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Abstract

A study of the combined helicopter noise and vibration reduction problem was conducted. A fully coupled aeroelastic and
aeroacoustic simulation tool is developed, with special attention placed on enhancing the resolution of the free wake model
used. Subsequently, this tool is validated with experimental aerodynamic and acoustic data. Control algorithms for noise and
vibration problems are studied. The simulation is used to conduct a detailed study of noise and vibration reduction problems
in heavy blade-vortex interaction descent flight. Actively-controlled flaps are used to reduce noise and vibrations, and changes
to the aerodynamic environment around the rotor is monitored. Simultaneous reduction of noise and vibration is successfully
implemented with a dual active flap configuration. Physical sources of increased vibration during noise reduction, and increased
vibration during noise reduction are examined, and the power required to reduce noise and vibration is compared to baseline
rotor power. The effects of active control on rotor trim are also considered.

Nomenclature Q Weighting matrix for objectives to be
- reduced

Cn Sectional normal force coefficient R Weighting matrix on control input

Cr Rotor thrust coefficient r Location of start of negative blade

Ca0 Blade drag coefficient in flow loading

Cro Blade moment coefficient in flow r Distance from rotor hub

c Blade chord R Rotor radius

D Matrix defined to b TQT +R T Sensitivity, transfer matrix between

Frixa, Frva, . _ control inputs and objective function

74 Nondmensmngl 4/rev hub shears Uk Control input vector

(2, Uk) Objective function U opt Optimum value of control input vec-

g Gravitational acceleration ' tor

k Control update index Xe Spanwise location of center of con-

Lc Control surface spanwise dimension trol surface

M Local mach number Xea, Zra Longitudinal and vertical offsets be-

mﬁ M Control surface hinge moment tween rotor hub and helicopter aero-

H)I(\ﬁ;zr% Nondimensional 4/rev hub moments dyna_rmc_center .

Nuos.....Ni17 Noise levels (in dB) of the B - Xec, Zrc Longitudinal and vertlcgl offsets be-
17 harmonics of blade passage fre- tween rotor hub and helicopter center
quency. of grav_lty

Np Number of rotor blades 2 Objective vector _

N Number of flap deflection input har- o Rotor tip-path pl_ane aﬂg'e rel_qtlve to
monic tunnel stregmmse axis, positive for

Pes Control system power, averaged over backward tilt
one rotor revolution s Rotor shaft angle

o Effective rotor tip-path plane angle
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o Flap deflection angle Objectives

OrR Lateral roll angle
r Blade bound circulation The overall objective of this paper is to study com-
M Inboard peak of blade bound circula- bined noise and vibration reduction and investigate the
tion physical processes that frequently cause these objec-
lNo Outboard peak of blade bound circu- tives to appear mutually exclusive. The specific objec-
lation tives of this paper are:
u Helicopter advance ratio
60,01c,61s Collective and cyclic pitch compo- 1. Describe additional refinements to a coupled
nents aeroelastic/aeroacoustic simulation tool, empha-
Oo Tail rotor cyclic sizing the improvements introduced in the wake
Brw Built-in twist angle model.
0c Amplitude of pitch control input in
HART test 2. Present a fairly extensive validation study with
c Rotor solidity HART experimental data.
Ve Control 'T‘p“t phase 3. Describe control strategies for noise and vibration
v Rotor azimuth angle reduction

wr1, o1, 071 Rotating fundamental blade frequen-
cies in flap, lead-lag and torsion, re- 4, Use the simulation to determine the mutual inter-

spectively, nondimensionalized with action between noise and vibration reduction
respect t. ) . . .
0 Rotor angular speed 5. Study simultaneous noise and vibration reduc-

tion using actively controlled flapsa€Fs), im-
plemented in both single and dual flap configu-

. rations.
Introduction

6. Examine the effect of active control on rotor trim.

Specifications for noise and vibration levels in ro-
torcraft have increased in stringency, motivated by the  Achieving these goals will constitute an important
desire for smooth ride in helicopters combined with contribution towards understanding and attaining si-
the goal of improving the community acceptance of multaneous noise and vibration reduction.
rotorcraft in densely populated areas. All new heli-
copters must meet demandirgA flyover noise level
tests, and desirable vibration levels have been iden- Background
tified to be below M5g. Furthermore, active noise -
and vibration reduction systems must be implemented )
without undue performance penalties, so as to reap theBlade-Vortex Interaction
largest potential benefit on the fairly sizeable cost as-
sociated with installing such active control systems in
rotorcraft. While these statements apply primarily to

Blade-vortex interactiongvi) occurs when a blade
encounters the concentrated vorticity trailed by an-
civilian operations, similar demands for military op- Other blade. This phenomenon is usually associated
eration are driven by pilot fatigue, maintenance costs, With low speed & ~ 0.15) descending flight, when the

weapon system accuracy and the reduction of the noisd'@iled rotor wake is closely spaced and likely to lie
footprint for stealth purposes. largely in the plane of the rotor. The interaction gener-

. ) o ates large unsteady pressure fluctuations on the blade
These requirements have motivated a significanthat produce high levels of vibration and noise. The
body of research on active vibration reduction (Refs. yipration levels often exceed those present at higher
1 and 2) as well as noise reduction (Ref. 3). Noise ggvance ratiosy( ~ 0.30) in level flight. The noise
and vibration generation are intrinsically linked as they generated byvi has several distinctive characteris-
are fundamentally driven by the same phenomena —tjcs. |t tends to have a strong directivity pattern fo-
unsteady aerodynamic loading and blade motion. De-cysed mostly forward and under the rotor plane (Ref.
spite these common origins, however, the S|multane-3)' making it particularly apparent to an observer on
ous noise and vibration generation/reduction problem e ground ahead of a descending helicopter. The noise
is not well understood. is also very periodic, with a frequency content typi-
cally defined to be the®through 48" harmonics of
blade passage frequency, in the mid-frequency range,
generally considered to be most annoying to human
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Figure 1:BVI Intersection showing miss distance and
interaction angle

hearing. Figure 1 depicts a typical blade-vortex inter-

likely that the best rotor could benefit from a judicious
combination of these two techniques. However, this
paper will focus on active techniques. A number of
active control approaches, illustrated schematically in
Fig. 2, have been developed for vibration reduction
(Ref. 1). These fall into one of two categories: (a)
active control approaches aimed at reducing vibrations
in the rotor before they propagate into the fuselage,
and (b) active control approaches implemented in the
fuselage using an approach known as active control
of structural responseaCsRr). Within the first cat-
egory of active control, where the primary objective
is to reduce vibrations in the rotor, two approaches
have emerged. These are (1) higher harmonic control
(HHC) where the blades are activated in the nonrotating
swashplate by introducing pitch commands, and (2) in-
dividual blade controligc) where each blade can be
controlled independently in the rotating frame. Several
implementations ofsc are available: (i) the conven-
tional or earliest implementation based on pitch actua-

action and defines the properties of miss-distance andion at the blade root in the rotating system, (ii) actively

interaction angle.

There are a number of factors governig events:

gular speed all affect the geometry of the trailed
wake, and thus the strength and type sofi.
Noise fromBvi is most severe when the wake
is trailed directly into the plane of the rotor and
oncoming blades.

. The magnitude of pressure fluctuations on the ro-
tor blade have a strong effect on the magnitude of
BVI noise and vibration produced. Subsequently,
circulation strength and trajectory of the vortex
segment may be influenced.

the oncoming rotor blade can enhanee/a event
as the miss distance becomes smaller

. The advance ratio, rate of descent, and rotor an-

controlled partial-span trailing-edge flaps, and (iii) the
active-twist rotor where the entire blade is twisted by
piezoelectric fiber embedded in the blade. Additional
descriptions of these approaches can be found in Refs.
2 and 4.

During the last decade, theHC and IBC ap-
proaches, developed primarily for vibration reduction,
have also been considered as a means of redasing
noise. However, the control algorithms used are es-
sentially the same as those devised for vibration re-
duction, and no attempts were made to develop special
algorithms for the noise reduction problem.

The Simultaneous Problem

The miss distance between a vortex segment and Several experimental studies have been conducted

where control techniques have been used in wind tun-
nel tests to reduce vibrations and noise. Most of
these studies have been performed in the open-loop

The interaction angle between the vortex segmentmode, and have demonstrated noise and vibration re-
and blade in the plane of the rotor (whether an duction. The reduction of the desired quantity was ac-
interaction is parallel or not) can alter both the complished through a careful selection of a harmonic

magnitude oBvI noise and the propagation effi-
ciency.

Active control has the potential to mitigatvi
noise and vibration by modifying any of the three
characteristics affectingvi strength: pressure fluctu-
ations, miss distance or interaction angle.

Approaches to Vibration and Noise Reduction

Both active and passive techniques have been de
veloped for vibration and noise reduction, and it is
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pitch command and its phase angle in the open-loop
mode. Highlights of these results are summarized in
Table 1.

It has been noted in previous studies that the control
inputs that reduce noise tend to increase vibration and
vice-versa for bottHHC (Refs. 5,7) andsc (Refs.
6,8,9). A recent test using the active twist rotaTg)
has produced similar findings (Ref. 10). Although
both vibrations and noise are duegwl phenomena,
the harmonic control inputs required for noise or vibra-
tion reduction are often quite different. Itis interesting
to note that Table 1 lists three instances of simultane-
ous reduction, denoted ag)( (v) and {ii). Each of
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Figure 2:Overview of Active Control Approaches

Test Rotor Vibration Noise

No. Ref. Year Type Type Freq. Phase % Change dB Change
i (Ref.5) 1989 ARES' HHC  4/rev 60° +100 -4

i (Ref.6) 1994 BO-105 IBC 2/rev 60° -20 -5

iii § ” ” 8 3 /rev 3153 +130 -5

iv ! ” § ” 4 /rev 90 +35 -2.5

% ! ? § ” 2 +5/rev 60°+90° -80 -8

vi (Ref.7) 1994 BO-105" HHC  3/rev 30 +60 -4

Vi ” ” ! ” 4 /rev 9 -10 -3
viii § ” ” 8 5 /rev 15° +600 -2

ix (Ref.8) 1998 B0O-105 IBC 2/rev 200 +50 -6

x (Ref.9) 2001 uH-60 IBC 2/rev 180 upto+100 -6to-12

TScaled model rotorRES: Aeroelastic Rotor Experimental Systefilight test.
*Note: These are approximate results and may not be directly comparable due to differing test conditions, control techniques
and metrics for noise and vibration. Refer to the individual references for details.

Table 1:Concise Summary of Active Control Experiments Measuring Noise and Vibration



these cases, however, was very sensitive to the control In describing the model it is relevant to note that
input given, and the degree of reduction achieved wasthere are two approximations in the aerodynamic
not as significant as other cases of individual vibration model. First, theoNERA dynamic stall model that was

or noise reduction. For some of these cases, a smalincluded in previous studies [17] has been turned off
change in control phase of 1@liminated the simulta- in these studies. This neglect can be justified when
neous reduction. For the one multi-harmonic case thatdealing withBvI that occurs at low advance ratios
achieved a simultaneous reductiof), (when the am- (1 ~ 0.15). Next, it should be noted that the aero-
plitude of the Yrev component was changed by just dynamic influence of the fuselage has been neglected.
0.25° the vibration levels increased from the baseline. This may not be a trivial effect; it was shown in Ref.
Therefore, it is evident that achieving simultaneous re- 18 that the presence of a fuselage can effect vibration
duction of noise and vibration is difficult, and the rea- levels by 20%, and a similar influence on noise might
sons for success or failure are not well understood.  be expected.

Computational simulations have also failed to pro-
vide satisfactory insight on these experimental re- Wake Model
sults, and attempts to explain the underlying physics™
have not been successful. The first Higher-harmonic- g ¢yrrent aeroelastic simulation code is based a

control Aeroacoustic Rotor TesHART-1) was Con-  nmper of previous studies (Refs. 16,17,19,20) which

ducted in the early 1990s at the German-Dutch Wind p,5ye heen aimed at active vibration reduction. The free
Tunnel (DNW)(Refs. 7,11) and was intended to pro- \,ake model in these codes was based ondhsi-

vide a detailed study of blade vortex interacti@v() RAD/JA (Refs. 21,22) wake, which is computation-
effects on helicopter rotor blade airloads and noise. A g1y, efficient but contains simplifications that caused

second test, dubbedARrT-1l (Ref. 12) of an almost ¢ model to be incapable of representing the acoustic
identical configuration has also been conducted, pro-y,t4 obtained in theArT experiments. The principal

viding similar results. In thetART-1 test (Ref. 7), it ghorcomings that were identified and corrected in the
was implied that a change BvI miss-distance con- . rse of this study are described next.

tributed to lowered noise, but other studies suggest that
changes irBvI inclination angle are more likely to be
responsible for lowered noise (Ref. 13). As implied
from this review, further study is required to improve
the fundamental understanding of the mechanism of
simultaneous vibration and noise reduction.

Two recent papers have focused specifically on the 2- The free wake model taken fromAmMRAD/JA

1. For accurate prediction efvi noise, a 3 or finer
azimuthal wake resolution is required, as com-
pared to the much coarserlEesolution that is
often adopted for vibration reduction studies.

consequences of vibration reduction using actively ~ Was predicated on the assumption that the inboard
controlled flaps on noise levels (Ref. 14) and the ef- vortices cannot roll up, such that either a vortex-

fects of noise reduction on vibration (Ref. 15). The sheet or an equivalent vortex-line model could be

present paper will combine and extend the research de- ~ Used to model the inboard vortices. This was not
scribed in the previous papers (Ref. 14, 15). compatible withHART test data where significant

increases irBVI noise levels for the “minimum
vibration” (Mv) case have been attributed to a

Description of Model dual vortex structure (Ref. 7).

The present study is based on an aeroelastic re- e \\\a\r/ar
sponse analysis capable of modeling vibration reduc- /émulaﬁon r N\
tion in rotorcraft using single and duatr systems. 7 ! \\
The code, which has been gradually developed by the 9‘:\ o N
last author and his students during the last decade, ! |
contains an unsteady aerodynamic model capable of | > |
unsteady pressure distribution prediction coupled with i
structural and acoustic modules. Details on the Struc-  jade Root Blade Tip
tural, aerodynamic and acoustic models used in the
simulation can be found in Refs. 14 and 15. During the Figure 3: Blade circulation distribution leading to a
validation studies described in this paper, several im- dual vortex structure
portant modifications had to be made to the free wake
routine used in previous simulations that focused ex- Based on these observations, the shortcomings of
clusively on vibration reduction (Ref. 16). the free-wake model have been remedied by introduc-

ing the changes listed below.
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a. The wake code was modified to allow for refined tion is a combination of these contributions:
wake resolution of up to 2 However, under 5
some conditions the free wake model (Ref. 23 S(w) = SneCOSNW) + Snesin(Nw)l . 1
failed to converge for this resolution and therefore ) éz[ NeCOSINY) + dssin(N Y] @)

the smallest resolution in the computation carried ) . o
out in this paper was“f azimuth. These pitch deflection contributions are related to the

vibration or noise level magnitudes through a transfer
b. A dual vortex was incorporated by using a sec- matrix T, given by
ond inboard vortex line. This feature of the wake
model becomes active only when the tip loading 9z
becomes negative, as shown in Fig. 3. The re- = Su (2)

lease point of this second vortex line is taken to ) L
be at the radial location, where blade bound The control strategy is based on the minimization of

circulation becomes negative, and the strength of & Performance index described in Refs. 1,20, 26 and
this vortex is assumed to b — o, wherel o 27 that is a quadratic function of the quantities that are
the outboard circulation peak, is negative. The being reduced (vibration or noisg) and control input

free wake distortion computation routine was also @mPplitudesu:

modified to include the deformation of this sec-

ond inboard vortex line, including its interaction J(zk, ux) = 23 Qzy + Uy Ru, (3)
with the outer tip vortices taken into account.
Induced velocities at both tip vortices and sec-
ondary vortices are evaluated to give the final dis-

The subscripk refers to the& control step, reflecting
the discrete-time nature of the control. The time inter-

torted wake geometry. Furthermore, a threshold val between each control step must be sufficient to al-
criteria, suggested in F.zef 24 is introauced to de- 1OW the system to return to the steady state so that the

termine whether to have inboard vortex line rolled vibration or noise levels can be accurately measured.

up. This is accomplished by requiring the radial The optimal control law is given by:
gradient of the bound circulatioéll’ /dr at the
inboard vortex release point be greater than a Ukopt= —D 1 TT{Qz_1— QTui_1} (4)
specified threshold value that allows for rollup of
the inboard vortex. This represents the physical
requirement that the shear in the wake be suffi-
ciently strong so as to form a fully rolled-up, con- For a well-identified linear system the algorithm con-
centrated vortex. verges to the optimum value in a single step (Ref. 26).
. . However, if the helicopter cannot be perfectly repre-
¢. An optional viscous core growth model (Ref. 25) gonted by a linear model, the optimal value will not be

was also introduced into the code, which SimU- o4cheq after the first step. Using the procedure out-
lates the viscous diffusion of the vortex core with lined in Ref. 26, the relaxed version of theic algo-

age. However, after extensive testing that em-
ployedHART data, there was insufficient evidence
to warrant the use of this feature when compared
to the conventional constant core vortex model.

where
D=T'QT+R (5)

rithm is used in this study. Traditionally, the control
input updates could be represented in iterative form as
shown in Eq. 6:

Uk+1 = Uk +AUg. (6)

Control Algorithm In the relaxed variant of the algorithm, a relaxation fac-

. . _ _ tor ar is introduced,
The higher-harmonic control algorithm is used for

both noise and vibration reduction. This algorithm has Uk 11 = Uk + oRAUK, @)
been the subject of a recent paper (Ref. 26), wherein _ _
the stability, robustness, and convergence properties ofvhere 0< ar < 1. This has been shown to increase

the algorithm and a number of variants are explored. the robustness of the algorithm at the expense of con-
vergence speed (Ref. 26). An adaptive version (Refs.

1(;?1?: alg(;)r:';h? rIZ brzssi?]t(;rt]':nlIQ??]ZI%%aSt’gftglsc’;;es-e%’ 27) of theHHc algorithm was also useful in some
?u %/ ¥ It TE . thl . It gae P of the noise reduction studies. In the adaptive variant,
0 controfinputs. The Input harmonics 1o IREF CON- 40 yransfer matrix is identified online, following the
sist of a combination of flap deflection angles having

frequencies of 2, 3, 4 and/Eev. The total flap deflec- method described in Ref. 26.
For vibration reduction\(R) studies, the vectory



consists of 4revvibration levels as shown in Eq. 8, For the control problems considered in this paper,
two identification techniques were used. First, an off-

Frixa line identification procedure is used where control in-
Frya puts are perturbed one at a time, and the effect on the
Zeur = Frza @) putput vectorz is measured (o_r.c.omputed), determin-
’ Mhx4 ing the elements of the sensitivity matrfix one row
Muva at a time. This off-line identification technique, com-
Muza bined with a relaxation factax = 0.3—0.5, is referred

= . ducti he obiective f . to asconventionalHHC in this paper. A second, on-
or BVI noise reductionNR), the objective function line identification technique, discussed in Ref. 26, is

bas;? ?jnthb _sheaErs agd _momedntsf (Eqs.83 andh8) i%Iso used, and is referred to adaptiveHHC for this
modified by using Eq. 9, instead of Eq. 8 together study. With this technique, a recursive least-squares

with Eq. 3. N technique is used to identifly in the closed loop.
N:gj It is important to emphasize that when the control
2 = Nios ) algorltr_\ms described above are used, fairly Igrge flap
' deflections can be encountered. For operational rea-
. sons, during the practical implementation of &noF
NH17 system on a helicopter, flap deflections will be usually
For noise reduction, the vectag,s from Eq. 9 in-  limited to values that do not exce@ghax < 4°. When

cludes acoustic pressure levels in tffe 57" harmon- such limits are imposed the flap saturates and the vi-
ics of blade passage frequency as measured at a mibration reduction capability is lost. To remedy this sit-

crophone installed at a suitable location . As shown uation, the algorithm has been modified to account for
in Fig. 4, these locations are usually on the skid or actuator saturation (Ref. 28). When this modified ver-
landing gear of the helicopter. sion of the algorithm is used flap angles can be limited
to specified maximum values without encountering a
significant loss in control effectiveness. The version
of the control algorithm used in the present study con-

For simultaneous reductiorsg) problems, a com-
bined vector is defined:

tains this particular modification.
Z
Zsr = [ZK’VR} (10)
k,NR
Where the vector, sr is simply a partitioned combi- Model Validation

nation of hub shear and noise levels. The weighting
matrix Q is used to adjust the control effort so as to

achieve a desirable balance between the vibration and The HART test rotor was a 40-percent _dynam|cally
. . and Mach-scaled model of a 4-bladed hingelass
noise reductions levels.

BO-105 main rotor, with—8° linear twist and stan-
dard rectangular tip shape. The test setup used is de-

> picted in Fig. 5. One of the blades was heavily instru-
~Carpet Plane mented with pressure transducers so that blade airloads
\ IR . could be measured at various radial locations. Mi-
Onboard Microphones

crophones were placed underneath the rotor hub and

moved across the horizontal plane to measure the rotor

noise at various locations, which gives the directivity

1 of noise emission. Blade-vortex interaction noise, was

comprised of the 8 — 40" blade passage frequency

harmonics of the overall measured acoustic pressure.

The rotor was trimmed for a given advance ratip

thrust coefficientCr and rotor shaft anglexs, using

collective and Yrev cyclic pitch inputs. The dataset
acquired in this trimmed condition is denoted base-

I line case. Subsequently, higher harmonic pitch inputs
were superimposed through swashplate. This higher
harmonic control capability is essential to theRrT

X/R test, in order to explore the potentialstefic for the
reduction ofgvi noise. The swashplate was activated

Figure 4:Microphone locations on and around the he- in such a way as to provide-35/rev pitch compo-

licopter for noise feedback nents in the rotating frame. All control inputs were

Top View : :
: Advanjting Side

10Y/R




introduced in the open-loop mode.
Parameter Value

Np 4
. o 0.077
_/m Q(rpm) 1040
; u 0.15
; Cr  0.0044
S Test Stand
L 0% Scaled BO-105 R R(m) :
x 40% Scale - otor C/R 0.0605
Model Fuselage Orw —-8°

Vs 11 Microphone Traverse . -
' Table 2:HART model configuration

HART Case Os o 6 Ve
Figure 5:HART Test Setup Baseline BL) 53> 41° none none
Min. Noise (VN) 53 41° -085 38
The baselineiART test case was chosen to simulate  Min. Vibration (Mv) 5.3° 4.1° -0.85 119
typical BvI conditions, withu = 0.15 andos = 5.3°,
which roughly_corres_ponds to._55’ descent fIigh'F in Table 3:HART test configurations
heavyBvi. This nhominal baseline test case (without
HHC) is denoted BL” in the study and related docu-
mentation. When theHC system was engaged, a sys-
tematicHHC phase sweep was conducted for 3/rev  coupled flap, lag and torsional dynamics, and dis-
components in order to determine the optimal condi- Cretization is based on the global Galerkin method
tions for the reduction oBvI noise and vibration. It ~ Wwith three flapping modes, two lead-lag modes and
was found that grev components were most influen- two torsional modes. For the simulation, the struc-
tial for both BvI noise and vibration reduction. The tural properties of the blade were chosen to match the
two optimal cases, whemvi noise or vibration lev- ~ uncoupled modal frequencies of thaRT study as
els were most successfully minimized, were achieved closely as possible, following the procedure described
by using ?/rev control inputs; however, they were ap- in Ref. (Ref 29) Table 4 lists the blade natural fre-
plied at different phase angles. These cases are desigiuencies for both the simulation and therT study.
nated the “minimum noise’MN) case and “minimum  The first five frequencies compare well with measured
vibration” (MV) cases respecti\/e]y_ A maximum of HART values. A convergence StUdy to determine the
6dB in BVI noise reduction was observednm case. effect of including additional modes has not yet been
However, it was accompanied by a dramatic increaseperformed.
(nearly 100%) in vibration levels. Similarly, a 30% re-
duction achieved inmv case was also followed by a

. . . i . Mode HART Simulation

2.5dB increase in the advancing sl noise. IsiLeadlag (3 073

TheHART project provides an extensive, high qual- 1st Flapping 14 111
ity database for helicopter rotor simulation code val- 2nd Flapping 53 321
idation. It generated important information on rotor 1st Torsion 339 393
aerodynamics, wake structures, aeroelastic blade de- 2nd Lead-Lag 46 446
formation and acoustics. This extensive experimental 3rd Flapping 469 690
database has extraordinary value when attempting to 2nd Torsion — 11.44

understand and improve helicopter simulation codes.

The parameters ofART test are listed in Table 2. Table 4: Structural data, frequencies/iev

Comparison of Blade Tip Deformations The vertical and torsional tip deformations as pre-

dicted by our analysis are compared WHRRT exper-
imental data (Ref. 11) in Fig. 6. The baseline and
cases compare reasonably well, but ke case dis-
plays some variations from experimental data. The tor-
sional deflections have an important effect on aerody-
namic loads; previous studies (Refs. 30,31) have noted

In the HART study, the first six rotating natural fre-
guencies corresponding to the first aixcoupled Ref.
11) modes of the model rotor were measured; these
values are presented in Table 4. The structural model
used in the present simulation (Ref. 15) has fully-
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that using prescribed torsional deformations could sig-

nificantly enhance correlation. In Fig. 6 it is apparent
that the simulated results are slightly off fronarT
data in both magnitude and phase for tive andmv

and 295 on the retreating side. These positions were
chosen because they are near the most impogetant

interactions. Figure 8 depicts the approximate blade
location in the vicinity of several wake segments. The

cases, while the simulated baseline result shows verysolid lines represent the simulated wake, while the

little variance over the course of a revolution. Despite

shorter dashed lines are data from H»RT test. The

these discrepancies with experimental data, the presentesults show good agreement only for the baseline and

results compare favorably with previously published
work (Ref. 25, 30).

VERTICAL (Z) DEFLECTION

/— SIMULATION
e
<

~_—- /
EXPERIMENT

TORSIONAL DEFLECTION

BASELINE

MINIMUM
NOISE

N
«

MINIMUM
VIBRATION

DEFLECTION (cm) =
, DEFLECTION (deg)
o]

N

TIME / ROTOR PERIOD 1 ( AXES SAME FOR ALL PLOTS )

Figure 6: Comparison of simulated blade deforma-
tions with HART measurement

Aerodynamic Loads

The aerodynamic loads obtained from the simula-
tion and measured IRART test are compared in Fig.
7. The vertical axis in Fig. 7 represents a non-
dimensional product of the normal force coefficient

and the square of the local mach number. This quantity

is measured at a locatioriR = 0.87 along the span of

the blade. These plots can be interpreted to be a supe

position of two effects: a larger, low-frequency oscilla-
tion, and a series of smaller, high-frequency “spikes”.
The spikes are pressure variations producedstsy

encounters. The magnitudes of aerodynamic loading
measured in the HART test are reproduced with rea-
sonable accuracy by the simulation. In the baseline

case, the character of thearT loading is predicted
reasonably well, capturing the valley halfway through
the revolution. This feature has been noted as partic
ularly difficulty to capture by other validation efforts
(Ref. 31).

Wake Geometry and BVI Comparisons

Two comparisons were carried out to validate the
modified wake routine against measunedRT data.
First, the simulated vortex filament geometry was
compared withHART laser-light sheetL(s) data at
two azimuthal positions: 35on the advancing side

9

Mv cases for the advancing blade. For the case,

the full dual vortex structure on the advancing side is
well captured. The retreating side has worse correla-
tion than the advancing side, perhaps only the baseline
case has acceptable correlation. Difficulties with cor-
relating all cases have been noted in other validation
efforts (Ref. 32), and therefore only rarely attempted —
matching the shape and curvature of vortex segments is
difficult even when the location of the wake segments
is predicted reasonably well.

The BvI locations as predicted by the present sim-
ulation are compared to the results published in Ref.
32 in Fig. 9. Each data point represents the location of
an individual blade-vortex interaction event. A number
of experimental data points (indicated by triangles) are
also included using a procedure described in Ref. 32.
These plots show that the current wake model com-
pares generally well against both previous studies and
HART data, but that it is difficult to record the all of the
interactions on the advancing and retreating sides.

Acoustic Correlation

Comparison of the complete aeroelas-
tic/aeroacoustic simulation capability againsART
experimental data is an important ingredient of this
validation study. For thelART test, the acoustic en-
vironment was measured by traversing a microphone
@rray positioned 15R below the rotor as shown in
Fig. 5. From this data, time-averaged decibel (dB)
levels could be computed on a “carpet plane” parallel
to and below the rotor, as shown in Fig. 4. TierT
baseline case is compared against the simulation in
Fig. 10. Overall, excellent agreement is obtained. The
magnitudes of the advancing-side and retreating side
peaks are predicted exactly. The position of the peaks
is also well-predicted, although the retreating-side
_peak is slightly smaller in the simulation.

The results for the minimum noise1{l) case are
given in Fig. 11. It is apparent that the advancing side
noise was not well-predicted for this case. However,
on the retreating-side, the lobe’s location and magni-
tude are well-predicted. Figure 12 shows the results
for the HART minimum vibration (1v) case. The sim-
ulation under-predicts the noise levels by BdB in
this case. However, the character of the noise is well
captured on both the advancing and retreating sides.

The simulated time history of acoustic pressure is
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Figure 9:Validation of BVI interaction predictions with Ref. 32 and HART data

compared againstART data for the noisiest locations

on the advancing and retreating sides is compared in
order to obtain further information on the predictive =~ wopeinenol e
capabilities of the code. Good agreement is evident be-
tween simulation and experiment on both the advanc-
ing and retreating sides.

X (m)

The pressure signatures for the minimum noise §
(MN) case are shown in Fig. 14. Once again, good
agreement is obtained for the pressure signature de§
spite the poor results on the advancing side of the car-"
pet plot. The minimum vibrationMVv) acoustic pres-
sure signatures are compared in Fig. 15. Excellent
agreement is obtained with experimental data in both -
magnitude and phase of the signature. rosslow Posifon Y ()

Figure 10: Acoustic validation of baseline case with
Vibration Levels HART carpet plot

The simulation code was also used to predict vi-
bratory hub loads for the baselinen andMv HART
cases, as shown in Fig. 16. TheRT vibratory data
is not in a form directly comparable to the information
presented here, however, it was noted that vibration e eserimeni resut
levels for themN case are around 100% higher than
for the baseline case, a feature well-captured by the ]
simulation.

Results

Streamwise Position X (m)

The results presented in this section were obtained
for a helicopter configuration resembling a full-scale
MBB BO-105 helicopter with a four-bladed hingeless
rotor system. The results are obtained using a propul-
sive trim procedure that is implemented within a cou-
pled trim/aeroelastic analysis. The data used in the
computations is summarized in Table 5. The charac-
teristics of the actively controlled flap configurations
are given in Table 6. The acoustic environment in the

Crossflow Position Y (m)

Figure 11:Acoustic validation of minimum noise case
with HART carpet plot
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vicinity of the helicopter is obtained by assuming that the baseline, uncontrolled result in Fig. 17. Itis clear
microphones capable of measuring the required noisethat both flap configurations are effective at reducing
levels are distributed in a grid on the carpet plane be-vibratory loads, with the single flap reducing the verti-
neath the rotor as depicted in Fig. 4. A feedback mi- cal hub shear 69%, while the dual flap is slightly more
crophone is placed on a boom extending from the right effective at 79%. When saturation limits are imposed,
landing skid at the rear (labeleskip1). A flight-test flap deflections are constrained to remain betwedh
(Ref. 8) has indicated that, for several flight condi- and—4°. The dual flap configuration can achieve vi-
tions, skid-mounted microphones provide very good bration reduction of 68% with saturation limits im-
correlation with ground-based noise levels. However, posed, almost as effective as the single flap case, sug-
other analytical studies have suggested that the neargesting that this is a viable option.

field to far-field noise radiation pattern may not al-
ways be simple (Ref. 33). A previous study (Ref. 15)
has suggested that feedback microphones place on the
right landing skid (but not on the nose boom) correlate
well with advancing side noise levels on a carpet plane
below the rotor.

0.0020 4
M Baseline

OVR, 1 Flap, No Sat'n Limits
0.0015 B VR, 2 Flaps, No Sat'n Limits
B VR, 1 Flap, Saturation Limits
0.0010 1 @ VR, 2 Flaps, Saturation Limits

All vibration, noise and simultaneous reduction 0.0005 A

studies were performed at the same flight condition:

Nondimensional 4/rev Vibratory Hub Loads

a simulated &° descent in heavpvi atu = 0.15. In co MLLE ML B R b ML W H s
general, both single flap and dual flap configurations
are considered in each reduction study. Figure 17:Vibration levels, vibration reduction with 1

and 2 flaps, full-scale BO-105

Rotor Data The noise production on a carpet plane below the
No =4 ¢=0.05498, rotor for the baseline, single flap, and dual flap con-
oF1 =1.123 Cyo =0.01 figurations with and without saturation limits is shown
oy =0.732 Cmo=0.0 in Fig. 18b-18e. The sound pressure le\a#1) deci-
T = 3'107 8o = 2? bel (dB) level is computed with respect to a reference
bw = —8 o =6 pressure of 20Pa. The noise directivity of the base-
Y=55 o =0.07

line case is characterized by the high noise levels on
the advancing and retreating side. After vibration re-
duction with a singlexCF, the noise levels increase by

2.5° precone angle
Helicopter Data

Cw = 0.005 p=015 one to two dB as shown in Fig. 18b. The increase is
Xen = 0.0 Zrp =03 most apparent on the advancing side in the first quad-
Xpc = 0.0 Zrc =03 rant, with maximumsyv! levels increasing to 11B.

The retreating side is less affected, and most noise lev-
els remain almost the same. With a dwalF con-
figuration (Fig. 18c), the acoustic footprint remains
almost identical to the baseline case, Fig. 18a. The
peaks of maximum noise on the advancing and retreat-

Table 5: Elastic blade configuration

¢ =025 ing side shift slightly , but the magnitude Bf/I noise
Single Flap remains essentially unchanged. When saturation lim-
X =0.75p Lc=012p its are imposed, shown in Figs. 18d and 18e, the noise
Dual Flap levels are almost the same as in the baseline case, with
Xes=0.72Lp  Lis=0.06Ly only a 1dB noise increase on the retreating side in Fig.
Xes =092, LZ =0.06Ly, 18d. This suggests that deflection-limited actively con-

trolled flaps can be used to reduce vibration without a
significant effect on noise, as experimentally observed
for HHC andiBC configurations.

Table 6: Flap configuration

Clearly, the dual flap configuration has two ad-
vantages. It is more effective in reducing vibrations
than the single flap configuration and the vibration re-

The conventionaHHC control algorithm was used duction it prpduces IS not accpmpanled by 'the noise
to reduce 4rev vibratory hub loads and moments in penalty that is present for the smgleflap conflgura'u_on.
both single and dual flap configurations. The resuit- One reason for the lessened noise penalty associated

ing vibration levels for these cases are compared WithWlth the dual flap configuration may be attributed to

Noise Generation During Vibration Reduction
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Figure 18:Increased noise levels for vibration reduction with 1 and 2 flaps, full-scale BO-105
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the smaller flap deflections and the more optimal dis- Next, the adaptive variant of thedc controller was

tribution of the work load between the two flaps. implemented for noise reduction using the same feed-
Sincle Flan VR Dual Flan VR back microphc_JneSKlol. Th_e ad_aptive_ controller was
2 inole Top e rop also tested with % saturation limits imposed. The
£ () (b-) " inboard noise level askiD1 was reduced bydB with a sin-
2 s gle flap, 121B with two flaps, BB with a deflection-
€3 limited single flap and 6B with a dual flap configu-
2 & ration and saturation limits. The resulting noise levels
§ on the carpet plane are shown in Figs. 21b-21e. All

configurations are found to be effective in reducing the
advancing side noise on the carpet plane. However in-
creases of L 2dB for these cases are observed on the
) ) . retreating side. Without saturation limits, reductions
\/\/\/\/ - < \ ; : of up to 4— 8dB are achieved on the advancing side,
Outboard as shown in Figs. 21b and 21c. With deflection limits
imposed, the reductions range from-3dB as shown
o Azimuth 360° in Figs. 21d and 21e.

(c.)

Flap Deflection

Saturation Limits 4°

The vibration levels were also monitored during ac-
tive noise reduction process. When using the con-
ventionalHHC algorithm, large vibration increases of
a rotor revolution for the founcr configurations are 40— 10,0% for the vertical hub shear are obsgrved, as
shown in Fig. 19(a-d). When saturation limits are SNOWn in Fig. 22. However, when the adaptive algo-

not imposed, the single flap configuration can reach _rithm is used, the vibration penalty is Iower,_ as shown
flap deflections of almost 20 shown in Fig. 19a, in Fig. 23. In fact, the vc_ertlcallhub shea_r is actually
which exceeds the valid range of the aerodynamic the_reduced for all four adaptl\{e noise reduction cases, al-
ory used and is unrealistic to implement from a prac- though other components increase.

tical point of view. The dual flap configuration (Fig. The adaptiveHHC algorithm also required smaller
19b) shows smaller deflections, peaking at aboudt 18 flap deflections than the conventionahc algorithm,
however these levels are still an impractical range of as shown in Fig. 24. The single and dual flap configu-
flap deflections. When saturation limits are imposed rations with conventionaiHc had unrealistic flap de-
(Figs. 19c and 19d), flap deflections are constrainedflections of more than 20 as shown in Figs. 24a and
to remain betweer-4° and —4°. Despite the satura- 24b. The adaptive algorithm, however, only required
tion limits, the dual flap configuration was still very flap deflections of 19 as shown in Figs. 24c and 24d.
effective at reducing vibration, and produced no no- When saturation limits were imposed, as indicated in
ticeable increase in noise beneath the rotor. These reFigs. 24e and 24f, the flap deflections are constrained
sults demonstrate that when the controller is not con- below 4.

strained to operate within specified limits on the flap
deflections, unrealistic and unnecessarily large flap de-
flections may be reached.

Figure 19:Flap deflections, vibration reduction

The deflections of the actively controlled flap over

The adaptive algorithm has a clear advantage over
conventionalHHc for noise reduction problems. Al-
though the final noise reductions are similar between
the twoHHC variants, the adaptive algorithm requires
Vibration Generation During Noise Reduction smaller flap deflections and has a smaller vibration
penalty. This study has suggested that on-line iden-

First, the conventionalHc control algorithm with- tification can perform a better system identification for
out saturation limits was used to reduce the noise lev-the nonlinear flight regime tested. This improved iden-
els at theskiD1 feedback microphone. The controller tification can, in turn, result in a better noise reduc-
could reduce the noise level by6dBin the singleacr tion without excessive flap deflections. This study has
configuration, and by-9dBin the dualacF configura- also shown that active noise reduction by means of ac-
tion. The resulting noise levels on the carpet plane aretively controlled flaps with saturation limits is an effec-
shown in Fig. 20b for the singlecr and Fig. 20c for  tive and practical option. It was noted that all control
the dualacr. The advancing side noise is decreased by configurations examined experienced slight retreating
4—7dB but is accompanied by a retreating side noise side noise increases as the advancing side noise was
increase of 1- 2dB. The dual flap configuration was reduced. This is due to the location of the feedback mi-
able to reduce the noise level by an additiondiBat crophoneskiD1, on the advancing side. This location
the feedback microphone location, but less thdB2 was chosen to reduce advancing side noise, generally
difference is visible between single and dual flap con- considered to be the most annoying to observers on the
figurations on the carpet plane. ground (Ref. 3). An attempt was made to reduce re-
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Figure 20:Noise reduction with 1 and 2 flaps, conventional HHC
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Figure 21:Noise reduction with 1 and 2 flaps, adaptive HHC
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treating side noise using a microphone on the right skid
at the rear, but poor correlation between the feedback
microphone and the retreating side noise lobe on the
carpet plot. This is probably due to the increased com-
plexity of the noise radiation pattern on the retreating

side (Ref. 34). Single Flap NR Dual Flap NR
25°
0.0040 (a.)
£ I M Baseline
g ONR, 1 Flap, Conv. HHC
; 0.0030 B NR, 2 Flaps, Conv. HHC
£
E 0.0020
E 25° Conventional HHC
2 0.0010 3
£ ‘EM (c) (d.)
= o000l ML= w b : - - = 5 Inboerd
FHX4 FHY4 FHZ4 MHX4 MHY4 MHZ4 2 3 /\M ) )
S 3 A
28 '\
Figure 22:Vibration levels, noise reduction with 1 and vg - Outboard
2 flaps, conventional HHC Z Adopive HHC Adoptive HHC
25°
g |le) (f.)
0.0020 . %)
3 M Baseline = board
: ONR, 1 Flap, No Sat. Limits £ i & :E\ s
; 0.0015 B NR, 2 Flaps, No Sat. Limits 5 § W D O <% X
‘g BNR, 1 Flap, Saturation Limits ‘E LE' '
2 B NR, 2 Flaps, Saturation Limits ::E Outboard
3 0.0010 [ <]
E m_zso Adapnve HHC Adaptive HHC
H 4 Azimuth 360°
% 0.0005
£
2 oo Figure 24:Flap deflections, noise reduction
) MHX4 MHY4 MHZ4
Figure 23:Vibration levels, noise reduction with 1 and
2 flaps, adaptive HHC
Simultaneous Vibration and Noise Reduction
Active control using the adaptiveHc algorithm
was also implemented for the simultaneous reduction
of vibration and noise. Simultaneous reduction was
attempted in both single and dual flagF configu- 0.0020 T ® Baseline
rations, with and without saturation limits. However, BSR, 1 Flap, No Sat'n Limits

@ SR, 2 Flaps, No Sat'n Limits
B SR, 1 Flap, Saturation Limits
@ SR, 2 Flaps, Saturation Limits

when saturation limits were imposed, it was found that o015 -
the weighting on noise reduction had to be increased

in order to obtain useful noise reductions. The diag- o.0010 1
onal elements of the weighting mati@x (Eq. 3) cor-
responding to noise weightings were increased by a o.000s -
factor of 10 relative to vibration levels. Reductions in
vibration levels were observed for either one or two  o.0000 -
flaps, as shown in Fig. 25. Without saturation lim-

its imposed, the singlacF could reduce the vertical  Figyre 25: Vibration levels showing reduction from
hub shear by 71%, and the duatr by 80%. These  pageline, simultaneous reduction with 1 and 2 flaps
reductions oFHz4 are comparable to the vibration re-

duction study. However, with saturation limits and the
modified control weighting, vibration reductions are
38% and 36% for single and dual flap configurations,
respectively.

FHX4 FHY4 FHZ4 MHX4 MHY4 MHZ4
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Figure 26:Noise carpet plot showing reduction from baseline, simultaneous reduction with 1 and 2 flaps
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Single Flap SR Dual Flap SR

The noise at the feedback locatiskiD1 was found )
(a.) (b.) Inboard

to decrease bydB and 1B for one and two flap con-
figurations without saturation limits, respectively. This
is less than the improvement achieved during noise re-
duction studies, but it represents a significant decrease.
With saturation limits and modified weighting, these
decreases ared® and 4B for single and dual flaps,
reflecting increased emphasis on noise reduction. The
noise levels on the carpet plane are shown in Figs. 26b
through 26e. For the single flap case without satura-
tion, in Fig. 26b, no significant noise reduction is ob-
served, although the noise directivity pattern changes
somewhat. However, with dual flaps, reductions of % et HHC g 2 et HHC g 2
3—5dB are found on the advancing side, with no no- 3 Azimuth 360°
ticeable noise increase on the retreating side, as shown

in Fig. 26c. With modified weighting and satura- Figure 27:Flap deflections, simultaneous reduction
tion limits, reductions of 4- 5dB for the single flap

case and 5- 6dB for the dual flap case are obtained ) )
on the retreating side. The improved noise reduction &S they are most affected by the active control with a

found with saturation limits corresponds to the differ- fe€dback microphone located sriD1. Figures 28e-
ent weighting matrix used. 28h show the same blade and vortex segments, but in

] ) ) _ the plane of the rotor, perpendicular to the blade, high-
The flap deflections for simultaneous noise and Vi- jighting the vertical variation of the vortex segments.
bration reduction are shown in Figs. 27a and 27b for Figyres 28i-281 depict the overall structure of the ro-
the single and dualcF setups. With a single flap, de- o1 wake, as seen from the side and also as seen from
flections are observed to be less thari, 18hile the  pehind the rotor, looking in the direction of flight. Fig-
dualAcF setup requires deflections of up to'2Bow-  res 28m-280 present the nondimensional blade load-
ever, once saturation limits are imposed, deflections re-jng ¢ M2 as measured ay/R = 0.87 along the span
main within the specified“limits as shown in Figs.  of the blade. In these plots, each of the control cases
27cand 27d. is shown with a dashed line, and the baseline loading

This study has demonstrated that simultaneous ac-sattern is denoted by a solid line.
tive reduction of noise and vibration with actively con-  ggyeral interesting features are evident in these
trolled flaps is feasible. Excellent vibration reduction plots. Comparing Fig. 28e (baseline) and 28f (vibra-
was achieved, and the dual flap configuration showedtjon reduction), it is apparent that the miss-distance of
noise decreases of up tdBon the carpet plane, with- - the cyrrent interaction between the blade and the vor-
out a retreating side penalty. The flap deflections ob- tgx from blade 3 has changed somewhat from the base-
served were high when saturation limits were not im- jine case. For noise reduction, the a distorted wake
posed. However, by changing the weight@@nd im-  naitern is evident in Fig. 28c. This pattern has the ef-
posing saturation Iimits, even greater noise reductionsfgct of reducing the effective length of the blade span
of 6dB could be achieved, at the expense of a less dra-gypjected to a parallel interaction. Interestingly, Figs.
matic reduction of vibration levels. 28d and 28h show an intermediate vortex pattern that
contains both of these features, but to a lesser extent.

<

Outboard

.No Saturation Limits
Flap Deflection

)
a

Adaptive HHC, Weighting 1 Adaptive HHC, Weighting 1

25°

nYAVAYAVA

Flap Deflection

Outboard

_4° Saturation Limits

Changes to Wake Structure These computations support experimental and the-
oretical observations (Ref. 3) suggesting thatghe
To enhance our understandingefi during vibra- interaction angle has an important effect on noise gen-

tion reduction, the wake and vortex structure for sev- eration. The present study also suggests that compro-
eral active control configurations are examined in Fig. mise wake geometries exist where conditions for re-
28. Three active control cases, the most effective vi- duced noise and vibration can co-exist.

bration reduction case, the most effective noise re- |;j5 apnarent that the actively controlled flaps have a
duction case and the dual flap simultaneous reductiongjstinct and observable effect on the helicopter trailed
conflgurgtlon are compared against the basgllne rotofyake, and thus influence the propertiesuf interac-
wake. Figures 28a-28d present a top-down view of the i5ns " aerodynamic loading, vibration levels and noise
blade at 3% azimuth, a key position on the advancing production.

side. This case represents the most ses&reevents

that contribute to advancing-side noise and vibration.

Only the advancing side interactions are considered,
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Rotor and Control System Power Consumption D . lves of
Initial Trim efermines values o
] . trim variables for
Proced
The control system and rotor power were evaluated rocedure trimmed flight
for all twelve active control configurations considered,
using Eq. 11, ‘L
No=4 1 ,2r .
. = _ Closed-Loop Determines optimal
= kZl 2n /0 [ Ms (Wi)d (v | dvhe  (11) 2. Control flap deflections
The control system power as a percentage of rotor
power for these cases is presented in Fig. 29. It wL
is evident that the conventionalHC algorithm con- _ Re-Trim with Keeping control inputs,
sumes the most power, largely due to the excessive 3. Optimal Control redefermines values of
flap deflections used. When saturation limits are im- Inputs trim variables

posed, power requirements are significantly reduced.
It is also interesting to note that when using the adap-
tive algorithm for simultaneous reduction with the dual Figure 30:Procedure for retrimming rotor after active
flap configuration, almost twice the power of adaptive control

noise reduction with dual flaps is required, but this is

essentially the same amount of power required for vi- Fig. 31, and show that retrimming the rotor has very
bration reduction with dual flaps and the conventional |ittje effect on the reduced vibratory loads.

HHC algorithm.

0.0025+
M Baseline
. . O After Control
Effect of Active Control on Rotor Trim 0.00201 oomen
O After Control, Retrim
0.0015+

An important issue pertaining to the use of an ac-
tive control device such as actively controlled flaps 904
(AcFs) is how the device will affect helicopter trim.

One key advantage of thecF is that it does not have 0.0005+
an adverse effect on helicopter airworthiness. How-

ever, it is also possible that flap inputs that achieve 0<000°'ﬂ T i:ﬂ M B wm
optimal vibration or noise suppression might alter the FRXA v FHZA - MAXA - MY Mz
values of trim variablesfp,01¢,01s,60,0s,0r) neces-
sary to maintain steady flight. If the control device
requires significant flight control adjustments from the
pilot to maintain trimmed flight, the utility of the con-
trol device would be compromised. Furthermore, if  aqgitionally, the required pilot inputs for retrim-
the cor_ltrc_)ller achieved rec_iuctlo_ns in noise or vibration ming the rotor were computed, and are shown in Fig.
by deviating from the desired flight condition, the ob- 35 "t js apparent that no significant control changes
served reductions would be artificial. are required to maintain trimmed flight even when the

Previous studies [14,15] have obtained trim and sub- active controller is on.
sequently applied active control to reduce a specific  The flap deflections for this case are shown in Fig.

objective. In the present work, this same procedure is1g95  The flap reaches approximately’ Iiring the

executed, but followed by a re-trim, in which the heli- o ,rse of a revolution. Despite this relatively large de-
copter is retrimmed with optimal control inputs. This  fiaction. trim remains essentially unaltered.
is illustrated schematically in Fig. 30.

Figure 31:Results for retrimming rotor, single flap vi-
bration control, no saturation limits, shows little effect
on trim

] ] ) Although these results have demonstrated that the
~ Anumber of control configurations have been inves- ctive flap controller has negligible effect on trim, sev-
tigated, using both single and dual flaps, and with and g5 other configurations were also investigated. Re-

without saturation limits. Using these configurations, q,ceq vibratory loads corresponding to a dual flap con-
the effect of harmonic flap inputs for active control on- figration without saturation limits are shown in Fig.

the rotorcraft trim state will be studied. 33. Once again, the effect of retrim is shown to be es-

Initially, a single flap configuration was used to re- sgntially negligible. It should also t_)e noted that when
duce 4'rev vibratory loads in 6 descending flight at ~ vibratory loads do change after retrim, they do not nec-
u = 0.15. Results for this configuration are given in essarily increase.

When saturation limits are imposed on a dual flap
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33: Results for retrimming rotor, dual flap vi-
control, no saturation limits, shows little effect
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configuration, as shown in Fig. 34, the influence on
rotor trim is reduced further. Because flap deflections
are limited to only 4, the already small changes to the

trim condition are reduced.

0.00251
0.0020 M Baseline
’ O After Control
0O After Control, Retrim

0.00151

0.00104

0.00054

0.0000+ M M= i Sl N -1

FHX4 FHY4 FHZ4 MHX4 MHY4 MHZ4

Figure 34:Results for retrimming rotor, dual flap vi-
bration control,4° saturation limits, shows little effect
on trim

Finally, the effect of noise reduction was investi-
gated. The controller was used to reduwa noise,
and subsequently retrimmed. Again, the effect on trim
is negligible. Figure 35 shows that vibration levels in-
crease from the baseline, but change very little after
retrim.

The effect on noise level is also very small. In the
baseline condition, before active control is applied, the
measureaVI noise on the right skid is 114dB. Af-
ter control, this is reduced to 188 B, a 121B reduc-
tion. Flap deflections of almost 2@re commanded.
After control and retrim, the noise level is 168B.
Thus, the retrim procedure results in a noise increase
of 0.2dB, an essentially inaudible difference.
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Figure 35:Results for retrimming rotor, dual flap noise
control, 4° saturation limits, shows little effect on trim

Summary and Conclusions

A numerical simulation of noise generation during
closed-loop vibration, noise and simultaneous noise
and vibration reduction using actively controlled flaps
has been conducted. Single and daaF configura-
tions were used to reducgv vibrations, and the ac-
companying noise changes were carefully monitored.
The effect of including saturation limits on flap deflec-
tions was also considered. Similarly, single and dual
ACF configurations were considered for noise reduc-
tion, while tracking vibration levels. The conventional
and adaptiveiHc control algorithms were compared,
and saturation limits were also imposed for noise re-
duction. Finally, simultaneous noise and vibration re-
duction was achieved, using the adaptivec con-
troller with single and dual flap configurations. A sum-
mary of the key numerical results of this study is pre-
sented in Table 7.

The conclusions that can be drawn from the results
presented in this paper are summarized below:

1. TheAcF is an effective vibration reduction de-
vice for descending flight in the presence of heavy
BVI. A dual flap configuration is slightly more ef-
fective than a single.cr. Vibration is reduced
significantly even in the presence of saturation
limits.

conventionalBC or HHC.

. The ACF can be effectively used to reduce

advancing-sidesvi noise, identified to be most
annoying to observers on the ground. The dual
flap configuration is more effective than the sin-
gle flap configuration at reducing noise. Noise
reduction is possible even with saturation limits
imposed.

. The adaptivedHHC algorithm has a distinct ad-

vantage over the conventionalHc algorithm.
Smaller flap deflections and less control system
power are required and a significantly lessened
vibration penalty is encountered.

. Simultaneous active noise and vibration reduc-

tion using the adaptiveHC and a dualhcF con-
figuration is possible. However, it is unlikely that
simultaneous reduction can achieve the degree of
reduction that isolated vibration or noise reduc-
tion can.

. Specific changes in the wake structure and blade

loading are associated with noise, vibration or si-
multaneous reduction. These computational stud-
ies support the finding that the interaction angle
heavily influencesvi noise production.

. Active control implemented by actively con-

trolled trailing edge flap does not significantly af-
fect helicopter trim or flight condition.
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2. Noise increases accompany single flap vibra- ing HART test data.

tion reduction, especially on the advancing side.
However, vibration reduction with the dual flap
configuration has a substantially smaller adverse
effect on noise generation when compared with
the single flap configuration. This is associated
with both smaller flap angles and optimal work-
load distribution between the flaps. Imposing sat-
uration limits on a single or dual flap configura-
tion also reduces the associated noise penalty.

3. TheAcF may have lessened noise penalties as-
sociated with vibration reduction as compared to
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