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Abstract 

A feasibility study was undertaken for investigating possibility of improving helicopter rotor performance 
by application of a controlled flap placed at the rotor blade trailing edge. 
For computing unsteady aerodynamic loads on airfoil with moving flap an ONERA type stall model has been 
developed. Using this model optimisation of airfoil performance by controlling trailing edge flap has been tested. 
An algorithm has been developed for minimising rotor torque moment while keeping rotor thrust constant. 
These methods were included into computer code for simulation of single blade motion. 

Calculations were done for rigid, articulated blade with horizontal and feathering hinges and a controlled flap 
placed at the part of blade span. 
By computer simulation the possibility of blade performance improvement by controlled flap was proved. 

This research was partly sponsored by Polish State Conmtittee for Scientific Research under grant No 0443/Slf92!03. 

Notation 
ao, ro, AL,crM ·coefficients in ONERA model 
An · flap aerodynamic load coefficients, 
b • half of chord, 
Cn • drag coefficient, 
CL • lift coefficient, 
CM · moment coefficient, 
Cm · extended linear characteristics in ONERA 

model, 
!10 > · difference between linear extended 

characteristics in ONERA model and static ones, 
CM, • blade moment coefficient 

CM, = Mz/(0.5nR3Ur), 
Cr ·blade thrust coefficient Cr = T/(0.5nR2Ur), 
F1 x J • load components in ONERA model, 
Fos • steady component of load, 
Fos · noncirculatory component of load 
Fo1· circulatory component of load 
k ·reduced frequency, k= wb/U, 
K • nondimensional velocity of undisturbed flow, 

K=U/(bO), 
M · Mach number of undisturbed flow, 
Mz · blade torque moment, 
t • time, 
T · blade thrust, 
U(t) ·free stream velocity, 
Ur ·blade tip velocity, 
Wo · component of airfoil velocity normal to the 

chord in aerodynamic centre, 
W1 ·component of airfoil velocity normal to the 

chord, resulting from rotation about 
aerodynamic centre, measured in the distance b 
from aerodynamic centre, 

a.(t) • airfoil angle of incidence, 
8 ·flap deflection angle, positive "downward", 

8('1') ·blade pitch angle, 
'1 • blade performance index 11=CM,/Cr 
ro ·circulation for load o component in ONERA 

equations, 
p • air density, 
~' • blade azimuth angle, 'I'=Qt, 
w ·airfoil pitch angular velocity, 
0 · rotor angular velocity. 
( )' • differentiation with respect to azimuth angle. 

Indexes 
D ·drag, 
L · lift, 
M ·moment. 

1, Introduction, 

The cmcial component which influences 
performance and handling qualities of a helicopter is a 
main rotor. 

The limitations exist which influence rotor 
behaviour and make a challenge for technology 
development. The problems to be solved are: 
• improvement of performance by: rotor pitch 

stabilisation, elimination of stall regions, proper 
reactions on gusts and turbulence, 

• elimination of vibration by: reduction of unsteady 
hub loads, diminishing blade stresses, reducing 
fatigue loads in fuselage, 

• suppression of rotor instabilities and flutter, 
• avoidance of air and ground resonance, 
• reduction of noise by reducing BVI effects. 

Some of detrimental effects stem from physical 
phenomena inherent to rotor dynamics and 



aerodynamics and some from the design concept of 
rotor itself. To prevent these phenomena new methods 
of rotor control are being investigated, which makes 
rotor aeroservoelasticity an important part of rotary 
wing research and development activity [ 1]. 

Two goals of rotor control can be distinguished. 
First one is to perform required flight conditions, 
including manoeuvres. This kind of control is called 
11primary control 11 here. 

The second one is to avoid some unwanted 
phenomena or improving rotor behaviour and it is 
called "additional control" in this paper. 

From the helicopter first application, the concept 
of rotor control has not been changed. It is usually 
done by a swash - plate used for changing rotor blade 
angle of incidence. This device can provide only 
collective and harmonic changes of blade pitch, the 
same for all blades. The research for improving this 
concept by additional blade pitch control has been 
undertaken which leads to Higher Harmonic Control 
(HHC) and individual Blade Control (lBC) [2] 
concepts. 

Both of these ideas arc based on utilising the 
existing primary control systems to undertake also 
additional control activity. 

The HHC method (and the first trials of IBC) 
relays on the idea that due to periodic excitations, 
periOdic control should be applied. So on first 
harmonic pitch changes needed for trimmed flight, 
higher harmonics are superimposed for all blades in 
HHC and for each blade separately in IBC. 

A new approach which gives hope for joining 
primary and additional control into one system is 
smart structure technology. The idea of smart structure 
utilisation in rotorcraft technology is to design the 
integrated control system which would adjust blade 
shape to actual flight conditions and perform rotor 
primary and additional controls by the same actuating 
devices. 

It has become applicable due to development of 
material, electronic and mechanical technologies. 
Feasibility studies of application of smart structures in 
rotorcraft, which have been published lately [3-5]; 
show that this design concept is promising. 

The base idea of smart rotor is changing of blade 
shape to obtain the required results. The two basic 
ways of rotor blade shape variation [6] concern blade 
bending and torsion. 

If bending deflections are to be controlled, the 
required shape of blades in thrust and rotation plane 
can be obtained by amplifying and suppressing proper 
bending modes. But the loads needed for exciting 
bending modes seem to be too high for existing 
actuator materials. 

Controlling of blade torsion, which leads to 
controlling of blade angle of incidence seems to be a 
more straightforward way to obtain the desired blade 
loads because of influencing aerodynamic environment 
more precisely. 

In smart structure application the control of local 
aerodynamic loads can be achieved by changing airfoil 
shape [7] or using additional flap [8]. The controlled 
blade flap has been successfully implemented by 
Kaman in their products, for many years, recently in 
K-Max helicopter [9]. 

Up to now there have been done feasibility studies 
of controlled flap application to flight mechanics [10], 
vibration suppression [II] and BVI reduction [12]. 
The results seem to be promising. 

Application of actively controlled flap to 
problems of flight mechanic was considered in [ 10, !3]. 
It was proved there, that both trimming rotor and 
aeroelastic stabilisation is possible by flap control. 

The objective of the research undertaken in this 
study was to investigate the possibility of rotor 
performance optimisation utilising flap control. 
In [14,15] it was proved that there are possibilities of 
improving rotor performance by applying active 
control. These studies were aimed on stall and stall 
fluUer suppression using individual blade control. In 
our research an attempt is undertaken to obtain the 
same goal by application of flap control. 

As the feasibility study we have investigated: 
1. unsteady aerodynamic loads modelling for airfoils 

with flap, stall regime included, 
2. dynamic and aeroelastic influence of flap on blade 

behaviour, 
3. control algorithms for optimal rotor performance. 

The method of ONERA type stall model for 
calculating aerodynamic loads on airfoils with flap or 
with variable camber is proposed and tested. It is 
included into computer code for calculations of motion 
of single rotor blade. 

The performance of blade with actively controlled 
flap has been evaluated by computer simulation, 
sho"ing properties of open-loop system. 
A control algorithm was developed and tested for 
different flight conditions. 

2. Blade Model. 

The computer model of rotor blade, developed in 
[ 16], was used in this study. The base properties of this 
model are reviewed here for completeness. A single 
blade of a helicopter rotor in steady flight is 
considered. An angular velocity n of rotor shaft is 
constant Air flow velocity relative to rotor shaft can 
vary in time, which allows to include into analysis 
gusts and wind. 

The rotor hub (Fig. I) can be articulated or 
hingeless. In the first case it is composed of three or 
less hinges of different type in arbitrary sequence 
connected by rigid elements. The length and 
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Fig.! 

orientation of these elements relative to the shaft allow 
to account for different design angles like precone, 
droop or sweep. 

The hinge is modelled as rotation of flap, Jag or 
pitch type. Nonlinear damping and/or stiffness can be 
included as the arbitrary functions of hinge rotation 
angles and angular velocities. Pitch- flap coupling can 
also be taken into account, despite the coupling 
resulting from placement of hub elements . 
The blade pitch control is assumed in the form: 

8 = 8o + 8tcos(Qt) + 8zsin(Ot) 
A blade can be deformable and it is attached to the last 
segment of the hub or directly to the rotor shaft in the 
case of a bearingless rotor. 

The blade has straight elastic axis. The blade 
cross sections have symmetry of elastic properties 
about the chord and there is no section warping. The 
blade is pretwisted about the elastic axis if it is 
deformable or about the axis of the last stiff element if 
it is rigid. Viscous structural damping of bl~de 
deformations can be included into model. The blade 
deflections are discretized by free vibration modes. The 
blade stiffness loads are obtained from linear modeL 
valid for small deformations. 

The aerodynamic loads are calculated from a two
dimensional nonlinear model described in the next 
section. 
The vector of blade motion generalised coordinates 
consists of: 

elastic degrees of freedom resulting from 
discretization of blade deformations by natural 
modes, 

rigid degrees of freedom corresponding to the 
rotations in hinges. 

Each generalised coordinate is the sum of: 
- steady component, a periodic one if it describes the 

steady blade motion, (in feathering hinge a pitch 
control is included) or a constant one, which 
corresponds to the design angles like: precone, 
droop, etc., 

- unknown component, which describes a disturbed 
blade motion. 

Algebraic manipulations for obtaining 
coefficients in the equations of motion are performed 
within the computer program, where translation 

vectors, rotation matrices and their derivatives are 
arranged according to the chosen hub model. 

The blade generalised masses and stiffnesses are 
calculated within a separate computer program that is 
run only once for assumed blade configuration before 
solving (or analysing) the equations of motion. So 
inertial and structural loads need not to be integrated 
along the blade span during the computation of 
equation right hand sides. 

The Gear's algorithm was used for numerical 
integration of equations of motion . 

3, Aerodynamic Loads. 

Aerodynamic loads modelling is a difficult task 
in rotary wing problems. The requirements for method 
of aerodynamic load calculation stem both from flow 
environment and from algorithms used in analysis of 
aeroservoelastic problems. 

From the flow modelling point of view, the 
method should cover: 
• three components of loads: lift Cc, drag Co, 

moment CM, 
• all degrees of freedom, which for 2D case, in a 

blade section consist of angle of attack, 
translations along and perpendicular to a chord 
line, which can be arbitrary functions of time, 

• fluctuations of a flow velocity, 
• three dimensional effects, which result from a 

complex shape of blade wake, 
• incidence angle up and above stall, 
• modelling of different stall types. 

The method should be compatible with existing 
computer codes for rotorcraft stability analysis and 
simulation. 

Some efficient methods developed in 
computational fluid dynamics are difficult to be 
adopted in algorithms for solving aeroelastic problems. 
For instance application of a panel method leads to a 
large number of states. Also efficiency of some 
numerical perturbation methods and differential 
equation solvers could be questioned when such 
models are utilised. 

The requirements which stem from restrictions 
mentioned above concern: 
1. expressing the flow motion in state variables, 
2. describing the loads or state changes by ordinary 

differential equations, 
3. covering the possibility of feed-back loops, which 

occur in control problems. 
State variable formulation of aerodynamic loads 

allows to use existing codes for aeroelastic stability 
analysis. Differential equations account for arbitrary 
airfoil motion and model the history of motion which 
is important in unsteady case. 

Along majority of blade span, the flow can be 
treated as two-dimensional, so the method applied in 
this study is based on 2D assumption. A method for 
calculating aerodynamic loads for an airfoil with flap 
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was needed. The ONERA model was chosen for 
adaptation to this case. 

Since its formulation [ 17] the ONERA model has 
been modified and extended [18], [19]. The base 
version taken to this study was developed in [20] and 
its modifications have been done. 

All three components of aerodynamic loads are 
expressed in 11 circulatory fonnu. Airfoil motion is 
described by two variables: Wo and w, (Fig.2), which 
allows to account for arbitrary motion of airfoil and for 
angles of attack from -n to n. 

l 

o.(t) 

U(t) 

Fig.2 

In a general form, the ONERA model contained 
expressions which depend on the derivatives of Wo and 
W1. It means that the second derivatives of airfoil 
displacements were needed and airfoil acceleration 
could appear in the right hand side of differential 
equations. It would make model difficult to be solved 
because of the lack of methods for integration such 
type of differential equations. 

It was shown in [18], that the influence of time 
derivatives Wo and w, on aerodynamic loads can be 
neglected. So a simplified model is used here obtained 
by dropping expressions with Wo' and WI'. 

Aerodynamic loads in blade sections are 
calculated using formulae for: 
- drag and lift 

Fo = pbU[Fos+FoB+Fot] 
-moment 

FM = 2pb2U[FMs+FMn+FMt] 
The components in the expressions above 

describe: 
- steady Fos, 
- unsteady: 

noncirculatory FoB, 
circulatory Fo1. 

parts of aerodynamic loads. 
Formulas for calculation Fos, FoB ,Fo1 for 

simplified version of the method are given in Table I. 

Table I 
.H nOMEN! UKAb 

Fos 0 UCHL UCDL 
t OB u UM 1 u 
F<H fL1 + fLz r"z roz 

For all three load components "circulations" fo2 are 
obtained as the solutions of ordinary differential 
equations: 
f< 12" + K a< l f( )2' + K2r< l fL2 = -K2 r( l U b.C( l 

Circulation [', in the lift equation is a solution of 
differential equation: 

fu' + K ALfLI = K AL( CLLU + Wt) 
Coefficients a1 J, n J, AL and aM are given in Table II. 
These values have been obtained during this study as 
the best fit to experimental data for NACA 23012 
airfoil in the range of Mach number and reduced 
frequency appropriate for helicopter rotor blades. 

Table II 

a 0.4 + O.BACf I o.oa + o.2SAd I o.2s + o.sAct 
r <0.2 + o.ucl>z 
a I U/4.3[1.0+1.401 2

)] I 

' 0.68 I 

For instant angle of attack, static value Cos and 
extended "linear" Coc values should be computed. In 
our implementation of the model, static values are 
obtained from table look-up procedure for aerodynamic 
coefficients. The "extended linear values" are 
calculated as [21]: 
- lift: 

8Ct.s . 
CLL = -- sm(a)cos(a)+ CLO 

00.. 
ac LS 

CLO = 0.131 ,--= 5.9 
0<1. 

-moment: 

-drag: 

OCMs 
CML =--sin( a)+ CMo 

00.. 
i3CMS 

CMo =- 0.008 ,--= -0.085 
00.. 

CoL= Coo= 0.008 
Constant time delay is introduced for Cc by 

assuming that Cc characteristic is linear up to 18° 
angle of attack, when pitch rate is positive. In the 
expressions for drag and moment, the increment ACe 
is calculated without time delay. 

This model has been extended to cover 
calculating of aerodynamic loads on an airfoil with 
flap or with variable shape (camber). It has been 
achieved by modification of static airfoil 
characteristics in the form: 

Cos=Cos+DCoK( e ,8 , a, M) 
In a general case the increments AO lK are probably 
functions of: flap length e, its angle of deflection 8, 
Mach number and airfoil angle of attack. The increase 
of aerodynamic loads due to a growth of an airfoil 
length (resulting from adding a flap) is accounted for 
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both by the value t>.C, )K and by increasing local blade 
chord length. 

The method of calculation of aerodynamic load 
was tested in three phases. First aerodynamic loads on 
airfoil without flap were compared with experimental 
results. Next the influence of flap motion on an airfoil 
loads was investigated. Third the possibility of airfoil 
performance optimisation by application of a flap was 
checked. All calculations were done for model 
coefficients adjusted to NACA 23012 airfoiL The. 
parameters of experimental data were chosen to be 
comparable with those of rotor blade. 

In Fig.3 lift obtained from simplified model for 
airfoil without flap is compared with experimental data 
for NACA 23012 airfoil [22]. The agreement is 
adequate. 

In Fig.4 the comparison of three aerodynamic 
load components is done with data for NACA 0012 
airfoil [19]. In Fig.5 aerodynamic loads are compared 
with data for NACA 23010 airfoil [23]. These 
comparisons give an impression about possibility of 
applying proposed model to other then NACA 23012 
airfoils. 

For airfoil with flap, the increments t>.O )K were 
assumed to be functions of flap deflection angle 6. 

The values of At ) based on static experimental 
results obtained for flap of I 0% chord length were: 

AL = 0.018 8, AM =-0.00525 8, 
AD= 0.0000115 82 

Sample results of loads calculations on airfoil with flap 
are shown in Fig.6 for flap motion 6= 5°cos(wt), foi 
three reduced frequencies k The influence of 
frequency on load loops and direction of loop 
following with angle of attack variation agree 
qualitatively well with those obtained in [23] for low 
reduced frequencies. 

The possibility of optimisation of airfoil unsteady 
performance by flap deflection was investigated using 
Powell's algorithm of minimising function with 
constrains. 
The airfoil motion was assumed in the form: 

a( t )=a0 +l>asin( (J)() 

and the flap motion 

8(t)=Ijl18jsin(hwt+<j>j) i=Ln 

The optimised variables were: L>.8; , ~i and h with 
i= I or assumed i with h= L 
In Fig. 7 the results of minimising function: 

F=lf CLdai +I oJf Codal+ I ooJf CMdai 

are compared for flap control with one and three 
harmonic. 

The difficulties of controlling Co is evident, as 
the Co loops do not alter during optimisation. One 
harmonic control influences only CM loop, while three 
harmonic control influences both CL and CM. But it 
causes also additional variation of aerodynamic loads 
which can be a source of airfoil (blade) excitation. 

4. Static Flap Deflection. 

As a plant the rigid blade with flap-pitch degrees 
of freedom was chosen. Blade and flap data are given 
in Table III and IV. 

Table III 
Blade Data 
rotational speed 
length 
mass 

26.8 
7.26 
64.4 

inertia about flap hinge 944.0 
chord (average) 
flap hinge offset 
pitch hinge offset 
linear mist from shaft 
pitch link stiffness 

Flap Data 
length 
width 

Table IV 

distance from the shaft 

0.44 
0.16 
0.30 

-10 
8606 

0.2IR 
O.!Oc 
0.70R 

radls 
m 
kg 
kg*m1 

m 
m 
m 
deg 
N*mlrad 

For the plant model first the possibility of 
influencing blade behaviour by flap deflection was 
investigated. 

Calculations were done for hover and forward 
flight, different flap angles and different blade pitch. 
The results are sho\>n in Fig.8 as blade mean thrust CT 
versus blade performance index defined as: 

Yi = CMziCT 

The curves are functions of blade collective pitch 
with constant flap deflection o. 

Both blade thrust and moment depend on flap 
deflections and the reaction is measurable. 

From these figures, the possibility of obtaining 
the same thrust for different pairs of o and 8 and the 
range of rotor performance improvement can be 
concluded. The possibility of improving rotor torque 
while keeping thrust constant appear for higher 
advance ratios. 

These results are valid for assumed flap 
dimensions and placement along the blade and the 
blade properties. 
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5. Blade Performance Optimisation. 

The active control is applied for improving blade 
performance. For constant thrust the minimum of 
index 'l is obtained by adjusting i5 and 8. The 
algorithm starts calculations after blade steady state is 
obtained and is active during sequent rotations. 

The algorithm consists of two parts: thrust 
stabilisation and minimising blade torque moment. 

The calculations for algorithm validation were 
done for constant collective pitch 8o=20° for different 
advance ratios. The results are show in Fig. 9. The 
performance index improvement was from 0% to 12% 
in high speed flight. 

Conclusions. 

The feasibility study of improving helicopter 
rotor blade performance by actively controlled flap i~ 
done. 

For this purpose the ONERA stall model has been 
extended for covering calculations of aerodynamic 
loads on airfoils with flap. 

The possibility of performance optimisation was 
checked. 

The algorithm for control of blade flap angle and 
collective pitch has been developed and tested by 
numerical simulation for hover and forward flight 
sho>Wing possibility of blade performance 
improvement. 
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