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Main rotor blades with plain trailing edge flaps are investigated as a potential means of vibration
reduction using a comprehensive rotorcraft analysis. The analysis is modified to incorporate an
unsteady aerodynamic model including flap effects. Predicted blade and pitch link loads show
adequate correlation with experimental data. An initial open loop study shows that, for a typical
articulated four bladed rotor, significant reductions in fixed system 4/rev vertical shears and hub
moments are possible with open loop flap deflections at 3/rev and 4/rev. The reductions are most
closely associated with changes in the response of the blade third flatwise bending mode and torsional
deflections. A reduction in blade torsional stiffness reduced the effectiveness of the flap in reducing
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Introduction

In the course of early rotorcraft development the
feathering blade controlled by a swashplate emerged
as the favored form of rotor control. The swashplate
provides a mechanically simple means of providing
a 1/rev input to the blades; this is precisely what is
required to meet the basic need to control the rotor
thrust vector.

Subsequently, the recognition that fixed system
vibration arises primarily as a result of the aerody-
namic environment at the rotor disk and blade mo-
tion at higher rotor harmonics led naturally to the
concept of higher harmonic (mutlicyclic) control. A
review of early HHC work may be found in Ref. 1.
HHC systems typically apply their higher harmonic
input through the swashplate. For N, > 3, this
arrangement, has the limitation of being unable to
control the pitch of the blades independently. The
need to actuate the swashplate at rotor harmonics
also results in additional hydraulic systems and as-
sociated weight and maintainability penalties. HHC
research has therefore led to interest in alternate
means for blade control, such as jet flaps? 3, circu-
lation control*, servo flaps®, and plain trailing edge
flaps®. Rotor blade flaps may be further categorized
by actuation means, i.e. conventional (mechanical
or servoelectric) or smart structure actuation” 8.
Common to all these systems is the ability to con-
trol the blades independently of one another, hence
the term Individual Blade Control (IBC). Note that
while some writers have taken “IBC” to denote pri-
marily those systems in which the control input is
blade pitch, here it is taken in the more general sense
as indicating any system capable of applying control
inputs to individual blades. Note that IBC does not
necessarily imply HHC. HHC systems are fundamen-
tally frequency domain systems in that an actuator
is driven at multiples of the blade passage frequency
based on the harmonic content of the the vibration
or hub loads. IBC systems offer greater flexibility
than conventional swashplate based HHC systems in
that in addition to providing a means for generic har-
monic control inputs, various time domain control
functions may be implemented. For example, Ham®
has proposed a simple time domain IBC system in
which the control input is based on a simple feed-
back system based on the estimated amplitude of
the first elastic flapping mode. Other fundamentally
time-domain applications of IBC would include gust
load alleviation and stall flutter suppression® 10,

The goal of the present research is to examine
the possibilities for vibration reduction with Individ-
ual Blade Control with plain trailing edge flaps. In

addition to the other advantages offered by IBC sys-
tems, trailing edge flaps offer the possibility for actu-
ation through induced strain smart actuators such as
piezoceramic elements. Such actuators are mechan-
ically simple, eliminating the need for a hydraulic
slipring, and have the high bandwidth required for
use with HHC and/or time domain control systems.
Potential advantages of a plain trailing edge flap
over a servoflap include reduced power losses due
to aerodynamic drag and lower actuation power re-
quirements.

Vibration reduction with trailing edge flaps has
been the subject of several experimental and analyt-
ical studies in recent years. Spangler and Hall'! con-
ducted a feasibility study of induced strain activated
trailing edge flaps for vibration reduction. An ana-
lytic study was performed and a piezoelectric actua-
tor was successfully demonstrated on a non-rotating
section in a wind tunnel test. Further investigations
into induced strain actuated trailing edge flaps were
performed by Samak and Chopra'?, Fenn et al'?,
and Walz and Chopra'®. Reference 12 discusses
a hover stand test of a Froude-scaled model rotor
with induced strain actuated trailing edge flaps. In
Ref. 14 an improved bimorph piezoelectric bimorph
actuator was designed and tested. Reference 13 dis-
cusses a magnetorestrictive actuator for trailing edge
flaps. Recently, Ben-Zeev and Chopra’ identified
and demonstrated additional design improvements
to the bimorph actuated trailing edge flap.

These studies involved plain trailing edge flaps.
Such flaps are essentially hinged portions of the con-
ventional blade and are used for lift control. An-
other type of flap, the servo flap, was the subject
of an analytical study conducted by Millott and
Friedmann '® 16: 17 Servo flaps are mounted aft of
the blade trailing edge, and thus provide substan-
tial pitching moments as well as changing airfoil lift
characteristics. Ref. 15 described a feasibility study
utilizing a spring-restrained offset-hinged rigid blade
model. It was concluded that partial-span servo
flaps could be just as effective as “conventional”
HHC systems in which the pitch of the entire blade
was varied, with the advantage of reduced power re-
quirements. In Ref. 16, the analysis was improved
to include an elastic blade model, refinements to the
aerodynamic model, and parametric studies involv-
ing flap size and radial location. The investigation
was extended in Ref. 17 to include a time domain
solution. In all these studies a modified quasisteady
version of Greenberg’s aerodynamic theory was used.
The flap was assumed to be driven at a number of
discrete harmonics determined by a discrete time



controller updating no more than once per revolu-
tion. This is essentially a servo flap implementation
of a conventional HHC scheme (see, for example,
Ref. 1). The updates were made based on harmonic
content of the rotating system hub loads.

In the present study a trailing edge flap in the
form of a plain flap is considered. The goals of the
present investigation are:

1. Develop a comprehensive rotor aeroelastic anal-
ysis capable of modeling an elastic blade rotor
with plain trailing edge flap.

2. Validate the analysis with available experimen-
tal data for a conventional blade and identify
important refinements to the analysis.

3. Examine the behavior of the system when op-
erated in an open-loop HHC mode.

Analytic Model

Aerodynamics

The present investigation is based on an advanced
comprehensive rotorcraft analysis '8, modified exten-
sively to allow modelling of quasisteady and un-
steady aerodynamics of flapped airfoils sections.

The aerodynamic model of Leishman'® has
been used with the unsteady terms calculated via
recursively computed lift deficiency functions?°. In
the present analysis, the incompressible unsteady
forces are used together with the Prandtl-Glauert
compressibility correction. A full implementation of
the Ref. 19 analysis is underway which will include a
treatment of the compressible noncirculatory terms
arising from flap deflection.

The lift on a two dimensional airfoil with plain
trailing edge flap is given as
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For arbitrary airfoil motion the lift may be written
in the time domain using Duhamel’s superposition
integral and Wagner’s function as
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Wagner’s function may be approximated as

Cr(t) = — (h + Vi — bac) (3)

Cqu do

N
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i=1
the coefficients A; and b; being determined based on
an exponential curve fit. The b; are further factored
by 3% = 1— M? as suggested in Ref. 19. Equation 4
together with the approximation in Equation 4 leads
to the following expression for the circulatory part
of the sectional airloads:
N
Celt) = Cugs(t) = 3 Xil®) (5)
i=1
with the lift deficiency functions X; given as func-
tions of nondimensional time S by
S ) d
S) = A; /_oo exp (—3%b;(S — 7)) EC’LquU
It can be shown (Ref. 20) that the following recur-
sive relationship may be applied to the lift deficiency
functions at discrete time points:

Xi(S + AS) ~ exp(—b:AS)X;(S)
+ AiACqu exp(—biAS/Q) (6)

Here ACLqS = CLqS (S + AS) — Cqu (S) For im-
plementation, the lift deficiency functions are com-
puted and stored at each of the Gaussian integration
points used for the spatial integration of the blade
elemental matrices. The X; are initially set to zero.
Integration of the finite element in time (FET) ma-
trices proceeds element by element at successively
increasing values of azimuth and the X; are updated
using Equation (6). The final values of the X; fol-
lowing integration of all the time elemental matrices
are used as the starting values in the next FET it-
eration. A simple convergence criterion is applied
based on a comparison of the initial and final values
of the Xz

The sectional lift (Equation 5) and profile drag
are parallel and perpendicular to the local resultant
flow and are resolved to the undeformed blade axis
system by a rotation transformation through an an-
gle a; = U /Up.



Equations of Motion

The blade equations of motion are written using a
spatial finite element discretization and subsequent
reduction to modal space. The structural contri-
butions to the elemental matrices are described in
Ref. 18. The aerodynamic contributions to the ele-
mental mass, stiffness, and damping matrices as well
as the force vector are derived from Equation 5 us-
ing a virtual work approach. The closed-form ex-
pressions for the sectional blade loads L, D, and M,
are be written in terms of local blade velocities Ur
and Up which in turn related to the local blade de-
flections u,v,v',w,w’, and ¢:

Ur = z+ p(sing +v' costp) +u+0
Up = A+ pw' cosy +w
The virtual work for the spatial element is

L
oW = [6xT{ D

element Ma

Introducing a spatial shape function matrix H such
that x = Hq leads to

L
oW = / sq’H'{ D
element Moz

The sectional loads L, D, and M, are functions of
the actual blade deformations u,v,v’ etc. and may
be written as

L
D =-mxX—cx —kx+f
Mo
where m, ¢, and k are matrices of the coefficients of

the linear terms in {L D M,}" and f contains the
nonlinear terms. The virtual work then becomes

W = /6qTHT(—m)"< —cx —kx +f)

element

= / sq'HY (-mHq — cHg — kHq + f)
element

leading to the aerodynamic contributions to the el-
emental mass, stiffness, and damping matrices:

Maero = /HT(f)m(f)H(f)df
element
Caero = /HT(f)C(f)H(g)df

element

Kuw = [HIOKOH©E
element
Faero = /HT(E)f(f)df

element

The matrices m, ¢, k, and the vector f were de-
rived in closed-form starting with the sectional loads
and introducing the expressions for «,h,Ur,Up
etc. as described above. A commercially avail-
able symbolic manipulation software?! was used al-
lowing consistent application of an ordering scheme
on an element by element basis. The integrals for
M.ero, Caero, Kaero, and Faeo were evaluated via
Gaussian quadrature.

For this study it was assumed that the flap itself
is mass balanced and has negligible moment of iner-
tia so that all mass couplings between flap and blade
could be ignored. Also, the mass of the trailing edge
flap actuator itself was assumed to be zero.

Solution procedure

The equations of motion are solved for periodic re-
sponse via a finite element in time procedure'®.
Modified Hermitian shape functions were used for
the time elements. These enforce velocity continuity
at the junctions between elements but allow for in-
ternal displacement-only nodes. The hub and blade
loads were computed with an element-by-element
force summation. Blade pitch link loads were cal-
culated as described in Reference 22. The result-
ing torsional deflections together with the pitch link
stiffness and arm yield the axial pitch link loads.
A modified wind tunnel trim procedure is used in
which 6y, 61c, and 6,5 are adjusted simultaneously
in an incremental fashion until

i) the change in blade response from iteration to
iteration as well as the blade first harmonic flap-
ping are sufficiently small,

ii) Cr/o is sufficiently close to the value pre-
scribed, and,

iii) the lift deficiency functions satisfy a periodicity
criterion , i.e. their values at ¢ = 0 are suffi-
ciently close to their values at i) = 27.

Comparison of Analytic Results
with Experimental Data

Although the analysis in this study takes a well doc-
umented program as its starting point, considerable
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Figure 1: Comparison of predicted and measured loads. p = .38, Cr/o = .0801, ay = —5°.

modifications were made to the aerodynamic model.
Hence, before beginning the investigation, it was of
primary importance to establish some confidence in
the analysis. To this end, results from the present
analysis were compared with available experimental
data for a conventional rotor.

The experimental data set chosen for the val-
idation study comes from a full scale wind tunnel
test of a Sikorsky S-76 main rotor conducted at the
NASA-Ames 40 x 80 ft. wind tunnel. Parameters
measured included pitch link loads and blade bend-

ing moments at several radial stations. The loads
data are documented in Reference 23. Additional
discussion of this data may be found in Ref. 24.
Design data for the S-76 may be found in
Refs. 25 and 26. Basic design parameters are sum-
marized in Table 1. The rotor was modeled with
five spatial elements. The Ames full-scale tests in-
cluded a rectangular blade tip configuration, and
these data were chosen for comparison in order to
eliminate blade sweep as a potential factor in the
correlation. The wind tunnel tests were performed



Table 1: Sikorsky S-76 Basic Design Data

Rotor Type Four bladed, articulated
Radius 22 ft.

Lock Number 10.8

Solidity .07476

Twist 7° (.3R to tip)

03 coupling 17°

Flap-lag hinge offset | .038R (coincident)

Analytic Model

Spatial elements 5
Temporal elements 9-9
Modes used 24P (Lag), 1.03P (Flap),

2.7P (2nd Flap), 4.4P (1st
Edgewise), 4.6P (3rd
Flap), 5.7P (1st Torsion)

with a large fairing around the rotor drive and in-
strumentation which is not modeled in the present
analysis. Jepson et al’** have conducted an analysis
accounting for inflow perturbations at the rotor disk
due to the presence of the body and concluded that
the body can have a significant effect on vibratory
blade and pushrod loads.

Results from the correlation study are in
Figs. la-d. Measured and computed time histories
of blade flapwise bending moment and blade pitch
link load are compared at an advance ratio of .38 and
a Cr/o = .0801. The computed data reflect three
levels of complexity in the aerodynamic model. To
allow comparison of the vibratory components of the
loads, the data have been adjusted to remove their
steady component. In the case of the blade bend-
ing moments, the correlation using the quasisteady
model is poor. The vibratory loads are severely un-
derpredicted. With introduction of the unsteady
aerodynamic model, the harmonic content of the
blade loads at .3R and .5R are very well predicted;
at .7R the correlation remains poor. It is interesting
to note that the .3R and .5R flatwise bending mo-
ments show good correlation of amplitude but for
an apparent 90° phase shift. Introducing the free-
wake model has a small effect on vibratory ampli-
tude for this high speed flight condition. Unlike the
blade bending moments in Figs. la-c, the pitch link
loads are only slightly affected by the choice of aero-
dynamic model. The harmonic content of the load
appears somewhat underpredicted.

It may be expected that inclusion of a dynamic

Figure 2: Baseline trailing edge flap configuration.

stall model may improve correlation at this fairly
high advance ratio (the dynamic stall model is not
yet integrated with the aerodynamic model used in
this analysis). Second, the aerodynamic model in
Ref. 19 is based on thin symmetric airfoil theory;
adjustments to account for specific airfoil properties
have not been made. For example, the lift curve
slope is 27/ and and the pitching moment about
the quarter chord is assumed to be zero. Finally,
Jepson et al®* suggest that a representation of inflow
distortion due to presence of the wind tunnel test
body is essential for accurate prediction of blade vi-
bratory loads. Given the approximations inherent in
the present analysis, the overall correlation appears
adequate for the purpose of evaluating the relative
effects of the trailing edge flap.

Results

The baseline results in this section are for the S-
76 main rotor (Table 1). The baseline trailing edge
flap was of 20% blade chord and extended from 85-
95% blade radius (Fig. 2). The following results for
the trailing edge flap rotor are calculated for wind
tunnel trim at a high speed flight condition (p =
.38) and nominal thrust level (Cr/o = .0801). The
data were calculated with the unsteady aerodynamic
model. The free wake model, however, was found in
the previous section to have little influence at this
high speed flight condition and was not used.

Open Loop Flap Inputs

Initially, open loop characteristics of the blade with
trailing edge flap were examined in order to gain in-
sight into the behavior of the blade with trailing edge
flap. Figure 3 shows results for the baseline flap con-
figuration driven open loop with a 3/rev flap input.
These figures map 4/rev fixed system inplane and
vertical shears as a function of open loop 3/rev flap
deflections. Flap deflections with sine and cosine
components up to £3° are considered. These inputs
are of the same order of maginitude as those consid-
ered in Ref. 16. In Figs. 3¢ vertical 4/rev shears are
considerably improved with a combination of zero
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Figure 3: 4/rev fixed system shears with 3/rev open loop trailing edge flap input. Values shown are changes

in vibratory amplitude relative to baseline (zero flap motion). u = .38, Cr/o = .0801, as

cosine and -1 to —3° sine 3/rev inputs. Using 0°
cosine/—1.5° sine, a reduction of nearly 80% was
predicted. For the inplane shears in Figs. 3b-c, the
potential reduction is not as great. Also, the op-
timum control input for the inplane shears is some-
what different than that for the vertical shears. Nev-
ertheless, it is clear that there are open loop inputs
which will simultaneously reduce vertical and lateral
shears. The results show that improper phasing of
the trailing edge flap input will result in a severe
vibration penalty.

The effect of the trailing edge flap input on the
response of the individual blade modes may be seen
in Fig. 4. The figure presents time histories of the
nondimensional modal amplitude for the baseline
and 0°/ — 1.5° cases discussed above. Most notice-
able are the changes in the response of the third flat-
wise mode and the first torsion mode. A change in
the 3/rev response of the third flatwise mode is ob-
served, although not necessarily a reduction in am-
plitude. For reference the mode shape of the third
flatwise mode is shown in Fig. 5. The trailing edge
flap is located just outboard of the outer node of the
flap deflection. Open loop inputs introduce a 3/rev
torsional response not readily observed in the base-
line case. Note it is possible for a change in 3/rev
torsional response to affect the 4/rev fixed and ro-
tating system loads. In addition, a slight reduction
in the vibratory component of the amplitude of the
first edgewise mode may be observed.

In Fig. 6, the harmonics of the rotating sys-
tem blade root shears are shown for the baseline and
0°/—1.5° cases. This figure confirms that the reduc-

—50, Cf = .20.

1
c Out of plane
2 0.5 Flap
§ Location
k3 Inplane
S 0
o
=
-0.5 T T T T
0 0.2 0.4 0.6 0.8 1
Blade Station r/R
Figure 5: Mode shape of third flatwise mode
(4.7 /rev.)

tion in fixed system 4 /rev vertical shears observed in
Fig. 3 are associated with a large reduction in rotat-
ing system 4/rev vertical shear. The improvement
in fixed system 4/rev inplane shear is due to reduced
3/rev chordwise shear (Fy). Although the fixed sys-
tem results presented here are for hub shears only,
the reduction in 3 and 5/rev rotating system vertical
shears in Fig. 6 implies reduced 4/rev hub moments
in the fixed system.

Results for 4/rev open loop inputs are shown in
Fig. 7 and 8. The 4/rev fixed system loads are more
sensitive to flap inputs than those observed in the
3/rev open loop case (Fig. 3) but otherwise the re-
sults are quite similar. The optimum flap input for
4/rev vertical shear occurs around = 1° cosine/.5°
sine; here a reduction of around 90% was observed.
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Figure 4: Time histories of modal response with and without 3/rev open loop flap inputs. p = .38,Cr/o =

0801, ary = —5°, ¢ = .20.

As was the case with the 3/rev open loop inputs,
less effect is seen in the lateral inplane data. Fig. 8
shows the harmonic content of the rotating system
blade root shear for the 4/rev open loop case. Again,
the reduction in 4/rev fixed system vertical shear is
a result of a large reduction in 4/rev rotating system
vertical shear. The reduction in fixed system inplane
shear is, as with the 3/rev input case, associated
with reduced 3 and 5/rev chordwise shear (Fy) and
and 3/rev radial shear (Fx). Note that with both
the 3/rev open loop inputs (Fig. 6) and the 4/rev
case the combination of inputs shown for compari-
son optimizes the fixed system vertical 4/rev shear.

A combination of inputs chosen based on fixed sys-
tem inplane loads would yield reduced loads for all
harmonics of the rotating system inplane loads.

Of interest is the comparison between the
present results and the servo flap results in Refer-
ence 16. In this work significant vibration reductions
were predicted for a servo flap controlled through a
self adjusting HHC algorithm. Vibration reductions
of 99% were observed upon introduction of the servo
flap system. In the present investigation, reductions
nearly as great are observed even in the simple open-
loop case. Moreover, a comparison shows that the
optimum flap deflections in the present study are no



greater than those in Ref. 16. This is, in a sense, un-
expected, as the flaps in the present study are plain
flaps of smaller chord than those studied in Ref. 16.
However, they are also located further outboard on
the blade (centered at r/R = .90) and are therefore
more effective in bringing about blade twist than the
servo flaps in Ref. 16 (centered at r/R = .75). Also,
in Ref. 16, the flap-induced forces and moments were
reduced by a substantial factor to account for effects
of the gap between the trailing edge of the blade and
the leading edge of the flap. In the present analy-
sis, the plain flap is assumed to be internally sealed
and thus not subject to gap effects. Finally, plain
flaps are themselves capable of generating significant
pitching moments and inducing blade twist. Fig. 4
shows clearly the 3/rev torsional response due to the
3/rev plain flap input.

In order to further investigate the role of vibra-
tory blade twist on flap effectiveness, the 4/rev open
loop study was repeated with the blade torsional
stiffness reduced by 50%, resulting in a torsional fre-
quency vy = 4.1P (approximately 1/v/2 of its base-
line value). The results are in Figs. 9 and 10. The
fixed system 4/rev levels in Fig. 9 are quite similar
to the baseline stiffness case in Fig. 7. The optimum
4/rev input is of slightly higher amplitude than in
the baseline case, and is shifted in phase by nearly 90
degrees. The predicted improvements in vibration,
however, are not as great. In Ref. 17, the servo flap
centered at 85% blade radius also shows degraded
vibration reduction effectiveness as the blade tor-
sional natural frequency is decreased from around
5/rev to 4.3/rev. Figure 10 shows the modal re-
sponse for the vy = 4.1P blade with the optimum
+1.5°/ — 1.5° 4/rev input. The large increase in
blade torsional response as compared with the base-
line blade is expected due to the proximity of the ex-
citation frequency to the torsional natural frequency.
The other modes (second flap, third flap, and first
edgewise) appear to be relatively unaffected by the
flap input. It appears that vibration reductions with
the plain trailing edge flap are more closely associ-
ated with changes in blade torsional response than
with changes in flatwise or edgewise bending.

Summary and Conclusions

1. A comprehensive rotorcraft dynamic analysis
has been modified to model main rotor blades
with plain trailing edge flaps. An unsteady
aerodynamic model for a flapped airfoil has
been implemented.

2. Results from the analysis were compared with
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Figure 6: Harmonics of rotating system blade root
shears with and without 3/rev open loop flap inputs.
pu=.38,Cr/o =.0801,a; = —5° ¢ = .20.
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pu=.38,Cr/o =.0801,a; = —5° ¢ = .20.

previously published experimental rotor loads
data for a conventional four bladed articulated
main rotor. Several analytical refinements were
identified which may improve the correlation.

3. Significant reductions in vibratory loads may be
achieved with the flap being driven at a sin-
gle frequency. Up to a 98% reduction in hub
vertical 4/rev loads may be achieved with flap
control inputs at 4/rev. Also, 3/rev flap inputs
were also equally effective in reducing 4/rev hub
loads. The gains seen in the fixed system verti-
cal shears were larger than those predicted for
the inplane shears.
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in vibratory amplitude relative to baseline (zero flap motion). u = .38, Cr/o = .0801, s = —5°, ¢y = .20.
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Figure 9: 4/rev fixed system shears with 4/rev open loop trailing edge flap input and reduced torsional
stiffness (vy = 4.1/rev). Values shown are changes in vibratory amplitude relative to baseline (zero flap

motion). p = .38, Cr/o = .0801, a,

4. The plain flap is intended primarily as a de-

= —5°,Cf =.20.

6. Ongoing research is aimed at refining the ana-

vice for changing blade lift characteristics. De-
spite this, the vibration reductions predicted for
the plain flap are associated with considerable
changes in blade torsional response as well as
flatwise and edgewise motion.

. The vibration reduction effectiveness of the

plain flap decreased when the blade torsional
stiffness was reduced from its baseline value
of 5.7P to 4.1P. Nevetheless, an approximately
85% reduction in fixed system 4/rev vertical
shears was possible.
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lytic model, examination of the effects of flap
design parameters, and investigation into the
feasibility of a time domain feedback control
law.
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