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Abstract

An active aeroelastic and aeroacoustic analysis of helicopter rotor systems is presented in this paper. It is a tightly
coupled computational aeroelastic code that interfaces a particle-wake panel method code with an active nonlinear
mixed variational intrinsic beam element code. In addition, a Ffowcs-Williams—Hawkings equation-based acoustic
component is incorporated to complete the numerical implementation. The theory behind each component is
summarized here as well as the method for coupling the aerodynamic and structural components. Sample acoustic and
aeroelastic results are given for different model-scale rotors. Comparisons with available (passive) results show very
good agreement. Preliminary study with an active twist rotor is also shown.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Although rotorcraft provide a means for completing unique missions due to their maneuverability, their use is
currently restricted due to their substantial noise and vibration. The vibration and noise produces restrictions due to
passenger and pilot comfort, fatigue, and effect on the surrounding environment.

In an effort to alleviate some of the limitations due to noise and vibration, the helicopter community has embarked
on several research programs to understand the mechanisms that produce these disturbances and investigate methods to
address them [e.g., Kube et al. (1994); Splettstoesser et al. (1993)]. One of the major causes of rotorcraft noise and
vibration is the unsteady aerodynamic environment the rotor creates and aeroelastic interaction between the rotor
blades and this environment.

With the introduction of smart materials, new noise and vibration control concepts have been recently pursued.
Several notable smart material individual blade control (IBC) concepts have emerged, particularly trailing-edge flap and
integral twist actuation. Trailing-edge flap actuation involves the use of smart materials to deflect a trailing edge flap at
the outer portion of the blade [e.g., Prechtl and Hall (2000)]. Integral twist actuation uses layers of active
piezocomposite material embedded in the blade to cause twist deformation along its length [e.g., Cesnik et al. (1999)].
Another interesting actuation mechanism that has been proposed in the literature is the smart-spring root actuation
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that dynamically modifies the boundary condition at the root by changing its impedance [e.g., Zimcik et al. (2002)]. The
common technique of all of these concepts is the use of smart materials to actively control each blade to alter its
aeroelastic response to the surrounding unsteady aerodynamic environment in the rotating frame.

In support of this work, there is a need for rotorcraft analysis codes that are capable of accurately modelling the
unsteady aerodynamic environment that the rotor blades are subject to and capturing the structural response of the
rotor blades within a proper aeroelastic framework. In addition, the ideal code would have the capability to model
smart material IBC concepts and have a component capable of providing acoustic results for noise reduction studies.

The broad objective of the current work is to develop an active aeroelastic acroacoustic rotorcraft code to study noise
and vibration. The aerodynamic component is a high-resolution unsteady panel method with a particle-wake model.
Data from the aerodynamic component are used to obtain acoustic results. The structural component is a nonlinear
beam element model of the rotor blades based on a mixed variational intrinsic formulation, which incorporates the
effects of embedded piezoelectric actuators. Together, these components form a tightly coupled aeroelastic code in the
time domain.

This paper focuses on the development of the aeroelastic aeroacoustic code, describing the aerodynamic and
structural solvers and their coupling, as well as the acoustic component. Example acoustic results are presented for a
model rotor with rigid blades. Aeroelastic results are presented for passive and active model rotors.

2. Aerodynamic component

Computational modelling of rotorcraft aerodynamics is a unique and challenging problem. To properly model a
rotorcraft, the interaction between several bodies must be captured. In addition, the influence of the wake must be
accounted for as it has strong influence on the aecrodynamics of the rotor. These factors combine to make rotorcraft
modelling a difficult and computationally expensive task. Accurate modelling of rotorcraft aerodynamics is essential for
research and development in several disciplines. Structural dynamic and aeroelastic analysis of rotor blades requires an
aerodynamic model capable of accurately predicting loads to determine the interaction between the structure and
aerodynamics. Investigation of methods for active and passive control for vibration and noise reduction also requires
accurate aerodynamic models to accurately predict the aeroelastic response.

Grid-based computational fluids dynamics (CFD) codes have been used with relative success to model rotorcraft
aerodynamics [e.g., Strawn and Djomehri (2001); Beamier (2000); Pahlke and Chelli (2000)]. While CFD has the
potential to eventually provide very detailed aerodynamic calculations, it often has difficulty in capturing wake effects.
In addition, CFD is generally too computationally expensive to closely couple with analyses for studies such as
aeroelasticity and aeroacoustics. An alternative approach is to use a panel method or lifting-line model coupled with a
vortex-wake model for aerodynamic modelling (Ahmed and Vidjaja, 1994; Wachspress et al., 2000; Johnson, 1998).
These methods have been shown to accurately model the aerodynamics of a rotor in a variety of flight situations with
computational costs that are orders of magnitude less than CFD (Leishman, 2000).

The GENeral Unsteady Vortex Particle (GENUVP) code was developed at the National Technical University of
Athens (NTUA) (Voutsinas, 1990; Voutsinas et al., 1995; Voutsinas and Triantos, 1999a). GENUVP is a panel method
code with a vortex particle-wake model for calculating the flowfield around multi-component configurations. Through
collaboration with NTUA, GENUVP was modified at Carleton University for use as the aerodynamic component of
the present work.

The core theory of GENUVP is the use of the Helmholtz decomposition theorem through which the influence of solid
bodies such as rotor blades, fuselage, and stabilizers is captured along with the influence of the wake.

Consider the unsteady flow of an incompressible and inviscid fluid around a multi-component configuration. The
bodies are allowed to move independently, a necessary feature for helicopter configurations. Let u(x;?), xeD, =0
denotes the velocity of the fluid where D is the flowfield. Then according to the Helmholtz decomposition theorem, u
can be split into two parts: irrotational and rotational. Usually the presence of solid boundaries is included in the
irrotational part, ug.;q Whereas the wakes are included in the rotational part, uyaie. Thus,

U(X; ) = Uex((X; 1) + Usolid (X; 1) + Upake(X; 7), Q)

where u.,, denotes a given external field possibly varying in space and time. Green’s theorem provides the means to
express Ugojiq through surface singularity distributions suggesting the use of a panel method in approximating this term.
As for uy,., the Biot—Savart law gives,

wo(x;1) X (xg — X
uwake(XO; t) = / L(O;) dD> (2)
D, 4m|Xo — X|
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where D, (f) denotes the support of vorticity. From Eq. (2), the use of vortex methods (VMs) in approximating uy,e is
derived. Accordingly, this (decomposition) Eq. (1) combines a panel method with VMs as a suitable numerical model.
The two parts in Eq. (1) must be linked to each other through coupling conditions, which feed uy.xe With vorticity
continuously in time.

2.1. Panel method—uggjiq

Following Hess (1972), an indirect panel method is used for modelling solid bodies in GENUVP. In GENUVP,
lifting bodies, i.e., the rotor blades or stabilizers, can be modelled as either thin or thick lifting bodies. Thin lifting
bodies are modelled using dipole distributions and thick lifting bodies are modelled using a combination of dipole and
source distributions. For the current work, thin lifting bodies were used for modelling the rotor blades. In GENUVP,
trailing and tip edge wake strips are emitted at every time step—referred to as the near wake. Matching the strength of
each wake element with the strength of the adjacent emitting dipole element (i.e., trailing or tip edge) on the blade
enforces the zero pressure jump Kutta condition.

Nonlifting bodies can also be modelled in GENUVP using source distributions to model the body geometry. In this
way, the effects of a fuselage on the rotor inflow can also be modelled.

2.2. Vortex particle methods—uy,xe

It is well established that the wake has a large influence on the aerodynamics of rotorcraft (Leishman, 2000). As such,
an accurate wake model is essential for rotorcraft aerodynamic model. Following Rehbach (1973), a vortex blob
approach was taken to model the far-field wake in GENUVP. With this approach, a cloud of vortex particles, each one
associated with vector quantities, namely, intensity, velocity, and position, represents the wake. The evolution of the
vortex particle wake is carried out using a Lagrangian description that accounts for the stretching of vorticity.
Modelling of vortex stretching allows the vortex particle wake to capture the effects of wake deformation. The induced
velocity due to each vortex particle is determined with a smoothed approximation of the Biot—Savart law given by Beale
and Majda (1985).

2.3. Near to far-field coupling scheme

After the panel method calculations of a given time step, the near-wake strip elements are transformed into vortex
particles and become part of the far wake. This is done by integrating the vorticity of each near-wake dipole element to
form a vortex particle (Voutsinas, 1990). The new vortex particles become a part of the far wake, which evolves prior to
the next time step. Refer to Fig. 1 for a schematic of the vortex blob generation process.

2.4. Reduction of computational cost

For code effectiveness, computational cost must be kept to a minimum. Two schemes were introduced into
GENUYVP to reduce the code’s computational cost—subgrid and particle-mesh (PM) approximations (Voutsinas and
Triantos, 1999a).

Subgrid approximations were implemented to help reduce the cost of the panel method calculations. As pointed out
by Hess and Smith (1968), exact integral evaluations are necessary only when the distance between control point and
the panel center is small. In fact, when the distance of the evaluation point from the panel gets larger than four times the
maximum diagonal of the panel, the integral evaluation can be reduced to a point calculation. Reversing this result, one
can expect that the error will also be small if distant panels are grouped into larger ones, over which the integrals are
evaluated (Vassberg, 1997). A strategy to such a grouping has been extended to dipole distributions and implemented
by introducing a sequence of paneling at different levels of refinement as shown in Fig. 2. Calculations start at the
lowest level (coarse paneling). Depending on the distance between the panel center and the evaluation point, the
calculations will either proceed with the integral evaluation over the large panel or pass to the next and more refined
level of paneling. Consider a panel of surface S, which contains n panels of the highest level in which the unknown
singularity X is defined. Let /; denote the value of the integral evaluated over S for unitary singularity strength. Then
the collective contribution of the n panels is approximated by

n Si
1= ; L X 3)
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Fig. 1. Formation of vortex particles from a trailing-edge wake strip.
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(b) The activation of the different levels

Fig. 2. Diagram of the grid refinement levels used for subgrid approximation.

where S; denotes the surface area of the ith high-level panel. Depending on the number of unknowns, the final system is
either solved directly or iteratively in which case the matrix need not be stored. Thus, paneling of the order of several
thousands can be used on ordinary workstations.
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Conventional vortex methods involve direct evaluation of the velocity and the deformation at every blob position
based on the Biot—Savart law. This means that for N vortex blobs a complete time step requires N> point-to-point
calculations. As the simulation proceeds, NV increases continuously in time, as does the computational cost, becoming
prohibitive at large times. One way of managing cost is to use PM techniques (Hockney and Eastwood, 1981), which
reduces the cost from N2 to N - log () calculations per time step. The concept is simple: for a large number of blobs, u
and its spatial derivatives that define the deformation tensor D, are evaluated at the nodes of a Cartesian grid
containing D,,(t). Then, local interpolation is used to determine u and D at the exact positions of the blobs. To this end,
the vector potential A of uygye 1s introduced:

V X Uyake = A 4
and the corresponding Poisson equation
V?A = o, in Dy(1) )

is solved by means of the Fourier method. This choice was made in order to keep the cost to a minimum.

More specifically at every time step the PM calculation procedure involves a projection step, a solution step, and an
interpolation step. In the projection step, vorticity is evaluated over a Cartesian mesh that includes all vortex blobs, by
projecting the intensity of the vortex blobs located within a cell of the mesh onto the vertices of the cell. In the solution
step, Eq. (5) is discretized using central differences. Three heptadiagonal linear systems are obtained. The values of A at
the boundary nodes of the grid are provided by point-to-point Biot—Savart calculations. A Fourier method is then used
to solve the linear systems for the nodal values of the velocity potential A. Once the nodal values of the vector potential
are obtained, standard central differences are used to evaluate the velocity and the deformation at the nodes of the grid.
Finally, the velocity and the deformation of vorticity of each vortex blob are calculated by interpolation from the nodal
values of the nearby grid nodes.

Accuracy in PM methods is restricted by the grid cell size. In order to reduce the error of PM schemes, local
corrections proposed by Anderson (1986) are introduced. Experience has shown that even corrected PM schemes are
not sufficiently accurate and, therefore, they should not be applied to areas of major importance. In GENUVP a mixed
scheme was followed which excludes areas close to solid boundaries from PM calculations. For example, in the case of a
helicopter in forward flight, the PM region would start downstream of the tail rotor and extends to infinity.

Through a combination of subgrid and PM approximations, the computational cost in GENUVP can be kept
manageable. GENUVP has the capability to model full rotorcraft configurations, including the main and tail rotors,
fuselage, and stabilizers.

3. Structural component

For the structural representation of the active blade, a geometrically exact formulation for the dynamics of moving
beams is used. For that, an asymptotic analysis takes the electromechanical three-dimensional problem and reduces it to
a set of two analyses: a linear analysis over the cross-section and a nonlinear analysis of the resulting beam reference
line. The nonlinear 1-D global analysis considering small strains, finite rotations, and effects of embedded
piezocomposite actuators used herein was presented by Cesnik et al. (2001) and it is based on the mixed variational
intrinsic formulation for dynamics of moving beams originally presented by Hodges (1990) and Shang (1995). These
equations are solved here in time domain, and details of its development can be found in Cheng (2002).

3.1. Mixed formulation for dynamics of moving beams with embedded piezocomposite actuators

The notation used in the present paper is based on matrix notation and is consistent with the original work of Hodges
(1990) and Cesnik and Shin (2001). Some steps of the original work are repeated here to help understanding the mixed
variational intrinsic formulation for dynamics of moving beams with anisotropic piezocomposite actuators. The three
frames that are used by the mixed formulation for dynamics of moving beams are shown in Fig. 3. The global frame
named «a with its axes labeled a;, a, and aj is rotating with the rotor at angular velocity Q. The undeformed blade
reference frame is named b, with its axes labeled b, b, and b3, and the deformed blade reference frame is named B with
its axes labeled B;, B, and B;. Using transformation matrices, any arbitrary vector U represented by its components in
one frame may be converted into another. For example, Uz = C5*U, or U, = C*U,, where C5 is the transformation
matrix from frame a to frame B, and " is that from frame « to frame b. C® contains unknown rotation variables,
while €% is known and can be expressed in terms of direction cosines from the geometry of the undeformed rotor blade.
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Fig. 3. Diagram showing the global reference frame a, undeformed beam reference frame » and deformed beam reference frame B.

a;

The mixed variational formulation is derived using Hamilton’s principle and can be written as

%) A
/, /0 [5(K — U) + 5] dxdr = 54, ©)

where 7; and ¢, are arbitrarily fixed times, / is the length of the beam, K and U are the kinetic and potential energy
densities per unit length, respectively. 64 is the virtual action at the ends of the beam and at the ends of the time
interval, and W is the virtual work of applied loads per unit length.

The variation of the kinetic energy terms is with respect to the linear velocity column vector V3 and angular velocity
column vector Qp, respectively. The velocities are all measured in the deformed blade frame B. The variation of the
potential energy terms is with respect to the generalized strain column vectors y and k. The force and moment strain
vectors y and x are also measured in the deformed blade frame B. Fz and Mp are the internal force and moment column
vectors and Py and Hp are the linear and angular momenta column vectors, defined as

oU\T aU\T ok \T oK \T
Fo= (22 Mp= "2  Pp= (22 Hp=[—) . 7
s (@,)’ , (a) . (M), : (893) ™)

The subscripts in the above equations indicate the frame of reference. The first element of Fp is the axial force and the
second and third elements are shear forces in the deformed frame B. Similarly, the first element of M} is the twisting
moment and the second and third elements are bending moments.

The generalized strain and force measures and velocity and momenta measures are related through the constitutive
relations in the following manner:

Fg\ 7 Fy Pg\ _ Vg
{MB}[K]{K}_{M};’)}’ {HB}i[m{QB}:

where Fg')and Mg') are actuation forces and moments which depend on the geometry, material distribution, and applied
electric field. The stiffness matrix [K] is, in general, a 6 x 6 matrix, depending on material distribution and cross-
sectional geometry. Detailed expressions for the stiffness and mass matrices and actuation vector are defined in Cesnik
and Shin (2001).

The geometrically exact kinematical relations, as defined in Shang (1995), are given by

40
v =CM(CMer ) e, k= — 20, ©)
1 -
Ty
6
A Y .
Vg = CPv, + 11y + dguy), Qp = C™ 0%0 0+ CPagy,, (10)

where u, is the displacement vector measured in the « frame, 6 is the rotation vector expressed in terms of Rodrigues
parameters. The Rodrigues parameters are defined in terms of a rotation of magnitude about a unit vector, e=¢;b,, as
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0; = 2¢; tan(a/2). 4 is the 3 x 3 identity matrix, v, and w, are the initial velocity and initial angular velocity of a generic
point on the « frame, and e, is the unit vector [1, 0, 0]". &, and 0 are the time derivatives of displacement and rotation. ul,
and 0 are the derivatives with respect to the spanwise curvilinear coordinate. The rotation matrix, C=C*CB* is
expressed in terms of the rotation parameter, 0, as follows:

T T
(1_040) A_G+ 92
C=

. 00
T
where the § operator converts  to its dual matrix (Hodges, 1990).

To form a mixed formulation, Lagrange multipliers are used to enforce the satisfaction of the kinematical equations.
Using the rotation matrix C, some transformations can be performed so that all 6 quantities, displacement and rotation,
are measured in the global frame a and the strains, velocities, forces and momenta are measured in the deformed blade
reference frame, B. The a frame version of the variational formulation, based on exact intrinsic equations for dynamics
of moving beams, was derived by Shang (1995).

3.2. Finite element discretization

Adopting the finite element method, the spatial domain of the blade is discretized into N elements. Hence, the
resulting total potential is written as

tn N
/ > oM, dr =0, an
b =1

where the index i indicates a general element with length d/. Due to the formulation’s weakest form, the simplest shape
functions can be used (Shang, 1995). Once the discretization is applied, a set of partial differential equations in time can
be written. In matrix notation,

Fs(X,X)— F. =0, (12)

where Fg is the structural operator, F; is the load operator, and X is the unknown vector consisting of structural
variables. In these equations, the actuation forces and moments, Fl(;”)and Mg”), are time dependent input parameters
associated with Fg. The components of the unknown structural variables in X depend on the boundary condition. For a
hingeless rotor blade, X is as follows:

X =[F] M| uf 07 FI M[ PT H ---u}, 03 F} MY, Py HY iy, 0% 1T, (13a)

and for an articulated blade, there are some modifications of the unknown vector because of the hinges. Specifically, the
two internal bending moments at the root of the articulated blade are zeros. However, the two bending rotation angles
at the root are not zeros any more and become unknown variables. Therefore, the unknown vector M; is modified as
following:

MY =My O G, (13b)

where M), is the twisting moment at the root of the blade and 612, 013 are the lead-lag and flap rotations at the root in
terms of Rodrigues parameters, respectively. Consequently, the two internal bending moments M, and M3 are zeros,
yielding free rotation at the articulation hinge.

3.3. Time integration

To integrate Eq.(12) in time, a second-order backward Euler method is used. The following finite difference
discretization scheme is applied at each time step, n
P 3P —4pit 4 pr?

! 2At ’

i 3H! —4H!'"' + H' 2
P 2At ’
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3" — Ay 42
g 2 i i 14
g 2At ’ (14
g 30— 40 07
! 2At ’
where At is the time-step size. Superscripts indicate the time step and subscripts indicate the node number.
Writing Eq. (12) at time step # and using Eq. (14), a set of nonlinear algebraic equations is obtained

Fs(X™")— FL =0, (15)

where X" is the unknown structural vector at time step 7.
Newton’s method is used to solve the nonlinear algebraic equations given by Eq. (15). The Jacobian matrix can be
derived explicitly by differentiation:

8Fs} , (16)

1= {W

whose expressions are listed in Shin (2001).
The solution of Eq. (15) describes the displacement, stress, and strain fields at each time step.

4. Acoustic component

Regarding rotorcraft aeroacoustic modelling, the most widely used formulation is based on the Ffowcs-Williams—
Hawkings (FW-H) equation (Ffowcs-Williams and Hawkings, 1969).

Let x and y be the observer and source position vectors, respectively, and f{y,f) = 0 describe the motion of the
surface of a body. The FW-H equation that gives the sound generated by the body moving through a fluid is given by

L& gy 2 b % 1116 > T;H 17
(g 2V )p = 5Pt O] = LU VAN + 2= [Ty HO) a7
where p’ is the acoustic pressure at the observer position, ¢ and p, are the speed of sound and the density of the
undisturbed medium, respectively, v, = v#n; is the local normal velocity on the body surface (; is the body local
outward normal), /; is the local force on the fluid per unit area, and T; is the Lighthill stress tensor. é(f) and H(f) are
the Dirac delta and Heaviside function, respectively. The three terms on the right-hand side of Eq. (17) are the
thickness, loading, and quadrupole noise sources, respectively. The thickness noise source accounts for noise due to the
displacement of the fluid by the finite thickness of the body. The loading noise source accounts for noise due to loading
and change of loading on the body. The noise due to compressibility effects is included in the quadrupole noise source.
For the current work, the quadrupole noise source is not considered, as it is a volume source that requires a grid-based
flow solver.

Voutsinas and Triantos (1999b) previously introduced a solution of the FW—H equation into GENUVP for thickness
and loading noise given by Farassat and Succi (1980). This solution discretizes the body into elements, each with
associated volume and loading. Each element is a source of thickness and loading noise. Voutsinas and Triantos (1999b)
were successful in implementing this solution into GENUVP and validating their results against the HELINOISE and
HART experiments. In the current work, a new acoustic formulation based on Farassat’s 1A solution of the FW-H
equation (Farassat and Succi, 1983) is added to GENUVP. The 1A formulation is a solution of the FW—H equation for
thickness and loading noise by integration over the body surface. The derivation of the 1A formulation can be found in
Farassat and Succi (1983), therefore only the final solution is repeated here:

| i, I — I;M; L[ [LMiF + cM, — cM?
4np2(x,t):—/ {7” 2} d5+/ {72 "2] dS+—/ {(’ nrelh e )| as, (18)
¢ Jr=olr(1 = M) ] =0 [r2(1 = M) 1o ¢Jr=o r(1—M,)
1 n MiAi Mr_ M2
s = [ [Pt BAECLZAD) g,
c =0 72(1 - Mr) ret

P'(x,0) = pi(x,0) + pir(x, 1),

where r = x—y, M; = vile, M,=M, r; Ir, and L=[; r; Ir. Eq. (18) gives the loading (p';), thickness (p’7), and total (p’)
acoustic pressures at x, respectively. The loading and thickness noise terms are calculated from the aerodynamic data.
As before, the lifting surface of the blades is discretized into panel elements, each of which is an acoustic source. The
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Fig. 4. Visualization of the structural and aerodynamic mesh for a single rotor blade.

loading noise is calculated from the loading and velocity of each element. Special consideration is needed for the
thickness noise term since thin lifting bodies are used in the current work and the thickness noise term is dependent on
v,, the local normal velocity on the actual blade surface. To calculate v, on the actual blade surface, the velocity on the
thin surface is used together with the known geometry of the airfoil section. The loading and thickness noise
contributions of all elements are summed to obtain the total acoustic noise signal. It should be noted that a time
sequencing scheme is used in this summation process to account for the difference in travel time to the microphone for
each acoustic emission.

5. Aeroelastic coupling

The aerodynamic and structural components maintain separate representations of the rotor blades. Fig. 4. shows the
representation of a single blade for each component. The structural component is a 1D beam element discretization of
the beam reference axis from the hub attachment point to the tip. The mean surface of the lifting portion of the blade is
discretized in fine panels that constitute the aerodynamic mesh. The meshes are spanwise coincident over the length of
the lifting surface. That is, for every structural beam element there is a corresponding aerodynamic strip of panel
elements. This approach was taken to avoid the need for data interpolation at different spanwise stations.

The aeroelastic coupling between the aerodynamic and structural components is based on an extension of the classic
2-D airfoil section aeroelastic problem. A basic 2-D airfoil section aeroelastic system is shown in Fig. 5. This system is a
simplified representation of the aeroelastic coupling method. The section has plunge, lag, and pitch degrees of freedom,
with elastic springs restraining the motion along in each degree of freedom. The effective section elasticity and loading
are modelled by the structural and aerodynamic components, respectively. Offset between the beam reference axis and
aerodynamic center is considered. This system is extended to 3-D in the following manner. At every spanwise section,
loading is computed by the aerodynamic component, including the effect of elastic velocity and torsional rotation about
the beam reference axis. Although the structural component has six degrees of freedom at each spanwise node, three
displacements and three rotations, only the plunge (flap), lag, extension, and pitch degrees of freedom are considered for
the aeroelastic coupling.

Fig. 6 gives an overview of the coupling of components to form the combined code. It is a tightly coupled aeroelastic
code that solves for a periodic solution in the time domain. At each timestep, aeroelastic data are exchanged between
the aerodynamic component and structural component as illustrated in Fig. 7. The aerodynamic component solves for
an effective angle of attack at every spanwise station. While lift and moment loads come directly from the aerodynamic
calculations, the drag forces are estimated using 2-D airfoil lookup tables for the determined angles of attack. These
loads are then sent to the structural component. The structural component then solves for elastic deformation
(displacements and rotations) and rigid body motion (flapping and lead lagging). The elastic deformation and rate of
elastic deformation are used to deform the aerodynamic mesh of the blades and alter the non-penetration boundary
condition, respectively. The rigid body motion is used for rigid body velocity in the case of an articulated rotor.

6. Results

In the following sections, sample acoustic and aeroelastic results are presented. The acoustic results reflect the initial
testing of the acoustic component prior to full integration in the new code developed here. For acoustic testing, a UH-
1 H scale rotor is modelled. Aeroelastic testing models the BO-105 and the NASA/Army/MIT Active Twist Rotor
(ATR) model systems.
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Fig. 5. Schematic diagram of the 2-D basis for aeroelastic coupling of the aerodynamic and structural components.
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Fig. 6. An overview block diagram of current aeroelastic aeroacoustic formulation.

Fig. 7. An illustration of the exchange of data between the aerodynamic and structural components.
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Microphone 4

Fig. 8. Visualization of the wake produced by the UH-1 H rotor in forward flight and microphone locations.

6.1. Acoustic results

A UH-1H rotor was used to validate the new acoustic formulation developed for the new aeroelastic acroacoustic
code. Details of the UH-1 H rotor are given in Conner and Hoad (1982). Results within this section were obtained using
a rigid blade representation and, therefore, not using the (active) elastic structural component.

Fig. 8 shows a visualization of the particle wake produced by the UH-1 H rotor in forward flight (u = 0.208, 8.85°
forward disc tilt) and the locations of two microphones where acoustic pressure is compared. Microphone 4 is 4m
ahead of the rotor hub on the advancing side; microphone 5 is 4m ahead of the rotor hub on the retreating side.
Figs. 9 and 10 show a comparison of total acoustic pressure at the two microphone locations. Comparison is
made with both WOPWOP (Brentner, 1986) and experimental (Conner and Hoad, 1982) data on the advancing side,
and with experimental data on the retreating side. In both cases, the overall trend is captured. The higher
frequency component present in the experimental results is not captured by either code. While some of this high-
frequency component may be due to “‘experimental noise,” it is suspected that some of the oscillation may be due to
flexibility of the blades. Figs. 11 and 12 show comparisons of sound pressure level (SPL) versus frequency for the
microphone on the advancing side of the rotor. The peaks in SPL at harmonics of the blade passage frequency are
accurately captured.

6.2. Basic aeroelastic vibratory results

For a basic test of the aeroelastic prediction capability of the new code, the BO-105 model-scale rotor used in the
HELINOISE experiment (Splettstoesser et al., 1993) is considered here. Detailed rotor properties can be found in
Splettstoesser et al. (1993). Among the different test cases studied in the HELINOISE experiment, Table 1 shows the
ones considered in this paper.

The vibratory load transferred to the hub can be calculated by adding the structural forces at the root boundary of
the rotor blades. This gives an approximate measure of the vibration that the rotor would transfer to the fuselage. This
result is approximate only because the inertia of the hub is not considered. However, it is a useful measure for vibration
control study purposes.

Fig. 13 shows predicted vertical vibratory load amplitudes at harmonics of the rotor frequency. The results of the
present analysis are evaluated as a comparison between different flight conditions. Constant “perceived” levels of
vibration have the form of vibration amplitude decreasing asymptotically as a function of frequency, i.e., the same
amplitude of vibration would be perceived as worse at a higher frequency. Considering this, relative to the other cases,
case 1333 (descent) has the highest predicted vibratory load, with large oscillation amplitudes at 3P, 4P, and 8P. Case
344 (level flight) is also predicted to have a relatively high vibration, with large oscillation amplitudes at 4P and 8P.
These results primarily reflect the structural response of the blades to the aerodynamic forcing due to interaction with
the wake.

Fig. 14 is a visualization of the undeformed and deformed aerodynamic mesh of the BO-105 model for HELINOISE
case 947. The deformation follows what would be expected for a hingeless rotor: zero deformation at the root and an
upwards flap deformation increasing nonlinearly in the outward radial direction.
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Fig. 9. Comparison of total acoustic pressure (advancing side microphone) for the UH-1H in forward flight.

NASA TM-84553, MIC5, Sound Pressure History

w
o

— GNWP
EXPERIMENTAL P

N
o
T

-
o
>

B 7 I
oA/ Gl

Total Acoustic Pressure (Pa)
'
o
o
g
B
{ﬁ

o 02 04 06 08 1

Normalized Time Scale [Blade Passage Period]

Fig. 10. Total acoustic pressure (retreating side microphone) for the UH-1H in forward flight.
6.3. Active aeroelastic results

In order to numerically evaluate the aeroelastic modelling described in this paper, the time and frequency response of
the ATR prototype blade in hover is presented. The passive and active properties of the blade are described in Shin
(2001). Fig. 15 summarizes the geometric and material characteristics of the blade. Note that the active piezocomposite
used in this blade is the active fiber composite (AFC) as described in Bent and Hagood (1997). For all the cases, the
rotating speed of this rotor is 688 r.p.m and the collective pitch angle is 8°. The medium density is 2.432 kg/m> (heavy
gas). There is a —10° built-in pretwist from the root to the blade tip. The root offset of the blade is 0.0762 m. A lead-lag
damper was modelled with a damping coefficient of 10 Nm/(rad/s).

6.3.1. ATR prototype blade in hover

The aeroelastic solution of the rotating blades is separated into two steps: one is the steady analysis of the rotating
blade in vacuum; the other is the dynamic analysis of the blade in gas. The deformations, internal forces and moments,
and momenta of a rotating blade in vacuum are obtained by the steady state analysis. They are used in the dynamic
analysis, with aerodynamic loads, as the initial rotating condition input. In the dynamic analysis, the blades are rotating
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Fig. 11. Comparison (versus WOP WOP) of frequency content of the total acoustic pressure prediction of the advancing side
microphone—UH-1H in forward flight.
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Fig. 12. Comparison (versus experimental data) of frequency content of the total acoustic pressure prediction of the advancing side
microphone—UH-1H in forward flight.

Table 1

Selected low-speed HELINOISE test cases (Splettstoesser et al., 1993)

Helinoise test case no. Description

947 Near hover

344 Low-speed level flight (0.15 advance ratio)

508 Low-speed climb (0.15 advance ratio, 12° flight path angle)
1333 Low-speed descent (0.15 advance ratio, —6° flight path angle)
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Fig. 13. A comparison of the present predicted vertical vibratory loads transferred to the hub for different HELINOISE test cases.
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Fig. 14. A visualization of the undeformed (gray) and deformed (translucent black mesh) aecrodynamic mesh of the BO105 rotor for
HELINOISE case 947.

at their full speed at the first structural time step. However, in the aerodynamic module, the rotating speed is increased
from zero to the full speed gradually in order to avoid suddenly applied aerodynamic forces, which result in large
numerical blade oscillations. In this case, the time for the rotating speed to reach full speed is 1.0s. Fig. 16 shows the
developed wake of vortex particles in hover.

6.3.2. Actuation test of ATR prototype blade in hover

In this test case, the actuation is a sine-sweep signal ranging from 0 to 100 Hz as shown in Fig. 17. This actuation
twist moment is applied after the full rotating speed is reached. The time step size used for the time integration in this
case is 1073s. The corresponding tip twist response in trim is shown in Fig. 18. The frequency response obtained by the



C.E.S. Cesnik et al. | Journal of Fluids and Structures 19 (2004) 651-668 665

|— Coincident flap-lag hinge location (3.0)

AFC actuator plies Blade pitch axis
(top and bottom) (0.25¢)

Center of £

rotation <" + -
< 687 ‘)‘ L Blade chord, c (4.24)

<—— 125

Blade radius, R (55.0) >

Active Region
Nose E-Glass 0/90 - -
E-Glass 0/90 AFC +45 Lap Joint Region
S-Glass 0 E-Glass +45/-45| | Active region plies +
E-Glass +45/-45| | AFC -45 Web plies +
E-Glass 0/90 E-Glass 0/90 Fairing plies

Fairing

—>\ " 0.191 \ __| ’ﬁ_ 0.181 E-Glass 0/90

( 0.476

Web
1.88 E-Glass 0/90
E-Glass 0/90

4.24 |
(Unit:inch)

Fig. 15. Planform and cross-section of the ATR prototype blade.

Fig. 16. Wake particle vortex development for the ATR system in hover (688 r.p.m, heavy gas, 8° collective).



666 C.E.S. Cesnik et al. | Journal of Fluids and Structures 19 (2004) 651-668

0.4 . . . . . . . . .
03}

= 02F

Z

AR

E

=

3 O

b3

[t

& 0t

=

-

k=

< 02}
03}
_gd 1 1 L 1 1 1 1 1

0 01 02 03 04 05 06 07 08 08 1
Time (sec)

Fig. 17. Active input of twist moment.

Tip twist angle (deg)

Time (sec)

Fig. 18. Time history of tip twist angle in hover by a sine sweep actuation after 1s.

FFT of the time response is presented in Fig. 19. The resonant peak is captured around 76 Hz, which compares well
with the measured 74 Hz reasonance. The resonance magnitude, however, is approximately three times higher than the
one obtained experimentally. This indicates that the aerodynamic damping is not being correctly capture, since this is
the only source of damping in this analysis. Further investigation is necessary to determined the origin of the
underestimation of the aerodynamic damping.

7. Concluding remarks

An overview of a new active aeroelastic aeroacoustic code has been presented. It couples a particle-wake panel code
with an active nonlinear mixed variational intrinsic beam element code. An FW-H acoustic component has been



C.E.S. Cesnik et al. | Journal of Fluids and Structures 19 (2004) 651-668 667

w =

Tip twist angle (deg)

N

i i | i i
0 10 20 30 40 50 B0 70 80 90 100
Excitation Frequency (Hz)

Fig. 19. Tip twist amplitude response of the ATR prototype blade in hover.

developed for inclusion in the new formulation. Preliminary acoustic and aeroelastic results were presented to
demonstrate different aspects of the proposed formulation. While still further validation studies must be conducted,
most of the results show good correlation with previously published data. The new capabilities of the complete code will
provide rotorcraft structural dynamic, aerodynamic, acoustic, and active twist control studies within an integrated
aeroelastic framework. Of particular importance, it will enable simultaneous noise and vibration studies of active twist
rotor systems.
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