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Abstract 

This paper presents the analytical results of the 
aeroelastic characteristics of the rotor blade with the 
active flap on a hypothetical rotor. 

At first, the geometric parameters of the active 
flap is decided based on the hub load analysis; the 
active flap chord length, span length, outboard 
location are 1 0%c, I O%R and 80%R, respectively. 

The effect on the rotor vibration reduction by the 
desigued active flap is evaluated in the next step. The 
active flap analytically demonstrates its capability for 
vibration reduction at 30kt and 120kt level flight 
conditions. 

The stability analysis is performed at last. It is 
analytically confinned that the rotor blade with the 
active flap desigued here has no significant flutter 
problem. 

Notation 
AF : Active flap 
BAF : Flutter coupled between blade bending and AF 
BTF : Bending torsion flutter 
c : Blade chord length 
cg : Center of gravity 
Fh: In-plane force= (Fx2+Fy2)

112 

HM : Hinge moment of AF 
Mh: In-plane moment= (Mx2+My2

)
112 

R : Rotor radius 

Introduction 

There are several active techniques to reduce BY! 
noise and vibration of helicopters. Among them, 
active flap becomes very realistic because of not only 
its effectiveness, but also the recent prob~·ess in 
development of on-blade actuator made of smm1 
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materials. Some ambitious organizations have been 
working very hard in this area to be the first to make it 
true. (Refs. 1 to 9 ) 

A TIC decided AF as one of the engineering 
challenges to be studied and activated two primary 
works; 1) the actuation system for AF by the smart 
material actuator with the stroke multiplier 
mechanism (Ref. I 0), 2) the aeroelastic analysis for 
AF to establish the desigu policy and to evaluate its 
capability. 

This paper describes the latter one summarizing 
the research work about the analysis for the 
aeroelastic characteristics of the rotor blade with the 
active flap configuration. 

L Objectives 

The objectives of this paper are to analyze the 
items below for the hypothetical rotor. 
(1) Describe AF design procedure. 
(2) Demonstrate the vibration reduction capability of 

the designed AF. 
(3) Stability analysis for the rotor blade with AF on 

generally assumed stmctural and operational 
conditions. 

2. Conditions for Analyses 

The geometrical property ·of the hypothetical 
rotor and the extent of the parametric study are shown 
here. · 

Rotor blade geomeliy 
number of blades: 4 
radius : 
chord lenb>lh : 
planfonn : 

5.8m 
0.39m 
rectangular 



aitfoil: AlGOOD 
Rotor operating condition 

hover, thmst : 4000 kgf 
100% rotor speed : tip speed 210 m/sec 

The unsteady aerodynamics is applied all the 
analyses with the compressibility correction based on 
the 20 wind tunnel test of the blade aitfoil with 
trailing edge flap supplemented by the CFD code, 
UG2. The detail is described in Appendix. 

3. AF Design 

The aims to utilize AF on the helicopter rotor are 
vibration/B VI noise reduction and rotor perfonnance 
enhancement. The design policy for AF here is set up 
to the vibration reduction by generating the sufficient 
hub load to compensate the vibratory load from each 
blade of the rotor. This comes from the two reasons; 
I) If an AF has the vibration reduction capability, it is 

predicted that the AF has BVI noise reduction 
capability. Because the vibration reduction and BY! 
noise reduction have the same level of the actuation 
force. (Ref. 2) This is also valid between the 
vibration reduction and the rotor perfonnance 
enhancement.(Ref. I) 

2) The direct evaluation can be perfonned by 
assuming that the generated hub load by AF on the 
hover condition represents the effect of AF on the 
rotor vibration reduction. 

During this AF design process, the extent for the 
parametric study is as follows. 

Active flap excitation condition 
frequency : 3, 4, 5/rev 
amplitude : I deg 

Active flap geometty 
chord length: 10, 15, 20, 25%c 
span length: 10, 15, 20%R 

3.1 AF chord length 
One of the key features for AF stzmg is to 

achieve lower hinge moment of AF because of 
powerlessness of on-blade AF actuators.(Ref 1 0) 

One typical analysis result is shown in Fig. I. The 
4/rev hub load generated by AF increases in 
accordance with AF chord length increase, however, 
the hinge moment also grows as shown in the upper 
picture of Fig. 1. In order to make it clear the 
relationship between the 4/rev hub load generated by 
AF and the hinge moment, the hub loads are 
rearranged in the fonn of the load generated by unit 
hinge moment as shown in the lower picture of Fig. I. 
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This indicates that the smaller chord lent,>th, the 
more effective is AF on a point view of the hinge 
moment. But the smaller chord length makes the more 
difficulty in the structural design of AF, which also 
has a large influence on the desit,'ll of the actuation 
hardware. 

Consequently, AF chord length is selected 1 O%c 
by the engineering compromise with the structural 
design of AF. 

3.2 AF spanwise location 
The spanwise location of AF should be selected 

by the consideration for the blade mode shape in order 
to efficiently generate the excitation force which 
engages the vibratory load. 

Because IF mode has a large damping and is 
difficult to be excited, 2F and 3F modes are regarded 
as the objects to be excited. 2F has its node at 81 %R 
and 3F has its loop at 78% as shown in Fig.2. To 
avoid node and to make use of loop to efficiently 
generate the excitation force on the rotor hub by 
obtaining the sufficient modal deflection, the outboard 
location of AF is selected 80%R 

3.3 AF span length 
The AF span length effect on the generated hub 

load magnitude is almost linearly proportional as 
shown in Fig. 3. But a long AF span length sometimes 
has the unpredictable aeroelastic behavior as shown in 
Fig. 4, where it can be seen that the loads generated 
by unit hinge moment have their peaks at 20%c unlike 
those shown in Fig. 1. This may be caused by the 
coupling between AF and the over-all blade flapping 
motion whose node is on AF. AF has the opposite 
sign movement in the flapping direction across this 
node, which results in the opposite sign hinge moment 
distribution across the node, then the large part of the 
hinge moment is canceled out. 

Although the shorter AF span length reduces the 
capability to generate the hub load, this can be 
compensated by larger AF amplitude. 

Based on this discussion, I O%R AF span length 
is selected. 

4. AF Effect on Vibration Reduction 

The effect on the rotor vibration reduction by the 
designed active flap is evaluated here. 
The level flight 30kt and 120kt are selected as the 
evaluation conditions, because, generally, there is the 
local maximum of the vibration level at about 30kt in 
the lower speed range. 120kt is selected as a 
representative of the cruise speed condition. 

In order to study the effect of many AF input, a 



multicyclic control algorithm (Ref. 6) is utilized here. 
AF amplitude which is restricted to 1 deg in the 
parametric study of the previous paragraph is set free 
by the nature of the multicyclic control algoritlun. 

The vibration reduction effect on 4/rev hub load 
which is dominant among all the hannonics is shown 
in Fig. 5. Each component of the 4/rev hub load on 
AF-on case is nonnalized by that on the baseline case 
(AF-off). Although there can be seen an adverse AF 
effect in Fy on 120kt case, Fz component which is 
dominant in 4/rev hannonic is reduced in much larger 
degree on this case. This results in the 4/rev load 
reduction as a whole. 

The designed AF analytically demonstrates its 
capability for vibration reduction on both the lower 
and the cruise speed cases. But we would like to 
notice that although the required AF amplitude 
calculated here is 4.5deg for I20kt case, it is required 
17deg for 30kt, which can not be available by any 
smart material actuators at present. (Refs. 7 and 10) 

5. Flutter Analysis 

The stability analyses are perfonned to evaluate 
the possibility for several types of flutters for the rotor 
blade with AF configuration. The schematics of the 
stmctural model for analyses is shown in Fig. 6. 
The main features of the stmctt•ral boundary condition 
are that; 

at 70%R : torsion stiffuess Kh 
rigid in flapwise and chordwise directions 

at 75%R: rigid in flapwise and chordwise directions 
at 80%R : torsion stiffuess Kh 

rigid in flapwise and chordwise directions 

Ifthere is no notice about the parameters, the all 
the flutter analyses are perfonned on the nominal 
values as below. These values are estimated from AF 
size selected in the previous paragraph. 

AF natural frequency about hinge : 3 7. 7Hz 
Chordwise cg position of AF : 

l8.8mm aft from AF hinge at mid span of AF 
Tip weight location : 31.3%c at 97.9%R 
Chordwise cg position of AF actuator : 

23.3%c at 76.7%R 
Rotor control system stiffuess : 57 ,800kgf/m 
Rotor speed : 100% 

5.1 AF natural frequency about hinge 
The most imp011ant concem about the tlutter for 

the rotor blade with AF is the control surface flutter 
caused by the coupling between the blade flapwise 
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bending motion and AF. One of the two primary 
factors to this flutter is the torsion natural frequency 
of AF about the hinge, which comprises the inertia 
and control system stiffness of AF. 

The influence of AF natural frequency about the 
hinge on the flutter characteristics are evaluated as 
shown in Fig. 7. t" mode becomes unstable at Jess 
than 29Hz where BAF takes place. But all the modes 
are stable at the nominal frequency 3 7. 7Hz. 

Smaller chord length of AF which enables higher 
natt1ral frequency about the hinge by reducing the 

· inertia is better for stability point of view as well as 
the AF efficiency stand point as mentioned before. 

5.2 Chordwise cg position of AF 
The other primary factor to the control surface 

flutter is the chordwise cg position of AF. This 
influence is evaluated as shown in Fig. 8. The analysis 
here is pe1fonned at the AF natt1ral frequency 20Hz to 
impose the most critical condition to the stability 
among those shown in Fig. 7. 

7'" mode is on the unstable side at more than 
!?nun of the cg position aft from the hinge where 
BAF takes place. But it is confinned that there is no 
instability at the nominal AF natural frequency 3 7. 7Hz 
(not shown here). 

5.3 Chordwise cg position of blade 
Nowadays aeroacoustically advanced rotor 

blades are apt to have the tip shape which makes the 
blade chordwise cg position aft of the quarter chord 
such as the swept tip. In order to take this tendency 
into account, the influence of the chordwise cg 
position of the blade on the flutter is evaluated as 
shown in Fig. 9. In this analysis, the blade cg travel is 
represented by the chordwise tip weight cg position at 
97 .9%R. The tip weight cg position 31.3%c is 
equivalent to the blade cg position 25%c. 

Although 4" mode decreases its stability as the 
tip weight cg position goes afte1ward, this mode is 
still on the stable side up to the maximum calculated 
value of the tip weight cg position 47.8%c. 

5.4 Chord wise cg position of AF actuator 
Another factor to reduce stability by pushing the 

blade cg further backward is the chordwise cg 
position of AF actuator. The influence of AF actuator 
position is investigated with the most aft tip weight cg 
position (47.8%c) to impose the critical condition. 

Fig. I 0 shows that although 4'" mode has the least 
stability at about 35%c of AF actuator cg, this mode is 
still on the stable side. 

5.5 Rotor control system stiffness 



The rotor control system stiffness is one of the 
difficulties to be predicted with sufficient accuracy, 
but this has the predominant influence on the blade 
dynamic property in torsion. Therefore, the stability 
analysis is needed over the wide range of the rotor 
control system stiffi1ess. In order to impose the 
adverse condition, the analysis here is also perfonned 
with the most aft tip weight cg position (47.8%c). 

As shown in Fig. II, although 4 <h mode has its 
minimum stability at the nominal rotor control system 
stiffi1ess (57,800kgf/m), this mode is still on the stable 
side. 

5.6 Rotor speed 
The rotor speed is also a factor to cause the flutter. 

The margin of the rotor speed for the flutter is 
evaluated as shown in Fig. 12. In order to impose the 
adverse condition, the analysis here is also perfonned 
with the most aft tip weight cg position (47.8%c). 

41h mode enters the unstable side at more than 
106% rotor speed where BTF takes place. But it is 
confirmed that there is no instability up to 120% rotor 
speed at the nominal tip weight cg position 31.3%c 
(not shown here). 

6. Conclusions 

I. The geometric parameters of AF are decided 
analytically based on the hinge moment, blade 
mode shape and the coupled blade·AF 
aeroelastic property. 

2. The above designed AF has the sufficient 
capability to reduce the rotor vibration, which is 
analytically demonstrated on 30kt and 120kt 
level flight conditions. 

3. The stability evaluation for the flutter is canied 
out for the rotor blade with AF configuration. It 
is concluded that the rotor with AF designed 
here has no serious flutter problem on various 
stmctural and operational conditions. 
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Appendix 

Unsteady Aerodynamics for AF Analysis 

This section describes the unsteady 
aerodynamics applied to the analysis in this paper. 
The incompressible unsteady aerodynamics with the 
trailing edge flap is formulated at first based on the 
thin airfoil theory, which contains some revised 
formulations for those described in Ref. 11. Then, 
the real airfoil effects such as compressibility and 
viscosity are taken into account based on the 2D 
wind tunnel test data of the airfoil with the trailing 
edge flap. In the last step, the chord length effect of 
the trailing edge flap is corrected by 2D N-S CFD 
code, UG2 which is developed in ran, because the 
airfoil tested in the wind tunnel has only 25%c 
trailing edge flap and other chord lengths 20, 15, 
10%c are necessary in the parametric study phase for 
AFdesign. 

1. Incompressible unsteady aerodynamics 
for airfoil with trailing edge flap 

+_l,[F,0 +P24 -F,]-V·b·a v 
+l:_[2·F ·b·a-F ·h] vz 9 4 

C1a-2F ·C(k)[F,o·li +b·F,,·b]+~P ·li 
zn :rc 2n·V 1r 21 

+-·-· P ·(1-e)+P _....!. ·V·b·li 1 2 { F.} . 
2Vz n 21 25 2 

1 1 .. 
--·-·F ·b'·a 2Vz 1'C z 

Gl7·8 

c --1-n:·[a·b·ii -(~+a')·b' ·a] 
M 2V 2 8 

+n:(a +~)·C(k)[; +a+b(~-a)~l 
-_.::_c.!.- a) ·b. v. a 

2V 2 2 

cr M --
1
-[{F, +(e-a)·F,}b' ·ii] 

2V 2 

+n:(a +.!_)·C(k)[F111 ·li + b·F11 • .jl 
2 n: 2n:·V 

--1-[F ·V' ·a +F ·V·b·,5] lV 2 ts t6 

C ~--·F ·C(k) -+a+b(--a)-1 [Ji 1 a] 
H 2 12 V 2 V 

1 . 1 [ , .. Fbi .. ] ---F ·V·b·a+-- -2·F. ·b ·a+ · ·z lVz 11 lVz u 1 

cr H = _Lp ·C(k)[F10 ·a+ b·F11 ·61 _l:_p: .J 
2 12 :n: 2:n: . v 2:n: 18 

+- -.P ·V·b·a+-·F ·b ·a 1 [ 1 . 1 2 ••] 

2V 2 2:n: " :n: ' 

The notation is identical to that in Ref. 11 except 
the followings; 

CL, cf L: identical to eN and cr N in Ref.11, 

respectively 
Cc : Flap lift coefficient by airfoil motion, 

identical to C F in Ref. 11. 

cr c : Flap lift coefficient by flap motion 

1 1 2 5 4 1 2 2 • ( ) 1 ( 2 ') F, -----e +-e -(-+e )8 +e8 sm e - 7+ e 
2 8 8 8 ' ' '4 

P21 ~ sin 2 (8,) -1-e 2 

p24 - (2- e) ·sin(e,)- e, 

P, ~~(1-e)·sin(B,)·(e, -sin(8,)) 

8e =COS-I e 



2. Compressibility and viscosity correction 

The incompressible unsteady formulation 
described above is expanded to compressible and 
viscous form by utilizing 20 wind tunnel test data. 

Although only C L and c1 L are presented here in 

order to save space, the other coefficients can be 
expanded in the same way. 

The equation for C L is modified to 

[
i. (c'" a] C, ~C(k)·C," V+a+b 

2
n: +ac-a)V 

1 [ .. . ··] + V' n:·b· h+V·a-a·b·a 

The lift coefficient offset may not be zero in case of 
asymmetric airfoils. Furthermore, the lift curve slope 
depends on Mach number and angle of attack. These 
influences are incorporated as follows; 

C, ~ C(k)·C1 ([3) + :, n·b-[h +V ·a -a ·b ·a] 
where 

2n 
c,a~ ~ 

-vl- M' 

[3 h c,a b a 
~-+a+(-+ac-a)-v 2n: v 

ac: Chordwise position of aerodynamic center 
C1 ([3) : 20 lift coefficient based on the wind tunnel 

data as a function of Mach number and 
angle of attack 

The equation for cf L is modified in the next. 

Assuming steady condition, the equation for cf L 

becomes; 
acrL F10 
--;)"6 ~ C La ·--;; 

This equation can be evaluated quantitatively, 

because CL and act L are Obtained from the 
a ao 

wind tunnel test data. But this relationship is not 
satisfied exactly. To cope with this, the correction 
factor L'"' is introduced as follows; 

~I ~L ·C I _Fill 
~wind tunnel cor Ln. wind tunnel 1r 

This correction factor is incorporated as follows; 

ct, =- -V·F ·o-b·F ·o b [ . ""] v:z 4 1 

+C ·C(k)·L [F"' ·o + b·F11 ·6] 
Ln cor Jr 2rc·V 

Summing up CL and c1 L, the total lift is obtained; 

G17·9 

C,r"'"' ~c(k)·C,(y)+:2 n:·b·[h+V·a-a·b·a] 

b [ . ""] +- -V·F ·o -b·F ·o v:z 4 1 

where 

Y = i +a+ (-C'-" + ac- a)b a + L [-F_Jo_·_o +-b_·_F'-'11_. o_·l 
V 2n V cor Jr 2.Jr·V 

3. AF chord length correction 

The correctio.n factor L is calculated here for 
"' 

several AF chord lengths used for the parametric 

study. As a preparation, a C 
1

' is calculated with 
a a 

25%c trailing edge flap configuration to get the 
correlation between the wind tunnel test data and 
UG2. Then, the calculation is performed at other flap 
chord lengths at several Mach numbers as shown in 
the table below. 

act L M 
a a 

0.4 0.55 0.7 

25 3.74 3.88 4.32 
c 1 lc 20 3.36 3.53 4.24 

15 2.83 2.98 3.53 

10 2.23 2.35 2.80 
c 

1 
I c : Flap chord length (%c) 

Finally, L,
0

, is obtained from 

in the table below. 

Lear M 

0.4 0.55 

25 0.94 0.90 
c 1 I c 20 0.94 0.91 

15 0.90 0.88 

10 0.86 ·0.84 

act L as ShOWn 
a a 

0.7 

0.83 

0.91 

0.86 

0.83 
c 

1 
I c : Flap chord length (%c) 




