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Numerical Analysis of Active Flap for Noise Reduction
Using Moving Overlapped Grid Method

Takashi Aoyama, Choongmo Yang, Shigeru Saito (JAXA)

ABSTRACT

A three-dimensional unsteady Euler code for the analysis of active flap control (AFC) has been developed in
this study based on an advanced CFD code for the full configuration of helicopters. The effect of phase
angle of AFC on blade-vortex interaction (BVI) noise is analyzed by combining the new CFD code with an
acoustic code based on the Ffowces Williams and Hawkings (FW-H) equation. As a result, a simple model is
proposed to understand the effect of flap phase angle on BVI noise and 3D calculations by the present
method confirm that the model properly works. The prediction of the effect of flap phase angle by the
present method is remarkably improved by applying the understandings derived from the simple model. A
quantitative noise reduction of 5.62dB is obtained at the flap phase angle of 60° and noise signal strongly
propagates almost downward in a condition of one-bladed rotor.
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Blade
Hub type rigid in flap and lead-
lag
Rotor radius Im
Blade chord length 0.12m
Airfoil NACAO0012
Twist angle 0.0°
Planform rectangular
Number of blade 1
Active Flap
Chord -wise length 0.25¢
Span-wise length 0.18R
Position 0.80-0.98R
Amplitude 6.0°
Frequency 2P
Operating Condition
Free-stream velocity 20.1m/s
Rotor rpm 600
Collective pitch angle 5.0°
Cyclic pitch angle 0.0°
Shaft tilt angle 0.0°
B i :calculation experiment
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Introduction: Active Control

MohigarEngineering

Active control of vibration

Active Control
of Vibration

Vibrotion

ACSR -
Vibration Contrel Conteol s
in fusslage Resor
2 B
T

Active Twist Activil Conveational,
Rotor Blades Centralted Pitcl k

|ATR) flops (ACH * etaated 18C

edge flaps (ACF) .

No adverse effect on helicopter \,@ Y

Introduction: History of the ACF

airworthiness

Lower power consumption
than HHC or IBC

NMihigarBEngineering

Millott and Friedmann (1994)
¢ elastic blade model and quasisteady Theodorsen aerodynamics
Milgram and Chopra (1995)
compressible unsteady aerodynamic model (Leishman)
Myrtle and Friedmann (1997)
new compressible unsteady aerodynamics (RFA Aerodynamics)
de Terlizzi and Friedmann (1999)
BVI vibration reduction

Depailler and Friedmann (2001)
reduce vibrations due to dynamic stall
Experimental studies (open loop and closed-loop)
Straub (1995), Fulton and Ormiston(1998), Koratkar and Chopra (2002)
Boeing Smart Material Actuated Rotor Technology (SMART)
MD-900 rotor with piezoelectrically actuated flap
Whirl tower tests performed (Oct. 2003)

BK117/EC145 with three identical adjacent piezoelectrically
actuated flaps is scheduled to fly in 2005
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Introduction: Noise Control

s HHC and IBC algorithms developed for vibration reduction have
been adapted for noise reduction

m HHC For BVI Noise Reduction:
HART (1995)
wind tunnel test, scaled BO-105, open loop, 5-6dB reduction

e [BC For BVI Noise Reduction:
Wind Tunnel

s BO-105, NASA Ames 40x80’ (Jacklin,1995), open loop,
5-12dB reduction
e UH-60, NASA Ames 40x80’ (Jacklin,2002), open loop,
5-12dB reduction
- Flight Test
s BO-105 (Bebesel, et al. - 2001,2002), open and closed loop,
4-6dB reduction

bzbigar Engineering
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Introduction: Simultaneous Control

m Brooks et al. (1990) observed increased vibration when using
open-loop HHC for noise reduction in the NASA Langley TDT.
a HART with 3/rev HHC
- 6dB noise reduction, 100% increase in vibratory loads

30% vibration reduction, 3dB noise increase
a NASA Ames BO-105 test with 5/rev IBC

- Advancing side BVI noise reduced by 4dB

- Vibratory loads increase by 150% "
m Flight Tests of BO-105 with 2/rev IBC

6dB Noise reduction

150% increase in vibratory loads v
m Limited cases of simultaneous reduction §




Objectives of the Present Study

Model: Structural Dynamics

- Michiga Engineering

Explore the potential of BVI noise reduction as well as simultaneous
vibration and noise reduction using the ACF approach.

Determine and compare the effectiveness of the ACF in the closed
loop mode for noise and vibration reduction on two different rotor
configurations, namely, a four-bladed MBE BO-105 hingeless rotor
and a five-bladed MD-900 bearingless rotor.
Evaluate the effectiveness of passive methods on the vibration and
noise reduction using advanced geometry tips with anhedral and
dihedral, and compare them with the active approach.

1

ir <

! N~

Examine a number of practical implementation issues associated
with the ACF system, such as the effects of practical saturation
limits, constant and 1/rev pitch inputs, and flap overhang.

P MichiganEngineering

Isotropic Blade Model (Miljott & Friedmann, 1995)
Coupled fiap-lag-torsion dynamics, with moderate deflections
Blade discretization using the Global Galerkin method
Free vibration rotating modes (3 flap, 2 lead-lag, 2 torsion)
MBB BO-105 hingeless rotor

Composite Blade Model (yuan & Friedmann, 1995)
Transverse shear deformation, cross-sectional warping, elastic coupling
Finite element discretization
Modal reduction based on 8 coupled rotating modes
Swept tips (tip sweep and dihedral)

H IMBOARD PITCHCASE
MD-900 bearingless rotor — B e pp—
. DFFSET 33,1_:
H H b p LEX-BEARY
Active Flap incorporated through e \iE = uArE
modification of inertia and TR A el p
i i SHUBGER T SSLN
aerodynamic loaqs (assummg L4G sm‘jc & DAMPER # " PITCHCASE COMMECTION
structural properties remain PITCHCASE  MODE

IMBOARM PITCHCASE
_LATFRAL MODY

unchanged) ,
L SHASHPLATE |

i conteot sup
( cewtern aie_ g LSUDE



Model: RFA Aerodynamics

. MuchigasEngineering

m Blade sectional loads calculated using rational function
approximation (RFA) (myrtie & Friedmann, 1997)

- accounts for compressibility, unsteady effects, and time varying

freestream effects

¢ accounts for the presence of the flap
m Extended for the computation of chordwise pressure distribution

4 ™\

Model: Free Wake

Pressure. CURYIE

(Patt, Liu & Friedmann, 2003)

Ct)
Forces UMY
Gt

cl’l(t)
Ceilt)

-
T

. "

o KhiganEngineering

Wake analysis extracted from CAMRAD/JA (de Terlizzi & Friedmann,1998)
Free wake geometry includes distortion of the wake due to
wake self-induced velocity (scuily, 1975)

m Fundamental wake resolution restrictions removed

5° azimuthal resolution
m Dual vortex line model with
negative blade tip loading
- experimental evidence (HART)
~ interaction with tip vortices
is accounted for

Narsor
) .
”  Cireulation T, X
e

s

Y
N 4

Blade Root Blade Tip

Dual Wake Structure

PRESENT SIMULATION

H
FUCHT H
CIRFCTION i
“ L3
A3
%

N,

3

< Y
: ;.. o
/()
P S
KN .
*, . LEGEND:
’, /

& COMPUTED POINT
P Sy EXPERIMENTAL DATA

Free Wake
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Model: Solution Procedure

BVI Noise

®  Modified version of WOPWOP (Brentner, 86) =7 . NN
fully flexible blade model e

l BVI noise defined as 6th-40th harmonics of BPF

chordwise
pressure distribution

blade position Coupled Trim/Aeroelastic 5] Hub Shears
Response Solution & Moments

) )
s i blade motions /\
Wake Geamatiy [ S TR

{ Frae Wake

RFA Asrodynamics

i C.C.C

: Induced Velocity i =

; ; Lincar Drag Model :

i WAKE RODULE D AERODYNAMIC MODULE ,

s MohigarEngineering
Active Control: Algorithm
Conventional HHC Saturation Limits on Flap Deflection:
a  Simple, one-step convergence : _40 < 5 < 40 R ]
Relaxed HHC o - - C\t'u
(Patt, Liu & Friedmann, AIAA 2004-1948) H o

m  Control update is scaled by a relaxation factor : | o l> 4°:  Increase Cwu
a Improved robustness, slower convergence : ]5 |< 4° Decrease C

wiu

Adaptive HHC

a  Online identification updates (Cribbs & Friedmann, 2001)

Cost Function: ./ = Z;QZ/‘, + uZRuk

Vibration Reduction:

Harmonic Flap Deflection:
. & Four-bladed BO-105
2/rev, 3/rev, 4/rev, 5/rev
{Fm' FHY > FHZ > MH\’ > MH) > M } & Five-bladed MD-900
Noise Reduction: . 2/rev, 3/rev, 4/rev, 5/rev, 6/rev
Z :{NH06:NHO7=--->NH17}T N .
Simultaneous Reduction: - 9= Z[ e COSCNY )+ 0, sin(Ny)]

T :
Zse = {ZVR’ZNR} u= {5Nc 75[\"3 }Tﬂ N=2'Nmax
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“Model Validation: HART

HART (1995)
m  Wind tunnel tests of a 40% dynamically and
Mach-scaled BO-105 rotor
@ BVI Noise carpet plots
Noise contour plots at 1.15R below hub
@ Acoustic pressure time history

HART Experimental Resulf Simulation

g Pl

HART Experimantal Result simulalion

RETREATING

o
Q

Stroamwise Position X (m)

ADVANCING
SOUND PRESSURE (PA)
o

Crossitow Posision ¥ m)

-60 .
[ TIME / ROTOR PERIOD 1

(Liu, Patt & Friedmann, 2004)
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e

odel Validation: MD-900

m Comparison with CAMRAD |l (Straub & Charles, 2001)
Prescribed flap deflection &, =2 cos(4y —240°)

i Es

CUSRENT SHULATON — FLAP o e CURRENT SMULATICHN - FLAP
— 20| A 14
:E 7y # \ /4 -
1 Y i A} A AR ’
5 ¢ 1 / “‘ R ;T 1
2 I W O/ \ //
o2 | \% \ J \&//
2 VAR \VAR
o] 7
2 Ve
o6 N CAMRAD I - FLaP

oL et e et -8 . et N

2 ? C 276 360 G 7 18 270 346G
AZHITH G} AZMUTH 1DEG )
Tip pitch deflection Torsional moment @ 0.4R

m Comparison of blade natural frequencies (/rev) with RCAS
(Rotorcraft Comprehensive Analysis System)

‘ O 4 O O, @2 O3 Ory D4 Dar

Current Simulation 0.654 1.043 2573 3.488 4.472 5.667 7.270 25.70
RCAS 0.654 1.048 2.572 3.498 4.473 5.409 7.273 25.82
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Results: Overview

x MBB BO-105
i Vibration Reduction
Noise Reduction
i Simultaneous Reduction
Effects of Constant and 1/rev Pitch Inputs

a MD-900
Effects of Flap Overhang
. Vibration Reduction
i Noise Reduction
. Simultaneous Reduction
Effects of Swept Tips

T All results obtained with 4° saturation limits imposed

- Mhiger Engineering

MBB BO-105

m Four-bladed hingeless rotor

N, R(m) ul Q(RrRPM) C; c/R Opp
4.9 0.15 425 0.005 0.05098 6°

m Propulsive trim
- 6° descending angle

m Single and dual servo flaps

Single Servo Flap

o T B9% ‘?53‘;
L | | P

Dual Serve Flap

O Y/R
m Active control with 4° saturation

Vibration reduction
.+ Noise reduction
+ Simultaneous reduction
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“Results: BO-105 Vibration Reduction

m Vibration reduction with conventional HHC algorithm
- 46% reduction with single flap configuration

10
© 86% reduction with dual flap configuration .
T -\\ A ) /
5 o \ /\ '\\ /
VAVAVANV:
0.0020 - ¥
M Baseline

VR, Single Fap, Saturaion o o
D064 » 1 3
0.0G1s EYR, Dual Flaps, Suturation Azimuth

{a} Single Flap

Q0610 - - Inbozrd Flap

- —- Qutbvard Flap

w

Nondimensional 4 /vev Vibrotory Hub Loads

: T \\/ \ ":"‘\:/“'“\\#/“‘\ /o
e O T l“m-l N wn <.
Fri¥4 FHY4 FH74 MHXA MHY4 MHZA
4/rev vibratory loads e

¢ Azimuth 30
(b} Dual Flaps

Flap deflection
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Rults: BO-1O »Vibration’Reduction

m Noise generation during vibration reduction
No noise increase on advancing side
1-2dB increase on retreating side

Baseline Simulation Vib. Red’n, 1 Flap, Saturation Limits Vib. Red’n, 2 Flaps, Saturation Limits

BYISFL - dB
17
1o
1ns
14
1na
12
AL}
11
109
108
107
106
105
104
103

Streamwise Position X/R |

102
101
100

0
Crossflow Position Y/R

757 i



Results: BO—105 Noise Réduction

m  Noise reduction with adaptive HHC algorithm

1+ 5-6dB reduction on advancing side
2dB increase on retreating side

- PchiganEngineering
e

Baseline Simulation Noise Red'n, 1 Flap, Saturation Limits

Streamwise Position X/R N

3 T
Crassflow Position Y/R

Results: BO-105 Noise Reduction

m Vibration levels during noise reduction

f=
iz
Q
]
[
i

o
(o3
&
=]
1

Nondimensionat 4 /rev Vibratory Hub Louds

o
=
=]
D
(=
e

Unchanged for single flap configuration

Noise Red’n, 2 Flaps, Saturation Limits

tchigarEngineering
e

130% increase for dual flap configuration

© Vertical shear always reduced

™ Bascline

ONR, Single Flap, Soturation

EINR, Dual Flaps, Satwsation

FH%4 FHY4 FH7 4 PAHYA PAHYS MHZ 4

4/rev vibratory loads

Flap Drflaction

AV

Flop Deflocion

Flap deflection



Results: BO-105 Simultaneous Reduction

. MichigarEngineering

m 3-5dB noise reduction and 40% vibration reduction
m Demonstrates the potential for simultaneous reduction

Baseline Simulation

Deliberately instead of coincidently

Simul, Reduction, 1 Flap, Saturation

Simul. Reduction, 2 Flaps, Saturation

Streamwise Pesition X/R |

Hordimensional 4 /rev Vibratory Hub Loads

Crossflow Position Y/R

Results: BO-105 Simultaneous Reduction

@ 40% vibration reduction

0.0020 4

0.0015

Q.00

0.0005

0.0G00

R Boseline

3 Simultansous, 1 Flop, Saturation

B Simultanaoos, 2 Flops, Saturatian

WIHY4

fHZ4 M4 MHZd

4/rev vibratory loads

FHY4
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39 —

BViSPL - dB
nz
neé
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u
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101
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5
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o azimuth 3e0°
{a} Single Flap
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© e Ishoard Flap
Qutboard Flap
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5t
e
o Aziowth 360
{b} Dual Flaps
Flap deflection
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Results: BO-105 Additional Flap Inputs

m Traditionally the flap harmonic inputs are taken to be a combination of
2-5/rev components
@ The effects of constant (0/rev) and 1/rev flap harmonic inputs for BVI noise
reduction are examined
Not appear to have significant effects

Boseline Simolation NR, 1 flap, D & 2-5/rev. Suiuration

th)

1w

&

Srosmwisa Pusition X/

Flop Deflectinn
g

/\/\\/\f\/ RN /\/‘/\/’

5

[
(a] Single flap, 0 & 2-Sfrev  [b) Single flap, 1 & 2.5/rev
W

inhoord

§5 - . L inbaord
'5 * Ol }'\ - .y e /
32 AN 7 S
< (,‘\/\ A A N
g 40 = 1!
£, ¥ Gutboosd
utboord
W
v Adiaoth wr @ Azisuth 356"

ic} Duat Hlaps, 0 & 2-5/rov {d} Oual flaps, 1 & 2-5/rev
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' Rults: MD-900

m Five-bladed bearingless rotor

N, R(m) it Q(RPM) C, c/iR o’
5 5.16 0.20 392 0.006 0.04924 -3.5°

B Wind tunnel trim
Simulated descent condition

m Flap configuration
Developed in Boeing SMART program

— = ]

Single Plain Flap

4% 92%

m Active control with 4° saturation
Vibration reduction
Noise reduction
Simultaneous reduction
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Results: MD-900 Flap Overhang

m Flap overhang (aerodynamic balance)

¢, Flap Overhang

-t

Flap Hinge

m Flap hinge moment reduced using 40% overhang
a Control power requirement reduced by an order of magnitude

50 ---- wio overhang
CARRAD H with 40% OH 45 . : 40% overnang .
4 — — Simutauon with 403 OH b : :
Ra—— 5 40
2 "
Z, - § 35
5 £ 30
1 / LT B 5
e T — £
£ - S 20
kS s
g 2 ,g 15
* 5
4 2 0 oo
os 4 I oo
‘ 2NE AWANE AN AT A
s . 00 S AR A SN
0 9 180 270 389 0 o5 180 270 360
Azimuth, deg Azimuth, deg
Flap hinge moment Instantaneous control power
wichiganEngineering

Results: MD-900 Vibration Reduction

® 60% vibration reduction L VirdonReducion
m 1dB noise increase

LN N
(4 N/
Ay
Baseline Simulation Vibration Reduction
Azimath 3607

/

Flap deflection

w Baseline
2 Vibration Reduction

o : i :
I i I |
) { L. [e— -

° ! - L ! BRSO OPRYS T RHZS C MRXE MRYS T BB/
Crossflaw Position Y/R Crossflow Position Y/R

5/rev vibratory loads

Streamwise Position X/R \
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Results: MD-900 Noise Reduction

m 3dB BVI noise reduction e Noje fedcton
® No noise penalty on retreating side

5o
i i ; g 7
m 150% vibration increase  AVEANA ;
5w A oSN A
a0 5 . / ANV / |
& N/ \VARRV/
5
Baseline Simulation Noise Reduction ¥
T 10°
1y 0 Azimoth 360°

Flap deflection

nBaseline

— i < Noise Reduction
S0ty - I [
Vi ' :
: : i
! : |
|
e AL i i - | g

o o i .- —
LS FHYS FHZS  MHXS MHYS  mabZs

5/rev vibratory loads

Streamwise Position X/R |

Streamwise Position X/R \
5, ? 1
N =
e =
S :

o a
Crossflow Position Y/R Crossflow Position Y/R
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"~ Results: MAD.-}900 Simultan’eous Reduction

® 74% reduction in vertical shear v mllneous Reduction
# 1dB noise reduction

"
m ACF appears less effective in simultaneous § '\ .
. . g 0 \\ p— !/ VIV-F.\~//_\ /,/"\,/’[
reduction than in the MBB BO-105 case AV
&
Baseline Simulation Simultaneous Reduction
100 — o P
o Aziansth 360°

Flap deflection

5003 -

. . . Lo e
FHXS FHYS FHES  MHKS  MBYS  MHZS

aBaseline
5 Simul. Reduckion

Streamwise Position X/R |

B 0
Crossflow Position Y/R Crossflow Position Y/R

5/rev vibratory loads



‘Results: MD-900 Swept Tip — Descent

m 10° anhedral

m 10° sweep

kchigarBEngineering
P 4

Results: MD-900 Passive Approach

® Advanced geometry tips
10° sweep
10° dihedral (tip up)
10° anhedral (tip down)
m Alleviation of BVI effects through increased separation distance

m BVI effects are alleviated for anhedral and enhanced for dihedral
for level flight condition (de Terlizzi & Friedmann,1999)

Swept Tip

" hiohiganEngineering
e =

m -3.5°tip path plane angle, simulating descending flight
m 10° dihedral

GO0

40% reduction in vertical shear

J435

fifi e

34% increase in vertical shear

$9G5

A
/’{?\\‘ Lo s B/ W
FHZ5 KiHXS MXYS HHXG

Neadimensional 8 /rev Vibratory Hub Loeds

Negligible effects -

Buseline Simulatian 10° Sweep 10° Anhedral

Streamwise Position X/R |

Streamwise Position X/R |
°

Sieomwise Pasition X/8
°

' o i =1 o 1 -1 o ) o
Crosslow Position Y/R Crassflow Position Y/R Crassfiow Position Y/R Crossflow Psilian Y/R
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Results: MD-900 Swept Tip — Level Flight

m 2° tip path plane angle, simulating level flight
® 10° dihedral
50% increase in vertical shear
3dB noise increase
m 10° anhedral
25% reduction in vertical shear
2dB noise reduction a.6c00 -
m  Agrees with the results in de Terlizzi & Friedmann, 1999

Baseline Simulation 10" Sweep 10° Dihedral 10° Anhedrat

20620

J.0614

S0 aphedal

90350

80005

Wondimensianol § /rev Vibratory Hoh Loads

IZNEE G 7\ QSN
FHZS HHXS 1KYS REHNG

m

Streamwise Position X/R |
pd L

° L
7 I

Streamwise Pesition X/R |

) ° °
Crossflow Position Y/R Crosstlow Position Y/R

T Y T
i -1 o
Crossflow Position Y/R Crossfiovws Position Y/R
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Conclusions

m The ACF is an effective device for vibration and BVI noise reduction
in rotorcraft, for different types of rotors and different helicopter
configurations.

m The effectiveness of the ACF system has been clearly demonstrated
despite imposing a practical flap saturation limits of 4°.

® [he addition of constant and 1/rev flap harmonic input to the
harmonic content of flap deflection does not have significant effects
on BVI noise reduction, for the active flap systems employed on a
rotor that resembles the MBB BO-105 rotor.

® Using a substantial flap overhang is a very effective means of
reducing the flap hinge moment, thus further reducing the actuation
power requirement for the ACF system.

m A passive approach employing tip anhedral or dihedral is effective at
alleviating the BVI effects. However, this reduction depends on the
flight condition.

m The ACF provides superior vibration and BVI noise reduction
compared to the passive approach.
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[As of October 1, 1999, Aerospace Division of Daewoo, Samsung, and Hundai, were
merged and formed KAI(Korean Aerospace Industries, Ltd.), KAI handle all the
aerospace defense projects in Korea. So our team’s future is stable and prosperous.

I stayed at Eurocopter Deutschland for the last 3 months of last year to finish the first
phase of Korean Light Helicopter Project. Yesterday, we delivered 2 helicopters to our
customer.

Most likely;, our team will be very busy to participate all helicopter projects in Korea.)
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AHS Membership Application

To become a member of the American Helicopter Society please submit this form with
your annual dues payment. Your membership will begin the day your payment is
received and processed.

AHS Dues Regular - US and Canada $65.00

Regular - International $80.00

Miltary Personnel $35.00

Retired over 60 $35.00

Student - US and Canada $25.00

Student - International $45.00

Journal of the American Helicopter Society (optional) $15.00
VFF Scholarship Contribution (optional) $10.00

Send to:
American Helicopter Society 217 N. Washington Street Alexandria, VA 22314
(703) 684-6777 FAX: (703) 739-9279

Name (First, Middle Initial, Last):

Street Address:
City, State, Country, Zip:

Telephone # (office/home):
Fax #:
Employer/College:

Job Title:
Birthdate(mm/dd/yyyy):
email address:
Applicable AHS Dues:
Sponsor:

Credit Card Number (MasterCard/Visa/American Express)
Exp. Date:
Applicant's Signature Date:
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