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1 Abstract

A modular approach for the numerical simulation of the aeroelastic behaviour of a multi-bladed helicopter rotor
in forward flight is presented. For this purpose a new dynamic finite element model of the beam-like blade
structure, DYNROT, is coupled with a three-dimensional finite volume Euler solver for unsteady compressible
flows, INrOT.

The Euler solver uses third order upwind discretization in the computational space for the convective
terms and is second order accurate in time by using three point backward differences. Arbitrary, relative blade
motion in the rotor reference system is enabled due to Chimera technique.

The dynamic behaviour of the various blades is simulated by a quasi one-dimensional Finite Element
Method (FEM) using Timoshenko’s beam theory. The dynamic blade model comprises calculation of coupled
flap lag motion as well as coupled flap torsion. Blade deflections are directly solved in time by integrating the
second order linear system of differential equations with the generalized-c algorithm.

The solution of the surface coupled two-field problem is found by the use of a staggered time-marching
procedure. This procedure together with geametric conservative deformation of grids guarantees the high order
accuracy of the overall method.

This new approach for simulation of blade dynamics is validated on experimental data achieved in flight
tests with a HUGHES-500 helicopter. Additionally it is compared with another method to describe the blade
deformation, SIMPACK, which is based upon modal synthesis of the first natural modes of an Euler-Bernoulli
beam model.

2 Introduction

The introduction of hingeless rotor blades to the helicopter has lead to improvements in important
areas. The weight of the main rotor was reduced as well as its mechanical complexity leading to a
decrease in maintenance expenditures and lower operational costs. Drawback was a risen vibration
level due to momentum afflicted blade connection of hingeless blades. Vibration is considered a severe
disadvantage with respect to passenger comfort and fatigue failure. This phenomenon is strongly
determined by the aeroelastic interaction of the blade structure and the surrounding compressible,
viscous flow.

In course of the development of suitable countermeasures, their efficiency within this interactive
environment is examined with numerical simulation methods. Since the involved mechanisms take
place in rather small scales referred to blade-length the correctness and reliability of results are highly
dependent on the local accuracy of the applied simulation methods.

Modern aerodynamic methods inherently provide the demanded local accuracy but dependent
on the underlying model equations, they are neglecting important physical properties of the rotor
flow, which is charactarized by high instationarity, compressibility as well as viscosity. Today’s Euler
methods for inviscid rotor flows are widely used for simulation purposes and Navier-Stokes methods
are under development.

The dynamic behaviour of rotor blades can be calculated with multiple rigid-body systems,
finite beam elements, as well as shell elernents and fully three dimensional finite elements. Nevertheless,
a rotor blade can be regarded as a slender body, so that a beam-like representation serves as a
sufficiently accurate simulation basis.
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Recent research dealing with fluid-structure-coupling emphasises the importance of the fact that
both, aerodynamic and structural model have to be thoroughly in tune with each other with, respect
to spatial and time-wise discretization in order to simulate the observed aeroelastic phenomena.

3 Applied Solution Methods
3.1 Structure Dynamics
Physical Structure Model

The dynamic blade deformation is analyzed with the structure model DYNROT, which is based on a
quasi one-dimensional finite element representation of a beam-like structure using Timoshenko’s beam
theory. In difference to Euler’s beam theory, where cross-sections of the beam keep a perpendicular
orientation to the bending axis, Timoshenko introduced shear deformation, thus allowing for an an-
gle between tangential bending and cross-sectional normal direction. This model also accounts for
rotational inertia.

Within the cross-section, tension centre [T] or shear centre [S] must not necessarily coincide with
the centre of gravity [G]. Thus torsion and bending as well as axial strain and bending deformations
are structure-sidedly coupled. Beyond that, the aerodynamic centre, i.e. the quarter chord line [Q],
may have an offset to the other axes, thus allowing an aerodymamic coupling of the torsional and
bending degrees of freedom.

The resulting differential equation for deflection of a simple fixed beam is of hyperbolic type,
describing the transport of wave energy within the beam in a physically correct manmer. Additionally,
normal dispersion of wave velocities is ascertained [17] by Timoshenko’s model.

The governing system of equations for the rotating beam was derived in the following way. The
physical representation of the quasi one-dimensional beam is built up from infinitesimal thin cross-
sectional layers. The deflection of each rigid slice is now formulated for its centre of gravity, relative
to the undeformed centre of gravity line of the beam. The deflection is described by three rotational
degrees of freedom and three translational degrees of freedom (Figure 1), subsumed in vector ¢ and
vector u.
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Figure 1: Finite element model of the rotor blade

Having a vector from the origin of the non-rotating reference frame [N] to the location of the
centre of gravity [G'] in the deformed state of the beam, the corresponding velocities can be derived.
With those entities, kinetic and potential energy of the cross-section can be formulated as length-
related energy density functions in coordinates of the rotating reference system [R]. The energy terms
can be further divided in translational and rotational kinetic energy and in elastic and gravitational
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potential energy.

1 .1 . T
I=ex—ep = 5 (pAut + wOW + BAL, +v Gy + " TP + N°(p1 + ¢3)) + phug,, (1)
© means the matrix of rotational inertias, G the matrix of shear stiffnesses and T the matrix of
bending and polar stiffnesses. With

g = iy — (2gT 01)” + (TeT P3) 2)

the spatial derivative () of the axial strain deformation in the tension centre is yielded as a function
of the DOF’s. zgyr and zgr are the distances between [G] and [T}. Timoshenko’s theory delivers the
shear angles as follows, with zgs and zgs as offsets of [S] from [G]:

Y =11 + 3 + (zgs p2)
13 =tz — @1 — (Tgs p2) (3)

Dissipative energy is neglected in the first place but will be introduced later on by the mass
and stiffness proportional Rayleigh-damping. Finally, N? represents the centrifugal force at the cross-
section, which increases the elastic stiffiness of the beam and causes an additional energy term in case
of a rotating beam.

The complete Lagrange density function is obtained in dependence of time, radial position and

generalized DOF’s g = {u, ¢)¥ = f(y,t), which are themselves a function of time and location along
the beam axis

l=f(y,t,4,4,q) (4)

Assumed that the functional dependency of radial position is know, integration over beam
length can be carried out for the Lagrange density so that the Lagrange function L is yielded. Further,
nonconservative loads such as distributed aerodynamic forces acting on the system are written as
virtual work. By Hamilton’s principle the variation calculus of the time integral can be executed

te te
51:5[ LDt+f5ADt=O ®)
=ty t=ig

so that the inhomogeneous system of differential is obtained:
ae 5o =F (6)

Numerical Method

The previous formulation for the displacements is continuous in time and (1D) space. Only some rare
problems can be fed into an analytical solution. For most arbitrary cases, solutions have to be found
approximatively. Therefore the time and space dependent functions for the displacements are noted
in a separation formulation as sum over finite elements

el

gy, t) ~ > (h(y)ad()a + h{y)B d(t)5), (7)

n=1

where h(y) is only dependent on space and §(t) is only dependent on time. The nodal functions § serve
as weighting functions for the normed form functions h and deliver the absolute amount of deformation
at the element nodes. The functions A determine the form or devolution of the displacement within the
element. These spatial functions were chosen linear over the element although there are proposals for
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higher order Timoshenko beam elements [23, 7]. Since the fine spatial discretization of the aerodynamic
grid will be used for the structure as well, linear functions turned out to be sufficiently accurate for the
discussed problem. The negative side effect of shear locking is circumvented by reduced integration.

The finite element formulation is now introduced into the Lagrange density function. After
spatial integration over the beam axis variation is performed for the whole equation. Thus leading to
a linear system of ordinary differential equations

MQ+DQ+KQ 2G+Frot+F+Mcéc+DCQ'c+KCQC = FRHS (8)

M€, D and K€ are the coefficient matrices of the forced DOF movements, whereas Qc, Qc and
Q° are the accompanying column vectors of the time dependent constraints. Through such constraints
cyclic and collective pitch as well as pre-cone and pre-lag are introduced.

This ODE-system is integrated in time by a generalized-o method presented by Chung and
Hulbert [4]. This algorithm provides an optimal combination of high frequency and low frequency
dissipation. If is implicit, unconditionally stable and of second-order accuracy. By appropriate choice
of the underlying parameters it can be transfered into other a-methods like the Hilber-Hughes-Taylor
or the Newmark algorithm. It can be further degraded with respect to frequency damping and phase
error characteristics into the midpoint rule which still is second-order time-accurate.

3.2 Rotary Wing Aerodynammics
Physical Fluid Model

The three-dimensional, unsteady Euler equations are used to analyse the flow field around the heli-
copter rotor. They are formulated in a hub attached, non inertial rotating frame of reference with
explicit contributions of centrifugal and Coriolis forces.

The computational grid of a rotor blade is supposed to have an arbitrary motion relative to the
rotating frame of reference. This is due to the cyclic pitch control as well as to the actual blade degrees

of freedom. Thus, the FEuler equations are formmulated using time invariant body fitted coordinates
[2, 21]:

8¢ Be 8f g

or Yot T oy Tac T F ®)
This so-called arbitrary Lagrangian-Fulerian (ALE) formulation allows each grid point to move with
a distinct velocity in physical space, relative to the rotating reference system. The vector of the
conservative variables, multiplied by the cell volume, is given by

p=V- (pa pu, pv—ap"'-ﬁsé) (10)

Here the velocity and energy are given in terms of absolute quantities. Krdmer [14] showed that using
absolute quantities obviates systematic numerical errors and therefore preserves uniform flow when
using a rotating frame of reference. The flux vector components of e, f, and g as well as the force
vector k can be found in [21, 25].

For the finite volume cell-centred scheme, the flow variables are assumed to be constant within
the cell. Since their values undergo a variation throughout the flow field, discontinuities arise at the
cell boundaries. The evalugtion of the fluxes at the cell faces is done by an approximate Riemann
solver developed by Eberle [6]. The uniformly high order non-oscillatory {(UNQO) scheme [10] is used
for the spatial discretization.

Geometric Conservation Law

Several sources [22], [5], {26], [15] point out, that the five conservation equations for mass, moment and
energy on a moving grid does not automatically lead to a consistent approximation of the fluid flow,
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because another numerical scheme — the “geometric conservation law” (GCL) — may not be fulfilled.
This additional condition was incorporated in INROT by Hierholz [12], [11]. It is the conservation
equation for the cell volume and states, that the volume change per time must equal the volume flux
due to the moving cell boundaries. In time invariant body fitted coordinates it reads

oV Buy  Ov,  Owy
Here, V means the cell volume and vy = (uy, vy, w,)¥ the grid velocity.

Since the cell volumes V' are known geometric values, solely the grid velocities are the remaining
entities to fulfill the GCL. Now it becomes clear, that the simple choice of grid deformation velocities
which stem from external structure mechanic models might not determine the cell face velocities in a
satisfying manner. But even these velocities can be obtained in a theoretically justified way if they
are constructed with the known grid point positions at the actual and some former time steps.

‘Wake Capturing with Chimera Technique

The comprehensive simulation of multi-bladed rotors in forward flight has to take into account the
reciprocal influence of the blades. The various blades affect themselves through their wakes, generated
when lift is produced. Especially in flight situations with little down-wash like low-speed level flight
or descend flight the rotor blades strongly interact with their own wake system. In such cases the
distinct vortices of the flow field have to be resolved.

Omne possible approach is to implicitly capture the wake of a helicopter rotor by use of a
sufficiently large computational domain which is able to resolve and transport the complete wake
without further modelling. A separate grid is wrapped around each rotor blade. The individual blade
grids are placed inside a base grid which covers the entire computational domain. The embedded grids
exchange information at their boundaries with the base grid and hence with each other. Figure 2 shows
the grid configuration of a five-bladed Hughes 500 helicopter rotor.

Figure 2: Chimera grids

The Chimera technique was incorporated in the flow solver INROT by Stangl [21]. Due to the
large number of grid-points the computing time increases accordingly. Furthermore, additional time is
needed for the search of transfer cells in the various grids. In order to minimize the required computing
time, INROT was parallelized for shared memory architectures [25]. Each of the grids shown in Figure 2
is assigned to a processor. In order to achieve a good load balancing the base grid is divided into
separate blocks, each with approximately the same number of grid points as the blade grids.
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4 Fluid Structure Coupling

In very simple and small-scale structural problems the coupled system can be solved in a way that
combines the fluid and structural equations of motion into one single formulation. This monolithic
set of differential equations describes the fully coupled fluid structure system as a unity. However, we
have to deal with the nonlinear Euler equations. The governing equations for the structure may be
linear or non linear. It has been pointed out in [15] that the simultaneous solution of these equations
by a monolithic scheme is in general computationally challenging, mathematically suboptimal and
from the point of software development unmanageable.

Alternatively, the fluid structure coupling can be accomplished by partitioned procedures [3],
(8], [15], [18]-[20], [24]. The fluid and structure partitions are processed by different programs with
interactions only due to external input of boundary conditions, provided at synchronisation points.
In the meantime the fluid and the structure evolves independently, each one of them using the most
appropriate solution technique. This approach offers several appealing features, including the ability
to use well-established sclution methods within each discipline, simplification of software development
efforts, and preservation of software modularity.

The exchange of boundary conditions — surface forces to the structural code and blade motion
to the fluid solver — is best done consistent within the Integration schemes used. Therefore, integrating
from time level t* to "+, the iroplicit flow solver INROT is provided with boundary conditions at
time level $"+1. The implicit dynamic solver DYNROT obtains exchange data from time level "+ as
well, but updates the structure consistently with a half time-step positive offset from #"t1/2 to P +3/2,
This is done by applying the above mentioned time integration method transforming it by appropriate
parameter choice into the midpoint rule. An advantage of the midpoint rule is, that it allows the
consistent construction, and not just the extrapolation of the structure displacement g at "' with
the structure state Q@ = (g, §)T at t7+1/2

At )
qn.+3/2 - qn+1/2 + -—‘2—((]“-1-1/2 +qn+3/2) (12)
- qn+3/2 _ % qn-;-s/z — qn+1 /2 + %E ‘-Jn+1/2 = qn-i—l

Piperno proved in [19] that the inconsistent treatment of boundary conditions reduces the accu-
racy of the coupled system and eventually deteriorates the stability limit. Following his methodology
Hierholz showed in [11] that 2nd order accuracy in time is maintained for the complete aeroelastic
method using the depicted implicit-implicit staggered procedure.

n-1 n nl
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Figure 3: Implicit-implicit partitioned procedure
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5 Results
5.1 Validation of Structure Method

The structure model was validated on numerous test cases. One shail be presented here, which is
especially suited for rotor blade calculations. This test case described by Harris [9] gives an analytical
function for the rotor flap bending deflection at realistic forward flight conditions and satisfies the
boundary conditions of a pinned free beam. It is dependent on the azimuthal position of the blade
and the radial position on the blade. This function is inserted in the governing differential equation for
flap-wise bending of a rotating beam (e.g. see [13]) and the correlated aerodynamic force distribution
is analytically derived.

Equivalently, the deflection function can be inserted into the differential equation for lag-wise
bending [13]:

i i1 < -
pAiy + Elzzt; — EpAw2(R2 — 4y + pAPyly — pAwtul = py (13)

As the given function for the blade deflection represents a pinned free beam, Coriolis forces
would agitate rigid body motion about the lag hinge during simulation. Thus, as the numerical
solution evolves during the calculation, it would be no longer comparable to the analytical solution.
Therefore an analogous function was built up in order to conform with the boundary conditions of
a fixed free beam. This was done by simply dropping the first order radial terms of the amplitude
functions of the harmonic series given by Harris, obtaining:

Uy _ Y

= cos(0¢) (—;;—15— Y+ ;5— Y- % Yl2)

+ cos(1) (‘i‘% YS — :1% Yo+ —1%2- Y"') + sin(14)) (“11_5 Y5 4+ % v _ %Y'F)
+cos(29) (—% Y7+ 5151’8 - é%yg) +sin(29) (+41—0 Y5 ;_Oye + 81_41,7)

+ cos(3 ) (—%ylo " éyn _ %Yzz) +sin(3) (_‘_31_2 V8 _ éyg + %Ylﬂ)

+ cos{4 ¢) <_§;_6 vy ng yi2 .. % Y13) (14)

Of course this test case is no longer related to real experiments but serves the purpose of
verifying the inplane calculations of the structure code quite well. In consequence the derived analytic
function of the resulting external load p; for the lagging-case is not a representation of any physical
aerodynamic load either.

The underlying differential equations for lag bending and flap bending are based on an Euler
beam. Otherwise the presented FEM falls back upon Timoshenko’s beam theory. But the blade can
be considered as slender so that the differences between both models are expected to be minimal in
this case. Figures 4 and 5 confirm that assumption and further prove the accuracy of the structural
model.

5.2 Hughes 500: Simulation versus Flight Test

A fully coupled aeroelastic simulation with both methods exchanging the determining boundary con-
ditions at their common physical border, the blade surface, was compared against flight test results.
These were gained by Lindert and described in [16]. In particular two measurements on the Hughes
500 helicopter were chosen for comparison: a hover flight and a 100kt forward flight.
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Figure 4: Analytical and numerical flap deflec- Figure 5: Analytical and numerical lag deflec-
tion tion

For this aeroelastic simulation the isolated rotor was considered fixed in space similar to a2 wind
tunnel situation. The five-bladed Chimera grid system, depicted in figure 2, was used. 49 exchange
points were used along thecentre of gravity line [G] of the blade matching the grid point distribution
as well as the position of the structure nodes. Thus, any interpolation of boundary conditions was
avoided.

The structure model was set up accounting for the special hinge construction of the Hughes
500 rotor. Here the main rotor blades are connected to the rotor hub by a ball joint. Strap packs
carry the centrifugal forces at the hinge, give the necessary high bending stiffness in lag direction and
allow an unconfined flap movement. The blade has a rectangular shape and is equipped with a NACA
0015 profile of 0.18m chord length. It is linear twisted by —9° and has an overall length of 3.5m. The
relevant parameter of both flight states are summarized in the following table:

hover forward flight
rotor radius im] 4.05 4.05
rotational speed frad/s] | 51.836 51.836
helicopter velocity (k] 0 100
rotor advance ratio -] 0 0.25
speed of sound [m/s] 3404 340.4
rotor shaft angle [°] 0 -4.0

Table 1: Parameter of both test cases

Measurements during this test campaign comprised flap angle § about the hinge but no contrel
angles for collective and cyclic pitch. Therefore these had to be determined by a trim calculation,
trimming for the observed flap angle. For the hover case the collective pitch angle has been used as
trim parameter, to obtain a flap angle matching with the measured one. In case of the forward flight
the triple of collective and both cyclic pitch angles has been trimmed to meet the measured flap angle
considered approximately harmonic. The yielded values have been listed in table 2.

In the following the numerical simulations were confronted with the measurements. Addition-
ally the results obtained with the previously described FEM DYNROT are compared with results which
were delivered by Hierholz [12] who used the structure code SIMPACK. The latter method is based
upon a multi-body-method where the dynamic system is composed of single rigid or elastic bodies,
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hover forward flight
Fo [°] 7.3 8.33
e [°] 0.0 1.17
i °] 0.0 —7.31

Table 2: Trimmed control angles

which are connected via joints. A modal formulation is used for the bending degrees of freedom of the
blade which is approximated by a Euler-Bernoulli beam. The DOF’s are structure-wise decoupled and
torsion is neglected. For lag motion and flap motion the three first elastic modes are used. The rigid
body motion about the flap hinge is represented by an additional rigid body mode. The linear system
of ODEs is integrated in time by the Newton Method which is explicit and of first order accuracy.

5.2.1 Hover

For the hover test case the span-wise load distribution is presented in figure 6 and the elastic flap
deformation is depicted in figure 7. Both are in pretty good agreement with the flight test measure-
ments if one bears in mind, that first during a hover flight in opposite to a wind tunel situation a true
steady flight condition can not be attained. Therefore the measurement data has been averaged over
the azimuth. Second, air loads have not been gained by recording pressure values. Instead absolute
forces have been reconstructed out of measured structural deformation and distributed loads have
been derived under the assumption of piece-wise constant loads.

1500 simulation, DYNRGT 0.001 : e
1400 - — — — simulation, SIMPACK E <imulation DYRROT -
1300 ®  fiighttestdata 00005 E _ _ _ _ simulation SIMPACK -
1200 £.0008 E <4 flighttest, W-avernged
1100 0.0007 |-
1000 E
T 900 £.0006 ;Z
£ 800 o 0.0005
T 700 B £
e ¥ o.ocoa
L s00 3
500 £.0003 |
400 0.0002 |-
300 -
200 - 0.6001 5
100 ok
P SIPTES EFUFUUSITIL EUSEIS RIS RO | o e et B
° 0.2 0.4 0.6 0.8 1 -0.0001§ ‘ = o = ]
/R HR
Figure 6: Distributed loads in hover Figure 7: Flap bending deformation in hover

The flap deflection is slightly better represented by the DYNROT calculations. This is due to the
included torsional degrees of freedom. A negative torsional moment which is caused by the dynamics
of the rotating blade reduces the incidence angle along the blade thus reducing the lift forces especially
at the outer diameters and allowing the centrifugal forces to curve the blade a little more.

5.2.2 Forward Flight

For the 100kt forward flight some elastic deformations of flap bending at various azimuth angles can be
found in figure 8. Speaking of the elastic deformation a congruence of curvatures with flight test data
could not be totally fulfilled. But the results obtained with DYNROT are better than those obtained
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with SIMPACK. This is again related to the torsional degrees of freedom. Especially the form of the
bending curve towards the blade tip at ¥ = 315° proves that fact, although the line is quantitatively
seen quite far away from the measurement values.

Stmpack 45%
——— Dynotas*
Flight 45°
0004 = T gimpeck 3m
[~ — = D 11315°
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=ty 57 RN
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-0.003 - ! ! ] 1 L L 1 | i | 1 L L 1 1
0.093 5 0.2 0.4 0.6 0.6 1
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Figure 8: Flap bending deformation in forward flight

Generally, a direct comparison of isolated rotor simulation and flight test data for forward
flight has to be handled with utmost care. First, a flight test does not guarantee a precise and well
defined test environment as a wind tunnel does. Second, isolated rotor simulations neglect all occurring
interaction of rotor flow with the fuselage and tail boom situated underneath.

Some other reasons concern this special test case. On the one hand the rotor shaft angle has not
been measured during the flight test. Thus, a more or less reasonable value of —4° had to be estimated.
On the other hand the structure model has not been described precisely enough with respect to elastic
properties of the blade like moments of inertia and offsets between the relevant axises. Furthermore,
eigenfrequencies have only been given for flap bending but not for torsion or lag bending mode shapes.
Here some assumptions had to be made as well, in order to construct a consistent structure model.
"The used properties are presented in table 3.

density p [kg/m?] | 2787.0
sectional area A [m®] 12.3-107*
Young’s modulus E [N/m?] | 7.31.10"
shear modulus G [N/m?*] | 2.50- 1010
flap moment of inertia I [Nm?] 5.50 - 10~%
polar moment of inertia I; [Nm?] 2.68-10~°
lag moment of inertia I, [Nm?] 2.62-10°
axis distances from [Q] G, Tg, TT [m] 0.0

Table 3: Structural properties
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6 Conclusions

We presented a simulation method for the aeroelastic analysis of helicopter rotors. It allows to solve
the highly demanding task of coupled aeroelastic calculation for any complex layout of multi-bladed
helicopter rotors with arbitrary relative blade motion in a transonic, uusteady aerodynamic environ-
ment. A highly modular, partitioned approach could be realized using a time-marching staggered
coupling scheme.

For the structure dynamics a FEM for a quasi one-dimensional beam based on the Timo-
shenko’s beam theory has been developed for rotating applications. This method is especially suited
for aeroelastic calculations, because it offers the possibility to introduce offsets between the aeroelas-
tically relevant axises. Furthermore it enables appropriate control input at arbitrary hinge positions.
The underlying ODEs are integrated directly in time by an implicit method of second order.

The fluid domain is described by the Euler equations in an ALE formulation. A finite volume
upwind flow solver is used to solve the equations numerically. Inside the aerodynamic computation
relative blade motion is gathered with the incorporated chimera technique. With an efficient and
robust algebraic three dimensional grid deformation algorithm the elastic deformation of the blades
was tracked inside the fluid domain.

Calculations of the aeroelastic behaviour of the five-bladed Hughes 500 rotor in hover and
100kt forward flight were shown. These included flap bending, lag bending and elastic blade torsion.
The results were compared with flight test data and a second coupled method. The importance of
including the torsional degrees of freedom has been clearly shown. Excellent agreement of calculation
with presented method and the flight test experiments could be shown for hover.

Although the forward flight comparisons have to be carried out with caution, they show a good
qualitative and quantitative accordance with the experiment. Finally it has to be pointed out that a
most comprehensive descriptions of the structure as it is offered by this new method is superior to a
less refined method.
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