in hinges and bearings: Coulomb friction damp-

ing is used to model friction at hinges or bearings caused by

lack of lubrication or wear. The equations of motion for the

baseline rotor blade without any friction damping can be writ-

ten as

Mg+ Cg + Kqg=F 5)

When additional friction damping is added to the system the
equations become

Mg + C4 + plg/|g|) + Kg=F (6)
where w is a measure of Coulomb friction damping in the

system. Three cases are considered: 1) friction in the flap
hinge, 2) friction in the lag hinge, and 3) friction in the pitch-
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control system. For numerical results, a value of w = 300 is
used.

Results and Discussion

Baseline Model

For results, a four-bladed articulated rotor with properties
similar to a SH-60 helicopter is selected (see the following
helicopter properties): rotor radius = 26.8 ft; flap and lag hinge
offset = 15 in.; number of blades = 4; blade chord = 20.76 in.;
linear aerodynamic twist = —18 deg; C; = 6.0a; C, = 0.002 +
0.2a% C,, = 0.0; lock number = 8.00; solidity = 0.0826; blade
attachment point = 41.5 in.; rotor tip speed = 725 ft/s; heli-
copter weight = 16500 Ib; and blade mass = 235 1b. The rotor
blade is modeled using seven spatial finite elements along the
blade span. Four-flap, two-lag, and one-torsion modes are used
for analysis. Six-time finite elements with fourth-order shape
functions are used along the azimuth to calculate the blade
response. The results are obtained at a C;/o = 0.0726 at p =
0.3.

Selected predictions of component loads are compared with
flight-test data. The flight-test data used consist of data col-
lected during a flight loads survey of a highly instrumented
SH-60B helicopter. During the flight-test program, parameters
in the fixed system as well as component loads in the rotating
system were measured. The component load data were sam-
pled at a high rate and then filtered over each revolution of
the rotor (one cycle) to extract minimum and maximum loads.
From the minimum and maximum loads over each revolution,
steady and vibratory components can be defined as

Frax &+ Fuin
Steady = —=x——min )
2
. Frax = Fuin
Vibratory = -5 (8)

Results for the push rod loads are shown in Fig. 6. In this
figure, the University of Maryland Advanced Rotorcraft Code
predictions are compared with another aeroelastic analysis
(CAMRAD/JA" as well as flight-test data. Bending moment
at 15% span and lag damper load are compared with flight-
test data in Figs. 7a and 7b, respectively. Prediction of heli-
copter loads is very dependent on aerodynamic modeling; the
current study uses the Scully and Johnson free-wake model"
and the Leishman and Beddoes unsteady aerodynamic model."
Both the flight test and analysis indicate the same trend with
forward speed and an acceptable correlation between the anal-
ysis and flight-test data is obtained for the magnitudes of the
steady and vibratory component loads.

Indicators of Rotor-System Damage

It is assumed that one blade is damaged and the other blades
are undamaged. For the undamaged rotor (assuming perfectly
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Fig. 6 Vibratory component of push-rod load.
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Fig. 7 Steady and vibratory component of a) bending moment
at 15% blade span and b) damper load.

tracked blades), all four blades will have identical tip response
(magnitude and phase). Also, for a perfectly tracked rotor, only
4/rev and 8/rev forces and moments will be transmitted by the
undamaged rotor to the fuselage.

In practice, however, there will always be some level of
fuselage response at 1/rev and at higher harmonics because of
the inability to perfectly balance and track a rotor. Typically,
a 1/rev fuselage response of 0.15 inch per second (ips), equiv-
alent to about 170 1b, is representative of a well-balanced rotor.
Vibrations in excess of 0.30 ips are considered significant and
indicate the need to track and balance the rotor. Approximate
thresholds for the moments transmitted to the fuselage can be
similarly obtained. Moments below 2500 Ib-in. are represen-
tative of a well-tracked and balanced rotor. Moments above
5000 Ib-in. indicate the need to track and balance the rotor.

Similarly, for the blade tip response most real rotors display
some degree of variation in tip displacements between blades,
even when the rotor is considered to be in a tracked condition.
In this study we assume that variations in tip deflections less
than a quarter of an inch are negligible, and changes in elastic
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twist of less than a quarter of a degree are considered too small
to be of practical value. These measures for system response
are shown in Table 2.

Forward-Flight Results

Results for the simulated damages are obtained in forward
flight. The various damages listed in Table 1 are investigated
separately. The baseline lag, flap, and torsion response for the
undamaged rotor is shown in Fig. 5. The lag response is dom-
inated by the steady component, whereas the flap response
has a significant 1/rev harmonic component. Harmonics above
1/rev are negligible for the lag and flap response. The torsion
response, however, has moderate higher harmonic component,
including 1, 2, and 4/rev harmonics.

Rotor-System Diagnostics in Forward Flight

Tables 3-5 summarize the results obtained in this study in
forward flight and provide a diagnostic feature map for each
type of damage investigated. The symbols are defined in Table
2. Table 3 shows the change in the tip lag, flap, and torsion
response in forward flight. The numbers in Table 3, next to
the symbols, indicate the harmonics of the response. For ex-
ample, 3-O", shows that the third harmonic is moderate and
increases compared to the undamaged value. Tables 4 and 5
show the results for the hub forces and moments, respectively.
Again, for example, 6-O, indicates that the 6/rev component
of the force harmonic is significant.

1) Blade crack: Local stiffness changes used to simulate a
blade crack have negligible effect on the blade tip response.
However, local changes in torsion stiffness of 25% at the blade

midspan lead to a significant reduction in the 4/rev longitudinal
force, a moderate reduction in the 4/rev vertical shear, and a
significant increase in the 4/rev rolling moment. In addition,
local change in the lag bending stiffness of 50% at the midspan
result in a moderate change in the 4/rev lateral force and the
4/rev yawing moment. The rotor is least sensitive to local
changes in flap stiffness and a change of over 90% is needed
to cause moderate changes in rotor-system response. There-
fore, a blade crack is most likely to change rotor-system be-
havior because of its influence on the local torsion stiffness.

2) Stiffness defect and manufacturing defect. Distributed re-
duction in blade stiffness representing stiffness and manufac-
turing defects cause moderate changes in steady flap and lag
response, respectively. In addition, a moderate increase in the
4/rev vertical shear and the 4/rev yawing moment are pro-
duced.

3) Chordwise imbalance: Chordwise imbalance causes a sig-
nificant change in the steady flap response and a moderate nose
down 2/rev elastic twist. In addition, a significant reduction in
the 4/rev vertical shear and a moderate increase in the 4/rev
rolling and yawing moments are produced.

4) Track split: Track split causes a moderate reduction in
the steady lag response and a significant increase in the steady
flap response. In addition, a significant reduction in the 4/rev
longitudinal force is produced. However, the distinguishing
feature of track split is the significant 2/rev rolling and pitching
moments.

5) Freeplay in lag damper: Freeplay in lag damper causes
a moderate increase in the 1/rev elastic twist, a moderate
change in the 4/rev lateral and vertical force and the 4/rev

Table 2 Quantitative measures for changes in system behavior

Tip flap, lag, Tip torsion, Forces, Moments, Phase,
Degree of in. deg b 1b-in. deg
variation [Aw], |Av]| [Ad] |AF | |AM | AZF  Symbols
Negligible <0.25 <0.25 <170 <2500 <10 ~
Moderate 0.25-0.50 0.25-0.50 170-340  2500-5000  10-30 o
Significant >0.50 >0.50 >340 >5000 >30 O

Table 3 Rotor-system diagnostics in forward flight-blade tip response

Damage Av Zv Aw Zw Ad Zd
Chordwise imbalance ~ 0-O" ~ 2-0" 2-0"
Track split 0-0~ ~ 0-O" ~ ~ ~
Torsion crack ~ ~ ~ ~ ~ ~
Bending crack ~ ~ ~ ~ ~ ~
Compound crack ~ ~ ~ ~ ~ ~
Stiffness defect ~ ~ 0-0~ ~ ~ ~
Manufacturing defect 0-0* ~ 0-0~ ~ ~ ~
Freeplay in pitch-control ~ ~ 1-0" 1-O* 2.0 ~
Freeplay in lag damper ~ ~ ~ ~ 1-0° 1-O°
Friction in lag hinge 2-0" 2-0 1-0" ~ 1-0* ~
Friction in flap hinge 2-0" 2-OF 1-0", 2-0” ~ 1-0* ~
Friction in pitch-control 2-0° 2-0° 0-07, 1-0” ~ ~ ~

Table 4 Rotor-system diagnostics in forward flight-hub forces

Damage |AF . LF.uy |AF ., LFyr  |AF_) LF 44
Chordwise imbalance ~ ~ ~ ~ 4-O° ~
Track split 4-0O° 4-O° ~ ~ ~ ~
Torsion crack 4-O° 4-0" ~ ~ 4-0" 4-0"
Bending crack ~ ~ 4-0" 4-0° ~ ~
Compound crack 4-O° 4-0" ~ ~ 4-0" 4-0"
Stiffness defect ~ ~ ~ ~ 4-0* 4-0"
Manufacturing defect ~ ~ ~ ~ 4-0" 4-0~
Freeplay in pitch-control ~ ~ 1-0* 1-O* 2-0" ~
Freeplay in lag damper ~ ~ ~ ~ 1-o* 1-O*
Friction in lag hinge 2-0" 2-0 1-0" ~ ~ ~
Friction in flap hinge 2-0" 2-0O" 1-2-0° ~ 1-0" ~
Friction in pitch-control 2-0° 2-0" 0-1-0~ ~ ~ ~
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Table 5 Rotor-system diagnostics in forward flight-hub moments

Damage |AM . LMy, |AM,,) LMy, |AM ) LMy
Chordwise imbalance 4-0" 4-0" ~ ~ 4-0" 4-0"
Track split 2-O° 2-O° 2-O" 2-O° ~ ~
Torsion crack 4-0" 4-0" ~ ~ ~ -
Bending crack ~ ~ ~ ~ 4-0" 4-0*
Compound crack 4-O" 4-0" ~ ~ ~ -
Stiffness defect ~ ~ ~ ~ 4-0" 4-0°
Manufacturing defect ~ ~ ~ ~ 4-0" 4-0
Freeplay in pitch-control 4-0" 4-0" 4-0" 4-0" ~ ~
Freeplay in lag damper ~ ~ 40" 4-0" ~ ~
Friction in lag hinge 4-0" 4-0O° ~ ~ ~ ~
Friction in flap hinge 4-0" 4-O° 4-0" 4-0° ~ ~
Friction in pitch-control ~ ~ 4-0" 4-0" ~ ~

pitching moment, and a significant change in the 4/rev yaw
moment.

6) Freeplay in pitch-control system: Freeplay in the pitch-
control causes a moderate increase in the 1/rev flap deflection
of the damaged blade and a moderate decrease in the 2/rev
elastic twist. In addition, there is a moderate increase in the 4/
rev rolling and pitching moment.

7) Friction in lag hinge: Friction in the lag hinge causes a
moderate increase in the 2/rev lag response and the 1/rev flap
response. In addition, there is a moderate reduction in the 4/
rev vertical force and a moderate increase in the 4/rev rolling
moment.

8) Friction in flap hinge: Friction in the flap hinge causes a
moderate decrease in the 2/rev lag response, an increase in the
1/rev flap and torsion response, and a decrease in the 2/rev
flap response. In addition, there is a moderate increase in the
4/rev longitudinal and vertical forces and a moderate increase
in the 4/rev roll and pitch moments.

9) Friction in pitch-control system: Friction in the pitch-
control system causes a moderate reduction in the 2/rev lag
response and the steady and 1/rev flap response. In addition
there is a moderate increase in the 4/rev longitudinal force and
a significant increase in the 4/rev vertical force, and a moderate
increase in the 4/rev pitch moment.

Conclusions

Selected rotor-system faults for a four-bladed articulated
rotor similar to the SH-60 helicopter are modeled using a
comprehensive aeroelastic analysis. Reasonable correlation be-
tween analytically predicted steady and vibratory rotor com-
ponent loads and flight-test data is obtained for the undamaged
rotor. The following conclusions are drawn by studying the
changes in rotor-system behavior in forward flight.

1) Blade crack: Local stiffness changes used to simulate a
blade crack have negligible influence on blade response and
hub loads for low damage levels. Larger cracks causing local
stiffness changes of over 50% can be detected by monitoring
the 4/rev hub loads.

2) Stiffness defect and manufacturing defect. Distributed re-
duction in blade stiffness causing a stiffness defect and a man-
ufacturing defect can be detected by monitoring the steady flap
and lag response and the 4/rev hub loads.

3) Chordwise imbalance: Chordwise imbalance can be de-
tected by monitoring the steady flap response, the 2/rev elastic
twist, and the 4/rev hub loads.

4) Track split: Track split can de detected by monitoring the
steady flap and lag response and the 2/rev and 4/rev hub loads.

5) Freeplay: Freeplay in the pitch-control system and the
lag damper can be detected by monitoring the l/rev flap re-

sponse, the 1/rev and 2/rev torsion response of the damaged
blade, and the 4/rev hub loads.

6) Friction: Friction in the flap and lag hinge and pitch-
control system can be detected by monitoring the 2/rev lag
response, steady, 1/rev and 2/rev flap response, 1/rev torsion
response, and 4/rev hub loads.
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