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Stabilization of Helicopter Blades with Severed Pitch Links
Using Trailing-Edge Flaps

Roberto Celi*
University of Maryland, College Park, Maryland 20742

The feasibility of using trailing-edge flaps to reconfigure a helicopter rotor blade following a failure of the pitch
link is addressed, which makes the blade free floating in pitch and otherwise uncontrollable. A coupled rotor-
fuselage modelis developed that allows for rotor anisotropy. A new, optimization-based, trim procedure is developed
to determine the dynamics of the failed blade and the flap inputs required for reconfiguration. The trailing-edge
flap can correct the otherwise catastrophic consequences of a pitch link failure. The residual 1 and 2/rev (revolution)
components of the hub loads are reasonably small with a one-harmonic flap input and essentially disappear if a
second harmonic is added to the flap input. The required flap deflections are high but not unreasonable. The flap
acts by generating a rigid-body pitching motion of the free-floating blade that matches the angles that otherwise
would have been generated by the swashplate. The steady-state flapping motion of the reconfigured blade is very
nearly identical to those of the undamaged blades. The solutions are very sensitive to phase errors in the first
harmonic of the flap inputs. The sensitivity is lower for the constant and the second harmonic inputs. The result
suggests that if a helicopter rotor is equipped with trailing-edge flaps for other purposes such as vibration or noise
reduction, these flaps could be used as emergency control surfaces.
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Subscripts and Superscript

nc = cosine component of nth harmonic
ns = sine component of nth harmonic
4 = quantity for blade 4 (failed blade)

Introduction

N recent years there has been a renewed interest in the use of

trailing-edge flaps on the main rotor blades for noise and vibra-
tion reduction. Extensive theoretical research has been carried out,
and model-scale tests have been performed. Full-scale experimen-
tation is now under way. Recent studies representative of the state
of the art in this area are those of Milgram and Chopra! and Myrtle
and Friedmann.?

Trailing-edge flaps provide additional control effectors, besides
the conventional swashplate controls. Therefore, they offer some
degree of control redundancy and could potentially be used to re-
configure the rotor control chain in case of failures. Control recon-
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figuration has been successfully explored and tested in fixed-wing
applications. However, the potential for helicopter applications has
been severely limited by the lack of control redundancy, as shown
by the few studies on this topic.

Aponso et al.® studied a case in which the roll swashplate ac-
tuator of a Sikorsky UH-60 is jammed or floating. No additional
control surfaces were assumed, and reconfiguration was carried out
through changes in the flight control laws. A simple linearized air-
craftmodel was used. Huanget al.* considereda CH-47 tandemrotor
configuration with combinations of jammed front and rear swash-
plate actuators. Reconfiguration was achieved through changes in
the flight control laws. In one of the cases studied, some control
redundancy was obtained by assuming that the rotational speeds of
the rotors could be varied by up to £10%. A simple linearized six-
degree-of-freedom (6-DOF) analysis model was used. In the only
other published study on this topic, Heiges’ considereda configura-
tion representative of the AH-64 with all of the pitch links severed.
Control was restored through the use of servoflaps installed on all
of the blades. The study was based on a simple linearized rotor
analysis.

The main objective of this paperis to study the dynamics and the
reconfiguration of a single main rotor helicopter in which the pitch
link of one of the blades has been severed, so that the blade is free
floating in pitch. The reconfigurationis achieved through the use of
atrailing-edgeflap. The blade is schematically shown in Fig. 1. The
specific problemthat will be addressedis whetherone can determine
a flap control history that allows the trimming of the failed rotor and
reduces the hub loads to acceptable levels. Because the focus of the
study is simply to establish the theoretical feasibility of this type
of reconfiguration, the control considered in this study is open loop
only, and no feedback is considered.

The mathematical model is much more detailed than in the recon-
figuration studies cited. It includes a full nonlinear, coupled rotor—
fuselage dynamic model, from which a linearized, time-varying
model can also be extracted. The anisotropy of the rotor, which
has one blade with dynamics different from those of the other three,
is fully taken into account. A new trim procedure is presented; the
new procedure is required to deal with the rotor anisotropy and the
flap control history.

Baseline Simulation Model

The mathematical model of the helicopter used in this study is
a nonlinear blade-element-type model that includes fuselage, rotor,
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Fig. 1 Blade with severed pitch link and trailing-edge flap.

and main rotor inflow dynamics. The 6-DOF rigid-body motion
of the aircraft is modeled using nonlinear Euler equations. Linear
aerodynamics is assumed for fuselage and empennage. The blades
are assumed to be rigid, with offset hinges and root springs. Flap
and lag dynamics of each blade are modeled. The main rotor has
four blades.

The coupled system of rotor, fuselage, and inflow equations of
motion is written in first-order form. The state vector has a total of
28 elements: flap and lag displacements and rates for each of the
4 blades (16 states); 9 rigid-body velocities, rates, and attitudes; and
3 inflow states.

In the absence of a failure, the trim procedure is the same as in
Ref. 6. Thus, the rotor equations of motion are transformed into a
system of nonlinear algebraic equations using a Galerkin method.
The algebraic equations enforcing force and moment equilibrium
are added to the rotor equations, and the combined system is solved
simultaneously. The solution yields the harmonics of a Fourier se-
ries expansion of the rotor DOF, the pitch control settings, the trim
attitudes and rates of the entire helicopter, and the main and tail
rotor inflow.

Modeling of the Failed Blade

The blade with the severedpitch linkis assumed to be free floating
in pitch as a rigid body. The flap and lag dynamic model remains
otherwise unchanged. The inertia moments due to the motion of the
flap are neglected. Therefore, the pitch equation of motion is simply

¢+ =M, (1
where M, is the nondimensional aerodynamic pitching moment.
The only aerodynamic pitching moment is that generated by the
deflection of the trailing edge of the flap. The flap deflection 65 ()
is assumed to have a harmonic variation, that is,

N
8r(Y) =80+ Y (uc cOSNY + 8y sinny) @)

n=1

with § > 0 for a downward deflection of the flap. The cases N = 1
and N =2 will be considered in the present paper. The pitching
moment coefficient ¢, is assumed to be linearly proportional to
the flap deflection and is given by ¢,,r =—0.646f.

When the pitch link is severed, the swashplate pitch inputs are
no longer applied to the blade. Therefore, the geometric angle of
attack of the free-floating blade is given by the sum of the rigid-
body pitch rotation ¢ and the geometric twist angle 6. This angle
is used to calculate all of the aerodynamic forces acting on the blade
(including the flap and lag dynamics).
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Whereas the pitching model of the blade is probably adequate
for a feasibility study, its limitations should be kept in mind.
The most serious is the lack of unsteady aerodynamic modeling.
Even in the absence of a trailing-edge flap, the motion of the
airfoil introduces changes in both the magnitude and the phase
of the lift, drag, and pitching moment coefficients; In particu-
lar, aerodynamic pitch damping is generated. The addition of the
flap introduces further changes of the aerodynamic coefficients.
A model such as that of Ref. 7 should be used for a more accu-
rate representation of the unsteady aerodynamics of the flapped
airfoil.

On the other hand, neglecting the elastic torsion of the free-
floating blade may be a reasonableassumptionfor this study. In fact,
for angular velocities typical of helicopter rotors, the frequency of
the first elastic torsion mode of a rotating free-free beam is about
twice that of the same beam cantilevered at the root. Typical fre-
quencies of the fundamental elastic torsion mode are 3-6/rev (rev-
olution), which implies that the response of the damaged blade at
1/ and 2/rev frequencies will be determined primarily by the rigid-
body pitch mode.

From an aeroelastic stability point of view, the changes in lead-
lag dynamics can probably be neglected, too, at least at the level
of approximation used in the present study. It has been shown by
Wang and Chopra® that small dissimilaritiesin rotor blade dynamics
tend to increase the aeroelastic stability of the rotor. Therefore, if
the dynamics of the reconfigured blade is close or identical to that
of the other blades, the rotor should at least maintain the level of
stability that it had before the failure. However, the assumption may
not be as legitimate as far as the in-plane loads are concerned. In
fact, the drag on the reconfigured blade might be substantiallyhigher
than that of the other blades, especially if large flap deflections are
required. Therefore, any improved simulation of the reconfigured
blade dynamics should carefully address the impact of neglecting
lead-lag blade dynamics.

In summary, the coupledrotor-fuselage mathematicalmodel con-
sists of 30 nonlinear ordinary differential equations, namely, 9 Eu-
ler equations for rigid-body motion, 3 dynamic inflow equations,
2 equations for the flap and 2 for the lag dynamics of each of the
4 blades, and 2 pitch equations for the failed blade.

Trim Procedure for the Rotor with a Failed Blade

The trim procedure of Ref. 6 needs to be modified to take into
account the damage to the blade. This is necessary for two primary
reasons, namely, the rotor anisotropy and the need to determine the
required flap trim control.

Treatment of Rotor Anisotropy

The free-floating blade has dynamics different from those of the
other three blades, and therefore, it needs its own separate equa-
tions in the system of algebraic trim equations. Rigid-body flap
and pitch dynamics of the free-floating blade are explicitly in-
cluded in the trim procedure, whereas the lag dynamics are as-
sumed to remain unchanged in trim. The flap and the pitch angles
are represented in the form of a truncated Fourier series expansion,
that is,

2
B =B+ Y (Blcosny + Bl sinnys) ()

n=1

2
¢ () = dp+ Y (9, cosnyy + ¢l sinny) @)

n=1

where the subscriptsand superscripts4 indicate that the failed blade
is the fourth, with ¥, = v + 270 deg. Compared with the trim pro-
cedure of Ref. 6, there are new trim unknowns, namely, the coef-
ficients of the preceding Fourier series. Therefore, anisotropy adds
10 unknowns to the trim problem. The corresponding 10 additional
trim equations come from the application of Galerkin method (see



Ref. 6). For flap they are

2 2 2
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/ era() cos 2y dyr = / epa(Y)sin2ydy =0 (5)
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where e4(1) is the residual obtained when the tentative trim so-
lution is substituted into the flap equation of motion for the failed
blade. Five similar equationsare then written for the residual e p4 (1)
of the blade pitch equation.

The total number of trim equations and unknowns for the case of
the rotor with a failed blade case is 36. Besides the 10 unknowns just
mentioned, the trim procedure yields values of the pitch settings of
main rotor and tail rotor; fuselage angle of attack and sideslip angle;
roll and pitch attitudes; roll, pitch, and yaw rates; and the harmonics
of the steady-stateflap and lag motions for the undamaged blades.

Determination of Flap Input

The coefficients ¢, &,., and 8, thatdescribe the motion of the flap
[Eq. (2)] cannot be directly added to the set of trim unknowns be-
cause there are no correspondingalgebraicequations. Therefore, the
trim formulation would consist of more unknowns than equations,
and an infinite number of trim states would exist.

The solution devised for this study is to insert the baseline trim
procedure in an unconstrained optimization loop. The vector X of
design variables of the optimization consists of the coefficients of
the flap motion:

XT = [50 51(' . 5m' 51.; . 5n.f] (6)
Because the rotor is now anisotropic, multiblade load cancellations
will not occur, and all harmonics of the hub loads will generally be
present. If the generic hub force or moment component f is written
in the form

2
FX) = fot+ Y (fuccosnyy + f,sinnp)

)
n=1
the objective function to be minimized is
6 2 1
FX) = { 22 L), + (ff.,.)m]} ®)
m=1n=1

where the subscript m is each of the three hub force and three hub
moment components. In other words, the optimization loop seeks
to minimize the coefficients of the 1 and 2/rev harmonics of all six
hub components.

The resulting problem can be solved using any unconstrained
minimization algorithm. In the present study the Fletcher-Reeves
conjugate gradient algorithm (see Ref. 9) is used. Therefore, the

improved value of the flap motion vector X, , | is given by
Xk+1 =Xk +0(*Sk (9)

where o* is the minimum of F (X) along the direction Sy, which is
obtained from

VFT (X)) VF(Xy)
VFT (X, - DVFX,_1)
(10)

Skz—VF(Xk)-F/SSk,] with /3=

where k is the iteration number and 8 =0 for k = 1. Note that, for
every value of F(X) required during the optimization, a complete
trim calculation is performed. The final solution consists of the
vector X that minimizes the sum of the absolute values of all of
the components of the 1 and 2/rev hub loads plus the corresponding
values of all of the trim variables.

Note that the optimum harmonics of the flap motion obtained
through the preceding trim procedure should be considered as ideal
values that are valid for nonmaneuvering flight and that may not
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be necessarily achieved in an actual situation. In practice, the flap
motion would be the outputof some closed-loopcontrol system, and
the selection of sensors, actuators, and control law would clearly be
key factors for a successful implementation of the concept. These
important considerations will not be addressed, however, simply
because the objective of the present study is limited to determining
whether reconfiguration in such catastrophicfailure conditionsis at
all possible.

Results

The results presented in this section refer to a soft-in-plane, hin-
geless rotor helicopter configuration roughly similar to a BO-105.
The chordwise extension of the flap is 20% of the blade chord. The
flap extends over the outermost 20% of the blade.

Figure 2 shows the iteration history of the objective function of
the new trim procedure, thatis, the rms value of the 1 and 2/rev com-
ponents of the hub loads at an advance ratio u = 0.15. One iteration
is defined as the calculationof one direction of descent S, [Eq. (10)]
and a one-dimensionalminimizationalong S to obtain the new vec-
tor of flap coefficients X; .| [Eq. (9)]. The direction finding prob-
lem requires the calculationof the gradientof the objective function
and, therefore, four and six function evaluations for a one- and two-
harmonic flap input, respectively. The one-dimensional minimiza-
tion requires another two function evaluations besides the baseline
to calculate an initial quadratic approximation. The minimum of the
approximation is the candidate one-dimensional minimum and re-
places the point with the highest value of the objectivein the updated
approximation. In all of the results of the present study, between
three and five function evaluations were needed to achieve conver-
gence on the one-dimensional minimum. Therefore, each iteration
of the optimization-basedtrim procedurerequired a total of between
7 and 11 evaluations of the objective function F (X) [Eq. (8)]. The
initial guess for X in Fig. 2 is a zero vector, corresponding to an
inactive flap. The trim procedure clearly converges quickly and re-
duces the hub loads by almost two orders of magnitude within the
first iteration.

One-Harmonic Flap Input

Figure 3a shows the absolute values of the components of the 1
and 2/rev hub loads with the flap inactive; Fig. 3b shows the com-
ponents with the flap activated, for the final iteration of the trim
procedure. The advance ratio is again u =0.15. All components
should be equal to zero for a four-bladed rotor with identical blades
and intact pitch links. Both sets of data refer to trimmed configu-
rations. However, it is clear that for the rotor with the failed blade,
“trim” is just a mathematical statement because the very large vi-
bratory loads would quickly destroy the aircraft. The improvement
broughtaboutby the trailing-edgeflap is dramatic: The peak values
are reduced by almost three orders of magnitude.

The objectivefunctionis plotted in Fig. 4 as a functionof advance
ratio. Recall that the objective functionis the square root of the sum
of the squares of the first and second harmonics of the six hub load
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Fig. 2 Iteration history of the objective function of the trim procedure,
pn=0.15.
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Fig. 4 Objective function as a function of advanceratio, one-harmonic
flap motion.

components [Eq. (8)]. Although the residual loads increase almost
quadraticallywith advanceratio, the flap clearly manages to contain
them within reasonable limits.

The harmonics of the required flap motion are shown in Fig. 5 as
a function of advance ratio. There is a constant, upward deflection
of the flap of magnitude between 18.5 and 22 deg, depending on
speed. Smaller first-harmonic motions are superimposed to it; their
magnitudesare almostexactly zeroat hoverand slowly increase with
speed. (A small amount of cyclic is needed in hover to counteract
the effects of the tail rotor.)

The mechanism of action of the trailing-edge flap is evident from
the results shown in Fig. 6. Figure 6 shows the value of collective
and cyclic pitch settings as a function of advance ratio, plus the

CELI

25
) -3
g 20 //°
k=
(]
£
g 15
[=%
2
o
Q
fo
= 10
o
(%]
8 5
c
g . 1s/
(V]
8 I

T 81c//
///,/
0
0 0.05 0.1 0.15 0.2 0.25

Advance ratio

Fig. 5 Harmonics of flap motion as a function of advance ratio.
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Fig. 6 Pitch settings and harmonics of rigid-body pitch motion of the
failed blade as a function of advance ratio.

first two harmonics of the rigid-body pitching motion of the free-
floating blade with the flap active. The constant harmonic of the
pitch motion matches almost perfectly the collective pitch at every
advance ratio. The same is true for lateral cyclic pitch and first
harmonic cosine and for longitudinal cyclic pitch and first harmonic
sine, respectively. The second harmonics of the rigid-body pitch are
very small. Therefore, the trailing-edge flap acts in such a way that
the dynamic pitch response of the blade matches the pitch angles
that the swashplate controls would have generated, if the pitch link
had not been severed. In retrospect, this conclusion may appear
obvious. Note, however, that the optimization procedure used for
trim explicitly includes neither the pitch dynamics of the failed
blade nor the rotor pitch settings. The match between the two types
of quantity is a byproductof the attempt to minimize the 1 and 2/rev
loads in the nonrotating system.

Because the action of the flap mimics almost perfectly the effect
of the swashplate controls, the flap dynamics of the reconfigured
blade are very close to that of the undamaged blades. This is clearly
shown in Fig. 7, which is a comparison the first two harmonics of
the flapping motion for both types of blades. Changes in lead-lag
dynamics are neglected in this study, because the drag coefficient
is assumed to be constant, and not affected by the flap motion.
A more realistic flap model would have to take this effect into ac-
count: Drag changeswill likely introduce 1/rev (and higher) lead-lag
oscillations.
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Figures 8-10 show the hub load components with the largest
nondimensional values of unbalanced harmonics. Figure 8 shows
the first and second harmonics of the roll moment as a function
of advance ratio. The roll moment is normalized by dividing it by
the roll moment of inertia of the helicopter. These harmonics are
all equal to zero for the undamaged rotor. Figure 8 shows that the
1 and 2/rev harmonics are almost canceled by the flap, with the
exception of the 1/rev sine component, which turns out to be the
largestunbalanced componentamong all hub loads. The 1 and 2/rev
harmonics of the pitching moment are shown in Fig. 9, which is
drawn in the same scale as Fig. 8. The pitching moment of inertia of
the helicopteris used for the normalization. The 1/rev sine and cosine
harmonics have about the same size, whereas the 2/rev components
are negligible. The pitch 1/rev components are the next largest hub
load components. Figure 10 shows the harmonics of the Z force,
nondimensionalizedusing the weight of the helicopter. For this hub
load component, the 1/rev portion is negligible, whereas the 2/rev
portion has the larger harmonics, which progressivelyincrease with
advance ratio.

Two-Harmonic Flap Input
Including a second harmonic in the trailing-edge flap input has
a very substantial effect. This can be seen in Fig. 11, where the
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Fig. 10 Harmonics of Z force as a function of advance ratio for the
reconfigured blade.

objective function is plotted as a function of advance ratio for the
case of one-and two-harmonicflap input. Adding a secondharmonic
essentially reduces the value of the objective function to zero at all
advanceratios considered. The harmonics of the correspondingflap
inputs are shown in Fig. 12. The constantand first harmonic inputs
are almost exactly the same as in the one-harmonic case.

Figure 13 shows the sine and cosine components of the second
harmonics of the rigid-body pitch motion for the reconfigured blade,
for one- and two-harmonic flap inputs. The curves for the one-
harmonic flap input case are the same as in Figure 6, but here the
scale of the vertical axis is expanded considerably. Clearly, intro-
ducing a second harmonic in the flap motion eliminates the second
harmonic of the rigid-body pitching motion of the damaged blade at
all advanceratios. Furthermore, with a two-harmonic flap input, the
flapping dynamics of the reconfigured and the undamaged blades
are identical, as shown in Fig. 14. The small discrepancies seen in
Fig. 7 have been eliminated.

Features of the Optimization Problem

The trim state of the helicopter with the reconfigured blade is cal-
culated using an optimization procedure. Because the underlying
problem is nonlinear, the design space might be nonconvex, and lo-
cal minima may exist. For a two-design-variableproblem, it is pos-
sible to draw contours of constant values of the objective function
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and, therefore, study this issue directly. Figure 15 shows contour
plots of the objective function for the one-harmonic flap case in
hover. The constant flap input §; is held fixed at its optimum value,
and the first harmonics §;. and §;, are varied. In Fig. 15a, §,. and
8y, are perturbed by up to £2 deg from their optimum values,
in 0.5-deg increments. Figure 15b is more detailed, showing the
neighborhood of the minimum, with perturbationsof up to £1 deg
in 0.25-deg increments. In both cases, the optimum is at the cen-
ter of the plot. No local minima appear in Figs. 15, and the two-
variable-designspace appears to be well scaled. The same favorable
behavior occurs in forward flight, at ©=0.2, as clearly shown
in Fig. 16.
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value), advance ratio p = 0.2.

No contour plots can obviously be drawn for the two-harmonic
flap problem, which has five unknowns (or design variables). There-
fore, the existence of local minima was explored by repeating the
optimization-based trim procedure with different initial guesses,
which were obtained by perturbing in turn each component of the
final solution by &2 deg. The resulting 32 cases all convergedto the
same final solution, both in the case of hover and in forward flight
with = 0.2, indicating that multiple trim solutions should not be
a practically important problem.

Sensitivity of the Optimum Flap Schedule

Finally, the robustness of the optimum trailing-edge flap sched-
ule was studied by perturbing magnitude and phase of each input
harmonic. The procedure consisted of 1) converting the accelera-
tions at the center of gravity of the helicopter into linear acceler-
ations at the pilot seat, under the assumption of a rigid fuselage,
2) computing the vector sum of the accelerations due to the 1 and
2/rev components of rotor vibrations, and 3) calculating the peak-
to-peak values of the rms accelerations.The 1 and 2/rev components
would be equal to zero for an isotropic rotor, and therefore, these
peak-to-peakvalues provide an indicationof the effectivenessof the
trailing-edge flap.

Figure 17 shows the peak-to-peakrms accelerationsas a function
of the advance ratio for perturbations of £0.25, £0.5, and £1 deg
of the magnitude of the constant component of the flap deflection
(Fig. 17a), firstharmonic (Fig. 17b), and secondharmonic (Fig. 17¢).
If a peak-to-peak value of 0.5 g is selected as a maximum practical
limit, then Fig. 17 shows that an error of up to £0.5 deg in the con-
stant componentis tolerable at all advanceratios, and one of £1 deg
is tolerable at lower speeds (i <0.15). The first-harmonic input is
very sensitive to magnitude errors, and only errors not much greater
than £0.25 deg can be tolerated. The second-harmonicinput, on the
other hand, is less sensitive, and an error of £1 deg is acceptable.
Figure 17 also shows that the peak-to-peakaccelerationis an almost
linear function of the perturbations and that positive and negative
perturbations have almost identical effects.

Figure 18 shows the same type of results when it is the phase of
the flap input to be perturbed. The phase perturbations are of +5,
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Fig. 17 Vibrationsfrom 1 and 2/rev components when the magnitudes
of the optimum flap schedules are perturbed.

+10, £20, and £40 deg for the first harmonic (Fig. 18a) and the
second harmonic (Fig. 18b). The first-harmonic input appears to be
extremely sensitive to phase errors. With an error of just &5 deg,
the practical limit of 0.5 g will be reached well below  =0.2, and
the situation will be considerably worse for larger phase errors. The
second-harmonicinput is far less sensitive, and errors of £40 deg
will be acceptable over most of the speed range.

Figures 17 and 18 also provide useful information on the sensi-
tivity of the results of the present study to modeling assumptions.
Because the 1/rev results are so sensitive to phase errors, as shown
in Fig. 18, an accurate unsteady aerodynamic model will be espe-
cially important for reliable predictions. Equally important will be a
correct prediction of the 1/rev flapping response. The 2/rev results,
on the other hand, appear to be less sensitive to modeling errors.
This confirms that it is probably reasonable to model the damaged
blade as torsionally rigid.

Additional Comments

The simulation model used in this study contains several simpli-
fying assumptions. These assumptions and their potentialimpact on
the accuracy of the results have been addressed in various places of
the present paper. However, a rotor with this type of anisotropy, in-
cludinga free-floating blade, has neverbeen studied in the literature.
Therefore, any assessment of the accuracy of the model should be
considered to some extent speculative.



592

(@)

Peak-to-peak RMS acceleration

Perturbations of 51 (phase)

a)

086 : ,
= Perturbations of 3, (phase) +40° /',,:
c 05 3
S -a0°_ if¢
s WZ'
T 04 /
2 / 12V
® 4 4
2 03 f
o / / o
é 0.2 ’/ +10 7
@ / / P
= y
£ o041
é / 5°
ol / +
o 0

0 0.1 0.2 0.3

Advance ratio
b)
Fig. 18 Vibrations from 1 and 2/rev components when the phases of
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The modeling assumptions are such that the results of the study
may be optimistic. For example, the simplified aerodynamic model
with just linear inflow may lead to underestimating the vibratory
loads. The trailing-edge flap will probably not maintain its full
aerodynamiceffectivenessat the higher deflections required at high
speed. Its spanwise positionis more outboardandits spanwiselength
is larger than those of the flaps currently envisaged for vibration or
noise reduction.

On the otherhand, considerthe results of Fig. 3, which shows that
the largest component of the residual hub loads following reconfig-
uration, namely, the 2/rev cosine harmonic of hub roll moment L,
normalized by the roll moment of inertia of the helicopter I, is
slightly more than 0.05. This implies that the roll acceleration at
2/rev is slightly more than 0.05 rad/s?, or about 3 deg/s* at 88 rad/s.
If this hub load component is underestimated by a factor of 10, a
30-deg/s* angular acceleration at 2/rev can still be considered very
reasonable for the reconfigured blade. Therefore, although a more
conclusiveassessmentwill require a more refined simulation model,
the model of this study appears to be adequate for an initial feasi-
bility study.

Conclusions

The feasibility is addressed of using trailing-edge flaps to recon-
figure a helicopter rotor blade following a failure of the pitch link,
which makes the blade free floating in pitch and otherwise uncon-
trollable. The problem was studied using a coupled rotor-fuselage
model, which allowed for rotor anisotropy in the form of three iden-
tical blades with a dissimilar fourth. A new, optimization-based,
trim procedure was developed to determine both the dynamics of
the failed (and reconfigured) blade and the flap inputs required to
achieve the best possible reconfiguration. A very simple aerody-
namic model was used for the flap. Whereas the overall simulation
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model is probably adequate for a feasibility study, its limitations
should be kept in mind when evaluating the quantitative conclu-
sions of the study.

The results of the present study indicate the following:

1) The new optimization-basedtrim procedureis effectivein cal-
culating the trim state of the helicopter with the anisotropic rotor
and in providing the stabilizing flap input. No local minima appear
to exist for typical trim conditions.

2) The trailing-edge flap can correct the otherwise catastrophic
consequences of a pitch link failure. The residual 1 and 2/rev com-
ponents of the hub loads are reasonably small with a one-harmonic
flap input and essentially disappear if a second harmonic is added
to the flap input. The required flap deflections are high but not
unreasonable.

3) The flap acts by generating a rigid-body pitching motion of
the free-floating blade that matches at every azimuth the angles that
would have been generated by the swashplate input, if the pitch link
had not been severed. The steady-state flapping motion of the re-
configured blade is nearly identical to that of the undamaged blades.

4) The solutions are very sensitive to phase errors in the first
harmonic of the flap inputs. The sensitivity is lower for the constant
and the second-harmonicinputs.

5) The two most important refinements required for the mathe-
matical modelusedin the presentstudy are an unsteady aerodynamic
model for the flap and the blades and an explicit modeling of the
blade lead-lag dynamics. Modeling the torsional flexibility of the
damaged blade is probably a lesser priority.

Overall, the results of the present study suggest that, if a heli-
copter rotor is equipped with trailing-edge flaps for other purposes
such as vibration or noise reduction, these flaps could be used as
emergency control surfaces to help reconfigure the flight control
system following a failure or battle damage.
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