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ABSTRACT NOMENCLATURE
Active Gurney flaps, or microflaps, are studied b Rotor blade semi-chord = ¢;/2
to determine their effectiveness in reducing vibra- e Rotor blade chord
tions in rotorcraft. A CFD based reduced order Co, Cy, ) ) ) )
aerodynamic model (ROM) capable of modeling the ey Ca1 Rational function coefficient matrices
unsteady effects of a microflap was incorporated into Cq Drag coefficient
a comprehensive rotorcraft simulation code AVINOR. (- of Fuselage drag coefficient
The ROM is constructed based on the Rational Func- C Hinee moment coefficient
tion Approximation (RFA) approach, which results hom . & _
in a state-space time domain aerodynamic model Ci Lift coefficient
suitable for use with comprehensive codes. Vibra- Cm Moment coefficient
tion redu;tion studies werslcon(i\l/}(];)tgd ];)(r; 3; éléngeless Cw Helicopter weight coefficient
rotor configuration resemblin - usin
& & | & D,E,R  Matrices defined in the RFA model

the relaxed Higher Harmonic Control (HHC) algo-
rithm. Various spanwise configurations of the mi-
croflap, including a single, a dual, and a segmented
five-microflap configuration, were considered and com-
pared to conventional trailing edge flaps. The re-
sults indicate that the microflap is an effective de-
vice for vibration reduction in rotorcraft, capable of
achieving substantial reductions in excess of 80%.
However, the 1.5%c microflap was found to incur
3.6% performance penalty due to the increased drag.
Parametric studies on microflap sizing suggest that
a microflap configuration with the height of less than
1%c may be best in achieving substantial vibration
reduction while mitigating performance penalty. Fi-
nally, the microflap was also found to be effective
over a wide range of flight conditions.

Presented at the 36th European Rotorcraft Fo-
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INTRODUCTION AND BACKGROUND

The Gurney flap is a small tab typically less than
5%c in height and is attached normal to the air-
foil surface at the trailing edge as shown in Fig. 1.
Originally used by Dan Gurney on race cars to in-
crease the downward force generated by the spoiler,

the Gurney flap has been shown to be capable of in-
creasing the maximum lift coefficient of an airfoil by
as much as 60%. One of the earliest experimental
studies on aerodynamics of a Gurney flap was con-
ducted by Liebeck [1] who found that the Gurney
flap caused the flow to turn around the trailing edge
resulting in the formation of two counter-rotating
vortices behind the flap as shown in Fig. 1. The
turning of the flow shifts the trailing edge stagna-
tion point to the bottom edge of the microflap thus
changing the Kutta condition and increasing the ef-
fective camber of the airfoil. Subsequently these
experimental observations have been confirmed us-
ing CFD computations and flow visualization tech-
niques [2-7]. These studies have shown that despite
the small size the Gurney flap is an effective lift en-
hancement device.

Active Gurney flaps that are deployable as op-
posed to being permanently fixed are referred to
as microflaps in this study. This device has the
potential for high bandwidth control with low ac-
tuation power requirements, minimal loss in struc-
tural stiffness of the wing, and lower wing warp-
ing when compared to the conventional control sur-
faces. Microflaps have been studied for various ap-
plications such as control of high aspect ratio flexi-
ble aircraft [8,9], wing trailing edge vortex allevi-
ation [10-12|, aerodynamic load control for wind
turbine blades [6,13,14], and for rotorcraft perfor-
mance enhancement [15-17|. It was found that the
deployable microflaps can increase flutter speed of
a highly flexible wing by up to 22% [8]. Recent
studies for fixed wing applications [10-12] suggest
that microflaps can also be used for wake allevi-
ation by inducing time-varying perturbations that
excite vortex instability in the wake. The poten-
tial of microflaps with application to active load
control in wind turbine blades was explored com-
putationally and experimentally on representative
turbine airfoil sections [6,13]. Substantial reduc-
tion in turbine blade root bending moment (reduc-
tion of peak bending moment ranging from 30-50%)
was observed in Ref. [14] using the microflap ap-
proach. In [14] the microflap effect was simulated
based on static Gurney flap measurements. Pre-
liminary studies on rotorcraft performance enhance-
ment using permanently attached Gurney flaps (of
size less than 2%c) have been conducted in Ref. [15].
The effect of Gurney flaps on the airfoil lift and
drag was modeled as a curve fit of experimental
results obtained for flaps of various sizes. Wind-
tunnel tests conducted on a model helicopter con-
firmed that Gurney flaps may have beneficial ef-
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Figure 1. An illustration of the Gurney flap.

fects on rotorcraft performance. More recently, de-
ployable microflaps have been studied with active
control strategies to enhance rotorcraft performance
[16-18]. A relatively simple deployment schedule
where the microflaps are deployed primarily on re-
treating side of the disk was used, and the maximum
thrust of the rotor was enhanced by 10% using mi-
croflaps with a height of 1%c distributed along the
entire blade span.

During the last fifteen years, various active con-
trol approaches, including conventional trailing edge
flaps, have been found to be effective for vibration
reduction in rotorcraft [19-24]. The size advantage
of the microflap when compared to the plain flaps
will allow high bandwidth actuation with small ac-
tuation power, and it is a potentially attractive can-
didate for active control of helicopter vibration. In
a recent study [25] preliminary results were pre-
sented to demonstrate the potential of the microflap
for vibration reduction in rotorcraft. A 1.5%c mi-
croflap was actuated in open loop mode with con-
trol harmonics of 2-5/rev, on a rotor configuration
resembling an MBB BO-105 hingeless rotor. Vari-
ous microflap configurations, shown in Fig. 2, were
also compared in Ref. |25]. The aerodynamic effect
of the microflap was modeled using a nonlinear re-
duced order model (ROM) constructed from CFD
data [26]. It was found that the microflap is effec-
tive in reducing vibratory hub loads; in particular,
maximum vibration reduction of 52% in the dom-
inant vertical shear component was obtained using
4 /rev open loop input. The microflap spanwise con-
figuration employed in Ref. [25] was identical to that
used in earlier studies for conventional active flaps
with chord size of 20-25%c.

The overall objective of this paper is to explore
the potential of the microflap for vibration reduc-
tion in rotorcraft, using a comprehensive rotorcraft
simulation code combined with the CFD-based mi-
croflap reduced order model [26]. Careful paramet-
ric studies of microflap sizing and location are con-
ducted so as to determine the optimal configuration
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(b) Sliding microflap with blunt TE airfoil
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(c) Rotating microflap resembling plain flap

Figure 2. Various microflap configurations.

for vibration reduction. The specific objectives of
the proposed paper are:

1. Incorporate a refined reduced-order aerodynamic
model developed in [26] into the comprehen-
sive rotorcraft simulation code AVINOR [27];

2. Study and compare the effect of various mi-
croflap configurations for vibration reduction
on a representative rotor configuration;

3. Compare the effectiveness of the microflap for
vibration reduction to similar plain flap con-
figurations;

4. Provide a comprehensive assessment of the po-
tential of the microflap device for active vibra-
tion reduction in rotorcraft, including perfor-
mance penalty considerations.

A COMBINED CFD AND RATIONAL FUNC-
TION APPROXIMATION BASED ROM FOR CON-

TROL SURFACES

The strong nonlinear nature of viscous flow be-
hind the microflap implies that the effect of the mi-
croflap needs to be considered using a CFD based
approach. As mentioned earlier, various CFD tools
have been used to determine the aerodynamic char-
acteristics of a Gurney flap or microflap with reason-
able accuracy. However, the computational costs of
coupling CFD solvers directly with rotorcraft simu-
lation codes are prohibitive when conducting para-
metric trend studies involving active control. A non-
linear CFD based reduced-order aerodynamic model



developed in [26] has been shown to be accurate, ef-
ficient, and suitable for combination with compre-
hensive rotorcraft codes. Furthermore, this model
can be used to represent the effects of various trail-
ing edge control devices, including microflaps and
conventional flaps. To develop the reduced-order
model, a compressible unsteady Reynolds-Averaged
Navier-Stokes CFD solver is used to generate fre-
quency domain aerodynamic response, which is then
converted to the time-domain using the Rational
Function Approximation (RFA) approach.

The RFA approach has been used in the past to
generate a Laplace transform or state variable rep-
resentation of the unsteady aerodynamic loading on
a wing section for fixed wing applications [28-31]
as well as rotary wing applications [32]. The re-
sulting reduced-order aerodynamic model is a state-
space, time domain model that accounts for flow
unsteadiness and compressibility. In Ref. 32 the
RFA aerodynamic model was developed for model-
ing the aerodynamic response of a two-dimensional
airfoil /trailing edge flap combination. Recently, the
accuracy of this model was also verified by com-
paring its unsteady aerodynamic load predictions
with CFD for a two-dimensional airfoil /oscillating
flap combination over a wide range of aerodynamic
conditions representative of rotorcraft applications
[33,34].

The new CFD based reduced order model de-
veloped using the RFA approach, referred to as the
CFD+RFA model, has the same advantages as the
original RFA model: 1) it allows a convenient combi-
nation of the aerodynamics with the structural dy-
namic model; 2) it is suitable for the solution of
the combined system which is governed by equations
with periodic coefficients, since it facilitates the use
of direct numerical integration; and 3) it provides a
degree of computational efficiency required by the
implementation of active control techniques such as
trailing edge flaps and microflaps. Therefore, the
CFD-+RFA model is ideally suited for use with com-
prehensive codes for aeroelastic simulations and ac-
tive control studies.

Concise description of the RFA approach

The RFA approach used in conjunction with CFD
to obtain the ROM is concisely described below.
Additional details can be found in Ref. [26]. The
RFA model is based on Roger’s approximation |28]
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Figure 3. Normal velocity distribution corresponding to
generalized airfoil and plain flap motions.

and represents a relation between generalized aero-
dynamic loads and generalized motions of the aero-
dynamic surface in Laplace domain as

G(5) = Q(5)H(5), (1)

where G(5) and H(5) are the Laplace transforms of
the column matrices representing generalized aero-
dynamic load and generalized motion, respectively.
The aerodynamic transfer matrix Q(S) is approxi-
mated using the Least Squares approach with a ra-
tional expression of the form

nr _
S
Q(S) =Cop+Ci5+ E Chi1. (2)
n=1 5+ Tn

Equation (2) is usually denoted as Roger’s approxi-
mation. The poles v1,72,...,7n, are assumed to be
positive valued to produce stable open loop roots,
but are non-critical to the approximation. Arbitrary
motions of the airfoil and a conventional trailing
edge flap are represented by four generalized mo-
tions shown in Fig. 3. The normal velocity distribu-
tions shown in Fig. 3 correspond to two generalized
airfoil motions (denoted by Wy and W;) and two
generalized flap motions (denoted by Dy and Dy).
The two generalized flap motions shown in Fig. 3
represent the angular deflection of a conventional
trailing edge flap. For the microflap, the concept of
normal velocity distributions is no longer meaning-
ful; therefore, the microflap motion is simply char-
acterized by the deflection d; and the effect of flap
deflection rate is assumed to be negligible. This as-
sumption was made since the aerodynamic response
of the airfoil to the flap deflection rate obtained from
CFD simulations was found to be insignificant.



In order to find Q(3), tabulated oscillatory air-
loads, i.e. sectional lift, moment and hinge moment,
need to be obtained corresponding to the general-
ized motions. In the original RFA implementation,
the oscillatory airloads in the frequency domain were
obtained from a potential flow solver which provides
a two-dimensional doublet lattice (DL) solution of
Possio’s integral equation [32]. This approach was
found to be very efficient for generating a set of aero-
dynamic response data for the generalized motions
of airfoil /flap combination. The frequency domain
information is generated for an appropriate set of re-
duced frequencies and Mach numbers, encompassing
the entire range of unsteady flow conditions encoun-
tered in practical applications.

To construct a CFD based RFA model, a com-
mercially available CFD solver CEFD++ [35,36] de-
veloped by METACOMP Technologies was used to
generate the frequency domain responses. This re-
sults in a ROM that captures the strong viscous flow
behind a microflap, and also provides unsteady drag
predictions which cannot be obtained from potential
flow theory. Furthermore, significant flow nonlinear-
ities associated with viscous effects or shock wave
formation are also accounted for in this approach.

A state space representation of the RFA aero-
dynamic model is derived by defining a generalized
motion vector h and a generalized load vector f, as:

Wo
h = Wi for plain flap, or (3)
Dy
Dy
Wo
h=¢ W, for microflap, (4)
)
and
G
Cm
Chm

Note that hinge moment Cp,,, is applicable only for
conventional flaps and is not needed for microflaps.
The rational approximant Q in Eq. (2) can be trans-
formed to the time domain using the inverse Laplace
transform, which yields the final form of the state

space model, given below

%(t) = Ul()t)R(M, 0, 57)x(t) + E(M, o, 5,)h(t),
£(t) = Utt) Co(M, @, 3,)h(t)

+Cu(M, o, 5f)UlEt)h(t) +Dx(1)].

(6)

where the definitions of matrices D, R and E can
be found in Ref. [32].

Note that in order to account for flow nonlinear-
ities encountered at high Mach numbers, large an-
gles of attack and flap deflections, the RFA model
has been enhanced by using a technique referred to
as model scheduling [37], wherein different sets of
RFA coefficients are generated at appropriate com-
binations of the Mach number, angle of attack, and
flap deflection angle. Specifically, the RFA model
is modified by allowing the coefficient matrices, i.e.,
R,E, Cy, Cy,..., to vary with M, o, and 4y, as indi-
cated in Eq. (6).

CFD simulations

As stated earlier, the CFD results for construct-
ing the ROM are obtained using the CFD++ code,
which is capable of solving the compressible unsteady
Reynolds-Averaged Navier-Stokes equations. It uses
a unified grid methodology that can handle a variety
of structured, unstructured, multi-block meshes and
cell types, including patched and overset grid fea-
tures. Spatial discretization is based on a second or-
der multi-dimensional Total Variation Diminishing
(TVD) scheme. For temporal scheme an implicit al-
gorithm with dual time-stepping is employed to per-
form time-dependent flow simulations, with multi-
grid convergence acceleration. Various turbulence
models are available in CFD++ and the Spalart-
Allmaras model is used for the current study, as-
suming fully turbulent boundary layer.

In Ref. [26] three candidate microflap configu-
rations were examined and compared for their ef-
fectiveness in generating unsteady airloads. The
sharp trailing edge configuration (Fig. 2a) was deter-
mined to be the best compromise between the aero-
dynamic benefits and the ease of implementation in
rotor blades; therefore it is chosen for the current
study. The CFD grids employed for this configura-
tion are shown in Fig. 4(b); grids for a 20% plain
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Figure 4. Grids used for CFD simulations.

flap are also shown in Fig. 4(c). The overall com-
putational domain is shown in Fig. 4(a) which con-
tains approximately 90,000 grid points. The CFD
grids for the various microflap or plain flap config-
urations are generated using the overset approach,
which is a convenient method for modeling complex
geometries and moving components with large rela-
tive motions. The grids are clustered at the airfoil
wall boundaries such that the dimensionless distance
yT of the first grid point off the wall is less than 1
and the equations are solved directly to the walls
without assuming wall functions.

In order to generate a ROM that can represent
the entire range of flow conditions encountered by
the blades at various advance ratios, CFD simula-
tions are conducted for Mach numbers ranging from
0.05 to 0.9 and angles of attack ranging from 0° to

15°.  All the simulations were carried out for the
NACA0012 airfoil at Reynolds number 2.1x10°. At
each flow condition defined by the free stream Mach
number and the airfoil mean angle of attack, simu-
lations are performed to generate frequency domain
data corresponding to the generalized motions at
reduced frequency values ranging from 0.02 to 0.2
with an increment of 0.02. Note that the 5/rev fre-
quency at 0.75R span location on the rotor blade of
a representative MBB BO-105 rotor configuration
corresponds to a reduced frequency of 0.18. The
frequency domain data obtained through CFD sim-
ulations is subsequently used to generate the coef-
ficients Cyp, Cq, ... , C,, in the CFD+RFA reduced
order model. These coefficients are generated from
CFD results at simulated flow conditions and then a
“shape-preserving” piecewise cubic Hermite polyno-
mial interpolation scheme [38-40] is used to evaluate
the coefficients at intermediate flow conditions. In
this interpolation scheme, the slopes of the interpo-
lating function at the data points are determined
such that the function evaluations do not signifi-
cantly overshoot the fitting data values. Complete
validations of the CFD+RFA model by comparing
the ROM predictions to direct CFD simulations can
be found in Refs. [26] and [41], for a wide range of
flow conditions and unsteady microflap/plain flap
deflections.

DESCRIPTION OF THE AEROELASTIC ANALY-

si1s CODE

Active vibration reduction studies with the mi-
croflap are conducted using a comprehensive rotor-
craft aeroelastic analysis code AVINOR (Active Vi-
bration and Noise Reduction) which has been exten-
sively validated [22,27,42]. The CFD+RFA model
as described earlier has been incorporated into AVI-
NOR and is used to model the effect of microflaps,
as well as plain trailing edge flaps for comparison
purposes. The ability to model segmented multiple
microflap configurations has been incorporated into
the code. The principal ingredients of the AVINOR
code are concisely summarized in the following sub-
sections.

Aerodynamic model

The blade/flap sectional aerodynamic loads for
attached flow are calculated using the CFD+RFA



model, that was described earlier. This model pro-
vides unsteady lift, moment, as well as drag pre-
dictions for both plain flap and microflap configu-
rations. The RFA model for the blade-flap combi-
nation is linked to a free wake model described in
[22,42], which produces a spanwise and azimuthally

varying inflow distribution. For separated flow regime,

the aerodynamic loads are calculated by the ON-
ERA dynamic stall model.

Structural dynamic model

The structural dynamic model used for the present

study consists of a four-bladed hingeless rotor, with
fully coupled flap-lag-torsional dynamics with mod-
erate deflections. The structural equations of mo-
tion are discretized using the global Galerkin method,
based upon the free vibration modes of the rotating
blade. The dynamics of the blade are represented
by three flap, two lead-lag, and two torsional modes.
Each free vibration mode was calculated using the
first nine exact non-rotating modes of a uniform can-
tilevered beam. The effect of control surfaces such
as the trailing-edge plain flap or the microflap on
the structural properties of the blade is assumed to
be negligible. The control surfaces influence the be-
havior of the blade only through their effect on the
aerodynamic and inertial loads.

Coupled aeroelastic response/trim solution

The combined structural and aerodynamic equa-
tions form a system of coupled differential equations
that can be cast in state-variable form. The trim
procedure used is based on a propulsive trim with
three force equations (longitudinal, lateral, and ver-
tical) and three moment equations (roll, pitch, and
yaw) corresponding to a helicopter in free flight. A
simplified tail rotor model, based on uniform inflow
and blade element theory, is used. The six trim
variables are the rotor shaft angle ag, the collec-
tive pitch 6y, the cyclic pitch 615 and 6., the tail
rotor constant pitch 6, and lateral roll angle ¢g.
The coupled trim/aeroelastic equations are solved
in time using the ODE solver DDEABM, which is
a predictor-corrector based Adams-Bashforth differ-
ential system solver.

CONTROL ALGORITHM FOR VIBRATION RE-

DUCTION

The Higher Harmonic Control (HHC) algorithm
has been used in the past to successfully achieve vi-
bration and noise reduction in rotorcraft [22]. A de-
tailed description of the algorithm, including robust-
ness and stability analyses, can be found in [43]. The
HHC algorithm is based on a linear, quasi-static,
frequency-domain model of the helicopter response.
For a 4-bladed rotor, the control input u is a com-
bination of the 2/rev, 3/rev, 4/rev, and 5/rev har-
monic components of the flap deflection. Note that
the flap deflection referred to here in this section
applies to both the microflap and the conventional
trailing-edge flap. The total flap deflection is thus
given by

5
Op(4) = D [Onecos(NY) + dxssin(Ny)].  (7)

N=2

The output z is a combination of the 4/rev vibra-
tory hub loads and moments. The control input u
is related to the vibration levels through a transfer
matrix T given by

0z

T= 2. (8)

The control strategy is based on the minimization
of a performance index that is a quadratic function
of the vibration magnitudes z and the control am-
plitudes u:

J(zi,u;) = ziTszi + uiTWuui, (9)

where the W, and W, are the weighted matrices on
the vibration magnitudes and control input, respec-
tively. The subscript i refers to the ™" control step,
reflecting the discrete-time nature of the controller.
The optimal control is determined by solving the
condition for minimization of the cost function J:

8J(zi, lli)

which yields the optimal control
w, = -D'TTW_{z;_, — Tu;_;}, (11)
where
D=T/'W,T+W,. (12)

For a perfectly linear system, the algorithm con-
verges to the optimal value in a single step. How-



ever, if the helicopter response cannot be represented
by a linear system, the algorithm might take multi-
ple steps to converge to the optimal value. Several
variants of the HHC algorithm, including a relaxed
and an adaptive version, have been shown to im-
prove the robustness of the algorithm to model un-
certainties [43]. In the present study, the relaxed
HHC algorithm is used for examining vibration re-
duction with the microflap and the 20%c plain flap.
To impose saturation limits on the flap deflection,
an algorithm developed in [44] is used. In this ap-
proach, the control weighting matrix is adjusted it-
eratively until the flap deflection is properly con-
strained.

RESULTS AND DISCUSSIONS

In this section, results for vibration reduction
with various microflap configuration are presented
for a heavy blade-vortex interaction flight condition,
on a representative rotor configuration resembling
MBB BO-105 hingeless rotor. The effectiveness of
the microflap is also compared to similar plain flap
configurations. Subsequently, results from paramet-
ric studies of the microflap on flap chord sizing and
at various forward flight conditions are discussed.

Rotor/flap configurations

The rotor parameters used in this study resemble
those of a four-bladed MBB BO-105 hingeless rotor
and are listed in Table 1.

The sharp trailing edge configuration, shown in
Fig. 5, was chosen as the microflap configuration.
The microflap, 1.5%c in height, slides in and out of
a cavity, located at 6%c from the sharp trailing edge
of the airfoil.

Three different spanwise configurations of the
microflaps on the rotor blade are considered in this
study. The first configuration, shown in Figure 6(a),
has a single microflap with 0.12R spanwise length
centered at 0.75R. The second configuration, shown
in Figure 6(b), has two microflaps each with 0.06R
spanwise length centered at 0.72R and 0.92R, re-
spectively. The third configuration shown in Fig-
ure 6(c), has five microflaps each 0.05R in spanwise
length placed adjacently. For comparison purposes,
vibration reduction studies with the single and dual
plain flap configurations with 0.20%c flap chord were

Table 1. Rotor parameters used for vibration reduction
studies.

Dimensional Rotor Data

R=491m

My = 27.35 kg

Q) = 425 RPM

Nondimensional Rotor Data

Ny, =4 L,=1.0

cp = 0.05498 Ory = -8°
e=20

Xa=0 Xnp=20

wp = 1.124, 3.40, 7.60 wy, = 0.732, 4.458
wr = 3.17, 9.08

v =255 o= 0.07
Helicopter Data

Cw = 0.005 fCq = 0.031
Xraqa=0.0 Zra = 0.25
Xrc =0.0 Zpc = 0.5

=l

Figure 5. Oscillating microflap in a cavity for the sharp
trailing-edge configuration.
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Figure 6. Various spanwise configurations of the microflap
on the rotor blade

also conducted for identical spanwise flap configura-
tions.

Vibratory loads predictions using CFD based ROM

In order to examine the results from the CFD
based ROM, the 4/rev baseline vibratory hub loads
and moments obtained using the CFD-+RFA aero-
dynamic model are compared with those obtained
using the earlier potential flow based RFA model,
at a flight condition where the advance ratio p =
0.15 and weight coefficient Cyy = 0.005. The com-
parisons are shown in Figure 7, with the potential
flow based results indicated by “DL+RFA". It is
important to note that the DL+RFA model can-
not predict the unsteady drag due to both airfoil
and flap oscillations. Further, it does not account
for the nonlinearities in the unsteady aerodynamic
loads at higher angles of attack or Mach numbers.
As shown in Fig. 7, the CFD+RFA model predicts
94% higher longitudinal, 150% higher lateral, and
43% higher vertical shear forces compared to the
DL+RFA model. The CFD+RFA model also pre-
dicts a higher yawing moment as compared to the
DL+RFA model. A primary source of difference
in the inplane (longitudinal and lateral) vibratory
loads and the yawing moment is attributed to the

3.00E-03
[ DL+RFA

CFD+RFA

2.50E-03

2.00E-03

1.50E-03

1.00E-03

5.00E-04

Non-dimensional 4/rev vibratory hub loads

ANMMINaLS.S.
ALY

0.00E+00

>
@

Long. shear Lat. shear Vert. shear Rolling Pitching Yawing

Figure 7. Comparison of baseline 4/rev vibratory hub
loads and moments predictions from the CFD-|+RFA
model with DL+RFA model; = 0.15.

modeling of unsteady drag in CFD+RFA model. By
contrast, the difference observed in vertical shear
is primarily due to discrepancies in unsteady lift
and moment predictions by the CFD based and the
DL+RFA models [34,41].

Vibration reduction with microflap

Vibration reduction with the three microflap con-
figurations described earlier is conducted for an ad-
vance ratio 4 = 0.15 and weight coefficient Cyw =
0.005. The rotor is trimmed for level steady flight.
After trimming the rotor, the HHC controller is en-
gaged to study the effectiveness of the microflaps
in reducing the 4/rev vibratory hub loads, with the
control input consisting of a combination of the 2/rev,
3/rev, 4/rev, and 5/rev harmonic components of the
microflap deflection. After the optimal microflap de-
flection is found by the HHC controller, the rotor is
re-trimmed to ensure that the rotor operates under
the same trim conditions.

Vibratory hub loads obtained using the various
spanwise configurations of the microflap, illustrated
in Figures 6(a)-6(c), are shown in Figure 8. All three
configurations considered here produce a substantial
amount of vibration reduction, clearly demonstrat-
ing the control authority of the microflap. The single
and dual microflap configurations yield comparable
reduction levels of 92% and 93% in the vibration ob-
jective, respectively. The dual microflap configura-
tion produces a larger reduction in the vertical shear
force and yawing moment compared to the single
microflap configuration, but yields a smaller reduc-
tion in the longitudinal and lateral shear forces. The
five-segment-microflap configuration yields a similar
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performance with a 93% reduction in the overall vi-
bration levels. Note that the vibration objective is a
weighted sum of the squares of the 4/rev vibratory
hub shears and moments.

As mentioned earlier, the rotor is re-trimmed af-
ter engaging the controller. The effect of the mi-
croflap deflection on the trim variables during vibra-
tion reduction is shown in Figure 9. The cyclic pitch
component 61, is most significantly affected by the
microflap deflections, as indicated in Fig. 9. Other
trim variables are also somewhat affected with the
exception of rotor shaft angle ap.

The microflap deflection histories for the single
and dual microflap configurations over one complete
revolution are shown in Figures 10(a) and 10(b), re-
spectively. The saturation algorithm described ear-
lier is used to restrain the microflap deflection be-
tween 0%c and 1.5%c which correspond to the re-
tracted and fully deployed positions of the microflap.
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Figure 10. Microflap deflection histories over one com-
plete revolution for the single and dual microflap config-
urations.

Comparison of microflap with plain flap

Next, the capabilities of microflap for vibration
reduction are compared to those of the single and
dual flap configurations with 20%c trailing-edge plain
flaps, under the same BVI flight conditions speci-
fied earlier. Vibration levels obtained using the sin-
gle and dual flap configurations of the conventional
plain flap and the microflap are shown in Figure 11.
Interestingly, the 1.5%c microflap configurations are
more effective in reducing vibration than their plain
flap counterparts. The single plain flap configura-
tion yields 83% reduction in the vibration levels,
while the single microflap configuration yields al-
most 9% additional reduction in the vibration levels
compared to the single plain flap configuration. Sim-
ilarly, the dual plain flap configuration yields close
to 86% reduction, which is less than the 93% reduc-
tion achieved by the dual microflap case.

The plain flap deflection histories for the sin-
gle and dual flap configurations over one complete
revolution are shown in Figures 12(a) and 12(b), re-
spectively. The angular deflection of the plain flap is
restricted to +4° as practical saturation limits. The
plain flap deflection histories display a notable re-
semblance to the microflap deflection histories (see
Fig. 10), where the peaks and troughs of the deflec-
tions occur at approximately same azimuthal loca-
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Figure 11. Reduction in 4/rev vibratory hub shears and
moments obtained using the single and dual flap configu-
rations of the 20%c trailing-edge plain flap and the 1.5%c
microflap.

tions. However, the contributions of higher harmon-
ics (4/rev and 5/rev) are more evident in the case
of the plain flaps (Fig. 12).

The significant advantages in vibration reduc-
tion demonstrated by microflaps over similarly con-
figured plain flaps are somewhat surprising; there-
fore, the unsteady effects due to a 20%c plain flap
(with £4° deflection) and a 1.5%c microflap on sec-
tional lift and pitching moment are further exam-
ined at representative flow conditions encountered
by the control surfaces on the rotor blade. A com-
parison of the oscillatory lift and moment generated
by the oscillating plain flap and the microflap is
shown in Figures 13(a) and 13(b). These oscillatory
loads are obtained for a Mach number M = 0.45,
airfoil mean angle of attack ag = 2°, and reduced
frequency k = 0.02. Both the plain flap and the mi-
croflap produce similar peak-to-peak lift amplitudes
but the microflap generates a significantly higher
maximum lift value. Similarly, the microflap pro-
duces a higher maximum nose-down pitching mo-
ment on the airfoil than the plain flap. Similar
trends have also been observed for other flow con-
ditions. For example, another set of comparisons in
the lift and moment generated by the microflap and
the plain flap is shown in Figures 14(a) and 14(b) for
M = 0.60, ap = 2°, and k = 0.02. At this flow con-
dition, the microflap also produces higher maximum
lift and maximum nose-down pitching moment than
the plain flap, while generating similar peak-to-peak
lift and moment amplitudes.

The effect of deploying the various microflap and
plain flap configurations for vibration reduction on
the rotor power is summarized in Table 2. It is in-
teresting to note that the higher vibration reduction
capability of the microflap comes at the cost of in-
creased rotor power penalty. The single microflap
configuration yields about 9% higher reduction in
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Figure 12. Flap deflection histories over one complete
revolution for the single and dual plain flap configurations.
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Figure 13. Lift and moment coefficient variation on a
NACAO0012 airfoil due to an oscillating microflap and an
oscillating 20%c trailing-edge plain flap. M = 0.45, g = 2°,
and k = 0.02.
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Figure 14. Lift and moment coefficient variation on a
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oscillating 20%c trailing-edge plain flap. M = 0.60, ag = 2°,
and k = 0.02.

the vibration levels (92% vs 83%); however, vibra-
tion reduction with single microflap results in a 3.6%
rotor power penalty as compared to 2.4% power re-
duction using the single plain flap configuration.

To further examine the higher power penalty as-
sociated with the microflap, the drag coefficients
generated by the oscillating microflap and the oscil-
lating trailing-edge plain flap are compared in Fig-
ures 15(a) and 15(b) for Mach numbers 0.45 and
0.60, respectively. It is evident from Figures 15(a)
and 15(b) that the drag penalty due to the microflap
is significantly higher compared to that due to the
plain flap at the same flow conditions. This increase
in drag is clearly responsible for the performance
penalty as represented by the increased average ro-
tor power. The average rotor power is defined as
the instantaneous power required to drive the ro-
tor at a constant angular velocity averaged over one
revolution,

0 2

Prp=_—
R 27'('0

—Mpz.(¢)dip, (13)

where My, is the total yawing moment about the
hub.

Previous studies have found that the lift-to-drag
ratio for an airfoil equipped with a Gurney flap is
only increased at moderate to high lift coefficients
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(near stall angles), whereas the L/D ratio is re-
duced at small angles of attack due to the increased
drag [7,17]. Furthermore, Gurney flap height of
greater than 2%c usually results in a significant drag
increase [1,15]. The vibration reduction studies con-
ducted here are at a low advance ratio, which cor-
responds to BVI flight conditions, where the blade
operates at relatively low angles of attack in fully at-
tached flow. Consequently, it is not surprising that
the microflap used for vibration reduction incurs a
significant performance penalty.

Effect of microfiap chord size

To investigate further the effect of vibration re-
duction on rotor performance, vibration reduction
studies were conducted using smaller microflaps, with
sizes of 0.85%c and 0.50%c. The smaller microflap
sizes are implemented by limiting the maximum de-
flection of the 1.5%c microflap. A comparison of the
vibration levels obtained using a 0.5%c microflap, a
0.85%¢c microflap, a 1.5%c microflap, and a 20%c
trailing-edge plain flap with the single flap config-
uration is shown in Figure 16. The corresponding
average rotor power values are listed in Table 3.

Results shown in Table 3 indicate that the 0.85%c
microflap yields higher vibration reduction (6% higher)
when compared to the plain flap, while simulta-
neously reducing rotor power by 2.3%, an amount
similar to that obtained with the plain flap. The
0.85%c microflap yields slightly less vibration reduc-
tion compared to the 1.5%c microflap, while elimi-
nating the performance penalty associated with the
larger microflap. An even smaller microflap config-
uration, the 0.5%c microflap, produces about 7%
lesser vibration reduction than the plain flap while
demonstrating a remarkable 4.9% power reduction.
Since the 0.85%c microflap provides a good compro-
mise between vibration reduction and performance
penalty, it may be the most suitable configuration
for vibration reduction in rotorcraft. For all three
microflap configurations, the deflection histories over
one complete rotor revolution are shown in Figure 17.
It is evident that the flap deflection time histories
for the three microflaps with different sizes are quite
similar in overall shape.



Table 2. Effect of vibration reduction using a 1.5%c microflap and a 20%c plain flap on the average rotor power.

Single Dual
Plain flap ~ Microflap  Plain flap  Microflap
Baseline power 0.00336516 0.00336516 0.00336516 0.00336516
Power after

0.00328327 0.00348505 0.00317784 0.00348640

vib. red.
% change 2.4 3.6 5.5 3.6
in Power

% Vib. Red. 83 92 86 93

Table 3. Effect of vibration reduction on rotor power using microflaps of various sizes. All results are obtained using
single flap configuration.

1.5%c 0.85%¢ 0.50%c 20%c
microflap microflap microflap plain flap
Baseline power 0.00336516 0.00336516 0.00336516 0.00336516
Power after

0.00348505 0.00328610 0.00319791 0.00328327

vib. red.
% change
. 8 3.6 2.3 4.9 2.4
in Power
% Vib. Red. 92 89 76 83
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Figure 18. Reduction in 4/rev vibratory hub shears
and moments obtained using 0.85%c single and dual mi-
croflaps during a 6.5° descending flight; © = 0.15.

Vibration reduction with microflap at different flight
conditions

Vibration reduction studies with the single and
dual microflap configurations are conducted for de-
scending flight at advance ratio u = 0.15, descent
angle Opp = 6.5°, and weight coefficient Cyw = 0.005.
The descent flight is characterized by high vibra-
tory loads as well as noise due to strong BVI. Vi-
bratory hub loads obtained for the descending flight
using 0.85%c single and dual microflaps are shown
in Figure 18. The single microflap configuration re-
duces vibrations by about 71% while the dual mi-
croflap configuration yields almost a 87% reduction.
The dual microflap configuration produces signifi-
cantly more reduction in the vertical shear force
when compared to the single microflap configura-
tion, while demonstrating comparable reductions for
all the other vibration components.

The microflap deflection histories for the single
and dual microflap configurations over one complete
revolution are shown in Figures 19(a) and 19(b), re-
spectively. As can be seen in the figures, the max-
imum microflap deflection is restricted to approxi-
mately 0.85%c.

The capability of the microflaps for vibration re-
duction at higher advance ratios of y = 0.20 and
0.25 is also examined, using the single and dual mi-
croflap configurations. These simulations are con-
ducted for steady level flight, and the weight coef-
ficient Cyw = 0.005. The baseline as well as the
reduced vibration levels using the 0.85%c microflap
configurations are shown in Fig. 20. At the advance
ratio of ;4 = 0.20, The vibration objective is reduced
by 89% and 85%, for the single and dual microflap
configurations, respectively. The level of vibration
reduction that can be obtained at the advance ratio
= 0.25 is very similar to that obtained at p = 0.20,
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Figure 19. Microflap deflection histories over one com-
plete revolution for the 0.85%c single and dual microflap
configurations; p = 0.15 and Opp = 6.5°.

which is 91% and 85% for the single and dual mi-
croflap configurations, respectively. The microflap
deflection time histories during the vibration reduc-
tion are shown in Fig. 21 and Fig. 22. For the single
microflap configuration (see Figs. 21(a) and 22(a)),
it is noted that the optimal microflap deflections are
similar in overall shape for these two advance ratios.
Vibration reduction with the dual microflap config-
uration at these advance ratios also requires similar
microflap inputs, as can be seen from Figs. 21(b) and
22(b). Furthermore, these optimal microflap deflec-
tions also bear some resemblance to the p = 0.15
cases shown earlier in Figs. 17 and 19.

CONCLUDING REMARKS

An assessment of the potential of microflap for
vibration reduction in rotorcraft is conducted in this
paper, using a CFD based ROM combined with the
comprehensive rotorcraft simulation code AVINOR.
Based on earlier research, a sliding microflap config-
uration with maximum 1.5%c height was employed.
Three spanwise microflap configurations are consid-
ered: including a single, a dual, and a segmented
five-flap configuration. The single and dual flap con-
figurations are identical to those used in previous
studies for conventional trailing edge flaps. The vi-
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Figure 21. Microflap deflection histories over one com-
plete revolution for the 0.85%c single and dual microflap
configurations during level flight at p = 0.20.
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Figure 22. Microflap deflection histories over one com-
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bration reduction capabilities for single and dual mi-
croflaps are compared to those of 20%c plain flaps.
Furthermore, the effect of vibration reduction using
microflaps on rotor performance penalty is exam-
ined, with parametric studies conducted for various
microflap sizes as well as flight conditions. The prin-
cipal findings of the present study are summarized
as follows:

1. The microflap is an effective device for vibra-
tion reduction in rotorcraft. A single microflap
configuration with chord size of 0.85%c pro-
duces 89% vibration reduction under BVT con-
ditions, demonstrating better control author-
ity compared to the 20%c plain flap configu-
ration. A larger microflap (1.5%c) produces
more vibration reduction but results in a un-
desirable performance penalty of 3.6% increase
in rotor power.

2. The microflap configuration with flap heights
larger than 1%c may incur substantial per-
formance penalty during vibration reduction.
For instance, Vibration reduction with the 1.5%c
microflap configuration resulted in a 3.6% per-
formance penalty. This is due to the signifi-
cant drag penalty and the reduced L/D ra-
tio when the microflap is deployed at rela-
tively low airfoil angles of attack. This drag



penalty could be eliminated by using a smaller
microflap. It was found that the 0.85%c mi-
croflap produces excellent vibration reduction
(89%) combined with 2.3% rotor power reduc-
tion.

sidered in this study, including single, dual,
and five-segment microflap configurations, have
been shown to be capable of reducing vibra-
tion levels substantially.

. The microflaps have been shown to be capable
of producing vibration reduction of approxi-
mately 90% over a wide range of flight condi-
tions.
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