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1 -Introduction 

The configuration of helicopter rotors, of wind tunnel rotor models or of wind turbines can have 
very different aspects. In the past, the study of these configurations [refl] often required some adaptation of the 
model in order to meet the kinematic requirements of the program. 

It therefore became useful to extend to more general structures the technique that gave access to 
the numerical equations of a rotor. This has been done by describing the structure through the assembly of el
ementary units which often consist only of simple rotations or translations. 

The significance of this development is that it leads directly to the equations of the model, equa
tions that can then be used for any needed purpose. Starting from this central core, different applications have 
been wrinen which give access to: 

• The stability in hover, by calculating the equations' eigen values and eigenvectors, 

• The forced periodic response in forward flight through an iterative procedure between the 
displacement field and the aerodynamic forces, 

• The rotor transient response through time integration by a predictor-corrector scheme. 

2 -Description ofthe studied structure 

The equations of a structure are wrinen by describing the way all the dm elements move. The 
displacements of every point of the model are defined relative to any other by the transformation that relates 
the two points. When all the transformations of the model are defined. it becomes possible to write the displace
ment of any point relative to the general reference frame by jumping from one transformation to anotller. The 
displacement of a dm element is finally defined through a "chain of transformations". 

Describing a structure through the product of a set of transformations is usefully general for a hel
icopter model since we can have: 

• Transformations with degrees of freedom such as blade flapping, 

• Transformations with several degrees of freedom such as the one that binds a blade ele
ment dm to the blade root, and depends on then basic blade deflections, 

ward flight, 
•Time dependant transformations, such as the rotor rotation or the cyclic pitch angle in for-

·Time dependant transformations can also have a degree of freedom, such as the rotor ro
tation in some applications, 

• Some of the transformations can have pseudo degrees of freedom and are defined here just 
to simulate the action of experimental strain gauges. They lead to local srresses. 

5 . 1 



111 Main frame I 

Zo 

\ 
' \ 

' ' ' ' ' \ 

Yr 

3/ Branching 
into n paths 

[T l>+Jl 

' ' ' \ 
\ 
\ 

\ 
\ 
\ 

' \ 
\ 
\ Yn 

\ 
\ 
\ 

[T,J 4/ 3D cantilevered 
flexible blade 

[T,] 121 Rotor rotation I 

Fi[ure I- Description of the studied structure 

3 -Notations 

• T is a transformation Illat defines how a reference frame behaves relative to another 

[ T] T is the translation associateD with T, 

[ T] R is the rotation matrix (3,3) associated with T, 

[ T] (Z) is the second column of the rotation matrix associated with T. 

• X is the list of degrees of freedom of one chain of transformations (relative to one blade) 

• Y is the list of degrees of freedom for the whole model; X = A ( t) · Y 

4- Equations for structural dvnamics 

The model is divided into elements dm which are not necessarily small, but assumed rigid. When
ever dm is a blade element, it is small along the span but is rigid and may be large chord wise. 

For each degree of freedom, a linearization of the position of the element dm is conducted up to 
the second order in order to write the Lagrange equation of the system. The problem of the large amplitude of 
the napping angle in forward flight is solved by linearizing around its large deflection, which thus needs to be 
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known. 

Several quantities relative tD the tranSfonnations arc to be defined: the set of tranSfonnations T; 
themselves, their derivatives versus the va;ious degrees of freedom q ;: 2T J2qj, 22 TJ2qj2q k and their de
rivatives versus time: dTJ dt, d2T;f dt• and d! dt. 2T;!2qj whenever necessary. 

A certJJ.in product ( U, V) between two tranSfonnations U and V has to be defined to take into 

account the mass properties of the elements dm upon which they act (mass, inertias and st.atic moments). 

Finally, A is the matrix for rransfonning the blade coordinates to multiblade coordinates and T 
stands for the general tranSfonnation that leads to the blade element dm: T = T 1 • T 2 • ... • T n· 

This being given, summing the equations derived for a dm element leads to the global equations 
which are written under the classical form: 

M mech. Y" + cB Mech + B Auo) . Y' + cK Mech + KAero) . y = F Mech + FAero 

With: 

B Mech = 2 ·A· 
2T d 2T 2T 2T , -

{(---)·A+(- -)·A}+A·D·A 2q, dt 2q 2q, 2q 

( 
d2T <PT 2T d2 2T 2T d 2T , 2T 2T ") 

( dt2 ' 2q2q) . A+ ( 2q' dt2 2q). A+ 2 . ( 2q' dt 2q) . A + ( 2q' 2q). A 

+A-UA +A·D·A' 

- d2T C!T 
F Mech = A· (-2' (Jq) 

dt 

D is a diagonal matrix that takes into account viscous damping of the degrees of freedom con
sidered. U is the stiffness expressed for these degrees of freedom. 

5- Equations (or aerodvnamics 

Aerodynamics are linearized around the local flow incidence. The aerodynamic forces arc as
sumed to remain perpendicular to the wind velocity during the vibration; they depend on the wind conditions 
at the fore quaner-chord. The work of the aerodynamic forces and moments is calculated for a virtual displace
ment of a blade element at the aerodynamic centre. In order to write the aerodynamic matrices obtained, some 
notations are defined in section 3. 

Then: 
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(1) F Aero = J A· ([~~J:c 
Blades 

KAero = f A· ([~~rc 
Blades 

+ f _ ([ rPT JT 
A . 2Jq2Jq Ac 

Blades 

B Aero 

In these formulas, the subscript "Ac" denotes a value taken at the aerodynamic centre, and lift and 
moment are assumed to be given by: 

and 

More complex aerodynamics can be treated. Neither 'damping' nor 'stiffness' terms are then used 
(which excludes direct stability calculations) and the aerodynamic efforts are directly introduced into the right 
hand side of L'"le equarions as in eq[ 1). Jrerarions are then performed in order to balance aerodynamics and dis
placement fields. 

Ol'.'ERA has developed a simple dynamic stall model [ref2] which can also be used. 'This stall 
model requires a more general input than the classical angle of anack. If w stands for the additional downward 

velocity imposed by the presence of the airfoil (a simple pitch implies w = -VS), we need to know: w, 

dw I dt, 2iw I (iy, and dl dt. 2iw I 2Jy. Expressions for these quantiries have been derived as general functions 
of the basic transformations, but are not reponed here. 

6- Structurelaerodvnamics coupline 

Only linear equations are directly obtained by the method. However, non-linearities are important 
in helicopter applications due to the inescapably large angles of anack found in certain regions of the rotor disk. 
The coupling with the non-linear terms is performed using an iterative technique named 'CI', which was de
veloped by OAT and TRAN [ref3). 

The iterations are straightforward: one starts with a cenain state of the model, which determines 
the value of the external non-linear forces. Applying these external forces determines a new response of the 
model and thus new external forces ... etc ... Of course, convergence does not occur if the external forces consist 
of the total aerodynamics. 

However, converge~ce is readily achieved if the linear aerodynamics (or bener: a cenain amount 
of them) are included in the model. The non-linear part of the aerodynamics only remains in the external field. 
which is then far less disrurbing. However. it should be mentioned that convergence difficulties may still appear 
if the moment is very non-linear at the blade tip and if the blade is flexible ... 
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7- Using the equations 

Several applications have been or will to be developed: 

• Stability calculations are performed in hover by looking at the eigen values of the equations 
which have constant coefficient once the multi blade coordinates are used. 

·Stability in forward flight will be analysed through a classical F1oquet method. 

• Advancing flight periodic response is obtained through the inversion of a matrix once the lin
earized equations are found. For a non linear calculation, iterations through the CI method yield the solution. 
Helicopter calculations often require to trim the model. At present, this trimming is performed in a loop outside 
the program, which much increase computation time. lt may be possible to incorporate trimming right into the 
CI iterations. 

• Direct time integration of the equations is also performed, which gives access to the transient 
response of the rotor to a gust or manoeuvres for example. 

• The linearized equations can be used as rotor transfer functions to be exponed to an accurate 
fuselage model for coupled fuselage/rotor calculations, something we intend to do. A simplified fuselage model 
(fuselage defined by its modes and static deflections) can already be Ul.ken into account in the code by projecting 
the fuselage basis on the first transformations used, consisting for example of three translations and three rota
tions at the hub centre. 

8- Testing the code 

The first tests of the program have been to reproduce the results of an earlier imposed geometry 
stability code (see for example [ref6]). 

Among many other tests, we can mention that the theoretical rotating frequencies of the LAU
RENSON model [ref4] are perfectly reproduced. This model consists of a rotating flexible blade mounted with 
pre-lag or pre-cone angles varying between 0 and 180 degrees. The frequencies were calculated by considering 
pre-lag or pre-cone either as a particular transformation or as pan of a 3D blade. Some non-linear calculations, 
taking into acwunt the geometry of blades bent by centrifugal forces, have reproduced the non-linear rotating 
finite element results of LAULUSA [ref5]. 

Numerous tests in stability have been successfuJJy performed so far. Fig[2) shows for example the 
stability of one configuration of an experimental model [ref7). The instability in hover was due to the out of 
the plane mass of the blade caused by an inenia ring added at the blade root for lowering its torsional frequency. 
The calculated frequencies and dam pings predict reasonably well the measurements perfonned in the wind tun
nel. 

Computation time 

For a typical application with quasi-steady aerodynamics, SUN4 workstations deliver all the hel
icopter modes in hover in I or 2 minutes and a rotor periodic response in 5 to 10 minutes. 

Applications with the dynamic slall model require one hour and the trimming of the helicopter 
multiplies computation time by a factor of 10 a< at present the procedure is external (it may be included into 
the code and will then save much time). 
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9 -Influence of unsteadv aerodvnamics 

The ONERA dynamic stall model modelizes aerodynamics with two differential equations: 

• A first order equation that calculates aerodynamic effons as if the airfoil were never 
stalled (the expression for moment is explicit). This pan of the model acts as THEODORSEN equations 
but can be applied to non-sinusoidal movements and to unsteadiness of the wind velocity, 

• A second order equation that calculates the additive effort due to stall. 

Both equations give unsteady effects that are interesting to analyse. 

Linear unsteadv aerodvnamics 

For stability calculations, the introduction of the linear unsteady aerodynamic moment stabilizes the 
torsional mode which the analytical codes often find unsteady. The effect is just sufficient for slender blades, 
but has been found to be very important on the very soft in torsion ROSOH rotor (torsion at 2.6Q) [refl3], a 
fact that may explain the stability of this rotor in the wind tunnel. 

The effect of the unsteadiness of "'ind velocity has been checked on •he 2m diameter rotor of the Mo
dane tests at the very high advance ratio !-! = 0.50 where it is maximum. 
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Fig 3 shows that the lift deficiency on the advancing blade occurs 15 degrees later and is much less pro
nounced. The experiment shows a much larger delay for this lift deficiency. This may also have another cause. 
The section at 0.92R is the only one available experimentally at~ = 0.50. 

Figure 3- Inftuence of linear unsteadv aerodvanmics 

(U = 0.50 and Crlcr = 0.075) 
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Figure4-Inftuenceofdvnamicstall (CT!cr- 0.145 and U- 0.30) 

Dvnamic stall 

The effect of dynamic stall is analyzed here on a highly loaded rotor (Cr/cr = 0.145) of the 
wind runnel test ofreflO. Calculations with and without the ONERA dynamic stall model are compared to ex
periment in fig4. 

Three main effects are to be found: 

• A lift deficiency at azimuth 30 degrees, due to the elastic response of the blade, itself due 
to badly predicted aerodynamic moments, 

·A stall delay at azimuth 180- 200 degrees, which correlates well with experiment, 

• A phase shift at azimuth 90 degrees, which follows the experimental trends. 
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The conclusion of the Modane ro10r tests [refl 0] is that dynamic stall effects become sensitive 
only at the highest loads. Experiments usually show that rotors can have much higher thrusts than predicted by 
quasi-steady calculations. This does not seem to result only from a larger stall delay due to rotation (which does 
not seem 10 be the case in fig4), but also from the fact that stalled region tends to give more lift than expected ... 

10- Sl Modane tests [ref]Ol 

The lith Modane wind tunnel test of June 91 is a large scale test of 4m diameter, 4-bladed heli
copter rotors in true flying conditions which allows us to examine in detail the possibilities of the code in its 
present state. We have concentrated our efforts on the rotor with rectangular blades tips. The data available con
cerns the aerodynamic local loads and the blade deformations [refll]. The experimental hub vibratory loads 
are not yet available. 

Blade loads 

Predicted blade loads always exhibit the same behaviour relative to experimenL This is illustrated 
by fig5 which corresponds 10 a cruising tlight at J1 = 0.40 with a load factor CTI cr = 0.075. The helicopter 
is trimmed and the control law is such that P. = e and ~ = 0. tJ c s s 

It can be seen that the calculated and measured blade loads agree well all along the blade, except 
for a delay in the lift deficiency of the advancing blade. Analysis finally shows that: 

• This delay would have been worse if quasi-steady aerodynamics had been used, 

• When the measured blade torsion [refll] (which cannot be predicted by 2D analysis) is 
inrroduced in the calculation, correlation greatly improves at azimuth 150 degrees. A lift bump still re
mains around azimuth 70 degr= ... 

• This bump seems rypical of von ex problems, especially at this azimutll where the oppo
site blade vonex happens to come almost parallel to the blade ... This is why an induced velocity field 
issued from a sophisticated induced velocity field (METAR from Eurocopter-France, ref12) had been 
used ... It reveals the existence of a vortex interaction at, but the outer quarter of the blade only and 20 
degrees later than expected. 

• At last, the non negligible measured lateral force may be related to this lift deficiency de
lay which may come from the fact that the expected control law was not exactly respected in the exper
iment but was assumed in the calculations. 

-6 M odane wind tunnel 
rotor test 
[re;JO] 

Figure 6- Rotor deformation. !d 
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Rotor deformation 

Fig6 shows t.'"le rotor deformation via the flapping angle, the torsion and the defonnation W at the 
blade tip, all quantities that were measured (ref! I]. As has already been mentioned. the blade torsion is not at 
all predicted, cenalnly because its excitation by the aerodynamic moment is not a 2D phenomenon. The flap
ping angle is at 1 D. and the blade deformation at 2D. both in the experiment and in the calculations. 

The blade deformation. a.'19 thus the blade stresses for further analysis, is very sensitive to the cal
culation hypothesis. As for the C z · M- curves, the calculated value are found to be shifted from the experi
ment (in addition to some underestimation). Analysis gives the same conclusions: 

• The shift would have been worse if quasi-Steady aerodynamics had been used, 

• The use of the measured torsion in the calculation improves all the rotor deformations. 
Fiapping becomes excellent. 
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Hub vibratorv loads 

Introducing into the program pseudo degrees of freedom to simulate the action of strain gauges 
gives access to local strain. Fig7 shows the vertical and lateral forces obtained at 4Q and the in-plane moment 
at 3Q. Experimental values are not yet available. Fig6 corresponds to an evolution in cruising speed at a con
stant Cy/0 = 0.075. 

Rotor rrim and power 

Rotor trim and power are reported here through the evolution in advance ratio Jl at COnstant 
Cy/0 = 0.075. Calculated and measured values of power, a . and blade pitch are shown in fig7. Although 
differences can be seen, all the trends are very good.lt appears qthat for an unknown reason the experiment is 
obliged to put a lateral force through 8 whereas the application of the control law in the calculation prevents 

c 
such a lateral force ... The 10% precision on power was first explained by the sensitivity to blade tip aerody-
namics, and it has later been found that the use of a METAR [refl2] induced velocity brought a large increase 
in power. .. METAR is not yet fully implemented in the code. 

We can mention here that the introduction of the dynamic stall model does not change the rotor 
trim. 

11 - Future developments 

At the moment, our code is not ready to work with transformations that are not simple translations 
. or rotations up to the blade rooL Using more general intermediate transformations should permit the introduc
tion of complex pitch link geometry, or take into account the behaviour of a flexible blade root arm such as at 
the root of a BM:R, provided that the different transformation derivatives [section 3] can be written. 

A precise prescribed wake induced velocity is to be used too (METAR algorithm from Eurocopter 
France). Due to the possibilities of the code for stability, it is planned to search for the feasibility of taking into 
account a dynamic wake . 

. A study of the rotor/fuselage vibration coupling is to be done where an accurate finite clement de
scription of the fuselage will be coupled with the rotor equations. 'This study will aim at determining the min
imum characteristics that have to be kept for both the rotor and the fuselage in order for the coupling to be 
meaningful. 

Some calculations with complex CFD aerodynamics will be undertaken. A coupling with the 3D 
dynamic stall model of COSTES [refS, 9) is to be completed by the end of the year. 

12 -Conclusions 

ONERA has now a set of research codes which is well adapted to helicopter applications and very 
open to extensions. It is numerically well validated. The helicopter equations obtained are ready to be used for 
further applications. 

Correlation with the are very satisfactory both on the experimental and calculation point of view. 
The difficulties that have been encountered have been explained. Some h::x:>thesis need to be improved for a 
better fiL More complex induced flow fields have to be used and a good aerodynamic moment needs be intro
duced ... This last point will require a heavy coupling with CFD calculations ... 
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