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Abstract: This paper presents a high-fidelity aeroelastic study of the the Multi-Utility Tech-
nology Testbed (MUTT) X-56A, designed to exhibit aeroelastic instabilities such as body free
flutter (BFF). The primary objective of this work is to assess the use of high-fidelity CFD-based
aeroelastic simulations for flutter prediction. This research was originally conducted as part
of the Third Aeroelastic Prediction Workshop (AePW3) aiming to enhance the knowledge in
aeroelastic predictions using mid to high-fidelity computational aerodynamics. This particular
study details the contribution from the Flight Physics Loads group at the Netherlands Aerospace
Centre (NLR), exploring two computation methods for generating the Generalised Aerody-
namic Forces (GAFs), namely, ZAERO solver (ZONA Technology) using higher-order panel
code ZONA6, and an unsteady RANS-based Computational Fluid Dynamics (CFD) and Com-
putational AeroElastic (CAE) simulations implemented within NLR’s ENFLOW simulation
system for multi-block flow domains. The high-fidelity CFD and CAE analyses were performed
using the flow solver ENSOLV with unsteady Reynolds-Averaged Navier-Stokes (RANS) flow
formulation implemented with Explicit Algebraic Reynolds Stress Model (EARSM) turbulence
modelling based on the TNT k − ω. The CAE computational procedure consists of four tool
chains, involving structural dynamics (modal) analyses; grid interpolation procedure; steady
CFD computations on the undeformed shape; unsteady CFD computations on a deforming grid
under prescribed, small-amplitude sinusoidal excitations based on the structural mode shapes;
and the transformation of the time-domain unsteady solutions to frequency domain in order
to construct the GAF matrices. The X-56A configuration used for this study is the 10lb fuel
state model released within the AePW-3 group. The resulting GAFs were compared to the
ZAERO results, showing good agreement for both the rigid body and elastic modes. Earlier
work on X-56A within AePW-3 conveyed the need for further refinement of the high-fidelity
aeroelastic methodology. Improvement efforts in this regard, included alternative structural dy-
namics methods for modal model computations, CFD grid refinements, and adjustments to the
(un)steady CFD/CAE simulation procedures and methods.
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Figure 1: X-56A Multi-Utility Technology Testbed (MUTT) in flight demonstration [credit: NASA/Jim Ross [1]]

1 INTRODUCTION

The third Aeroelastic Prediction Workshop (AePW-3) series is intended to provide an open
forum, to encourage transparent discussion of results and processes, to promote best practices
and collaborations, and to develop analysis guidelines and lessons learned. Within the AePW-
3 there are four focus areas of interest: transonic flutter including shock buffet, hypersonic
aeroelasticity, geometrically nonlinear wing deflections at low speed, and prediction and control
of BFF. Accordingly, the AePW-3 efforts were distributed along four working groups, of which
the Flight Test Working Group (FTWG) was dedicated to research, development of knowledge
and expertise, and dissemination of practices and results related to aeroelastic flutter predictions
and active flutter control technologies. The X-56A Multi-Utility Technology Testbed (MUTT),
depicted in Fig.1, was chosen as the test case for these studies.

The X-56A MUTT is a subscale, modular, unmanned experimental air vehicle developed by
Lockheed Martin Skunk Works® (Lockheed Martin Corporation, Bethesda, Maryland) under
the Multi-Utility Aeroelastic Demonstrator (MAD) programme, sponsored by the Air Force
Research Laboratory (AFRL) [2, 3]. Under its Body Freedom Flutter (BFF) research program,
Skunk Works® sought to demonstrate the effectiveness of active control technology for flutter
suppression and gust load alleviation on the X-56A, which was explicitly designed to exhibit
three flutter phenomena within its flight envelope characterised by the coupling of (low fre-
quency) flexible structural modes with the aircraft’s rigid body motion. The first dynamic insta-
bility exhibited by this model is the Body Freedom Flutter (BFF) phenomenon which onsets due
to the coupling between the rigid body short period flight dynamic mode and the first flexible
wing bending mode. The other to instabilities are the symmetric wing bending-torsion (SWBT)
flutter, and the anti-symmetric wing bending-torsion (AWBT) flutter. More on these dynamic
instabilities in X-56A can be found in [1, 4].

After the initial flight tests commissioned by AFRL, the X-56A MUTT was transferred to
National Aeronautics and Space Administration’s (NASA) Armstrong Flight Research Center
(AFRC) [5] for further research into advanced control technologies and lightweight structures
under NASA’s Advanced Air Transport Technology programme [6, 7]. The X-56A flight tests
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served the purpose of inducing flutter, thereby demonstrating the onboard instrumentation’s ca-
pability for accurate flutter onset prediction and the control system’s effectiveness in actively
suppressing aeroelastic instabilities. The research goals for the X-56 MUTT include advancing
flutter-suppression technologies and enhancing the effectiveness of gust load alleviation, reduc-
ing structural weight to increase fuel efficiency and range, and increasing the aspect ratio to
achieve aerodynamic drag reduction.

A similar study within AePW-3 has been performed by NASA Langley Research Center in [1].
A summary of the AePW-3 results was presented in [4]. This work details the most recent
contributions from the Flight Physics Loads group at the NLR related to CFD-based aeroelastic
predictions. This study also addresses improvements in prior analyses presented in [8].

2 BACKGROUND

This section first presents the configuration of the X-56A MUTT model used in this study, fol-
lowed by the description of the mathematical structural dynamics, aerodynamics and aeroelastic
models assumed in this study.

2.1 X-56A Aircraft Geometry

The X-56A Multi-Utility Technology Testbed (MUTT) is a subscale unmanned experimental air
vehicle developed for the research of the dynamic aeroelastic phenomenon of Body Freedom
Flutter (BFF) and the maturation of active control technologies for flutter suppression and gust
load alleviation.To accommodate these research objectives, the X-56A MUTT was developed as
a modular aircraft, equipped with four sets of easily re-configurable wings of varying degrees of
flexibility. The X-56A configuration is a flying wing setup consisting of a rigid centre body and
high aspect ratio flexible wings with in total ten trailing-edge control surfaces. These control
surfaces encompass two trailing-edge body flaps on each side of the centre body and four wing
flaps (elevons) along the trailing-edge of each wing. A schematic representation of the X-56A
configuration geometry is given in Fig. 2.

Figure 2: The X-56A geometry used in this study.
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The model is designed with two P-400 JetCat turbojet engines, a non-retractable tricycle landing
gear configuration and a nose boom for air data measurement [3,6,9]. These features have been
omitted in the schematic above as those were not included in the CFD analyses performed in
this study.

The AePW-3 investigated four different fuel states of the X-56A and its effect on the aeroelastic
behaviour. However, the present study considers the lowest fuel case (i.e. 10 lb at 12.5 % of
full fuel state). The aircraft configuration is equal for all cases. The dimensions, parameters and
specifications of the X-56A configuration used in this study are summarised in Table 1.

Table 1: X-56A specifications, dimensions and parameters

Parameter Symbol Value Units
MTOW (80lb fuel state) W 489.1 lb
Gross Weight @ 10lb fuel state W@10lb 419.1 lb
Span b 336 in
Semi-span b/2 168 in
Chord Length c 24 in
Wing Planform Area S 8064 in2

Aspect Ratio AR 14 -
Wing Tip Thickness ttip 2.4 in
Wing Root Thickness troot 2.5 in
Wing Sweep Angle �sweep 22 deg
Moment Centre [xcM

, ycM
, zcM

] [163.5, 0.0, 104.0] in
Moment Arms [LMx , LMy , LMz ] [b, c, b] in

The design and development of the demonstrator has been addressed in detail in [9, 10].

2.2 Structural Dynamics

The dynamic behaviour of a structure excited by an external force can be modelled as a forced
multiple-degrees-of-freedom (MDOF) mass-spring-damper system where the entire structure is
discretised into concentrated masses connected by a series of springs and dashpots. The cor-
responding mathematical model is obtained by balancing the external forces with the system’s
inertia, elastic restoring forces and dissipation mechanism. The resulting equation of motion
(EOM) for a general MDOF dynamical system is:

Ms�x(t) + Cs _x(t) + Ksx(t) = F(t) (1)

where x(t) is the time-dependent vector of generalised coordinates representing the state of the
system at time t; the state vector includes translational and linearised rotational displacements
together forming the N degrees-of-freedom (DoFs) of the system. The vectors _x (t) and �x (t)
are the generalised velocities and accelerations. The system matrices Ms, Cs and Ks ∈ RN�N

are, respectively, the generalised structural mass, viscous damping and elastic stiffness matrices.
The mass and stiffness matrices are real, symmetric and positive definite, though the latter may
be positive semi-definite if the system is unrestrained [11] [12]. F(t) is the generalised forcing
vector, where each component is a function of t associated with the corresponding generalised
coordinate. Reflected in the fact that the system’s coordinates are connected and their motion is
respective, the system matrices are generally non-diagonal, and the EOM in Eq. 1 is therefore
a coupled system of equations.
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The solution strategy in modal analysis is to seek a similarity transformation such that the sys-
tem can be decoupled into an equivalent system ofN independent single-degree-of-freedom
(SDOF) equations, while retaining the dynamic properties of the original system. Since dy-
namic behaviour is governed by inherent system properties independent of the input, the prob-
lem of decoupling the EOM is directly related to solving homogeneous problem, whereF (t) =
0 and the initial conditions are zero as well. Through the principle of separation of variables,
the assumed solutionx (t) of the system can be expressed as a product of a time-independent
(complex)shapevector and a function of time:x (t) = � est . Here, the exponential function
of complex variables = � + i� characterises the dynamics of the system (oscillation, i.e. fre-
quency and decay), while� conveys the relative spatial information (amplitudes) of the DoFs.

The assumed solution along with its time-derivatives is substituted into the homogeneous EOM,
and upon rearranging and collecting common terms a homogeneous equation is obtained in-
volving the product of the assumed solution and a quadratic polynomial matrix in the complex
variables. Since the time-dependent exponent cannot be zero for allt, the solution cannot
depend on the time variable, resulting in the nonlinear eigenvalue problem

Q (s)
z }| {�
s2M s + sCs + K s

�
� = 0 (2)

The spatial solution� = 0 re�ects the trivial case where the system is at rest and is, therefore,
of no interest for analysing dynamics. Hence, to satisfy Eq. 2 the quadratic polynomial matrix
Q(s) must be singular, which requires its determinant to be zero. Expanding detQ(s) = 0
yields a characteristic polynomial with rootss that must be solved by seeking all combinations
of complex eigenvaluess and non-zero eigenvectors� that satisfy the quadratic problem above.
The eigensolution itself and the method of solving it depends on the properties of the damping
matrixCs. In most numerical structural dynamics problems the system is taken to be undamped,
i.e. Cs = 0. This assumption simpli�es the nonlinear problem in Eq. 2 to a linear generalised
eigenproblem of two system matrices,M s andK s:

� nM s� n = K s� n n = 1; 2; :::; N (3)

with � n = � s2
n = ! 2

n ; sn ; s�
n = � i! n ; ! n =

r
kn

mn
(4)

In the eigenvalue problem of the undamped case hasN real-valued generalised eigenvectors
� n and corresponding eigenvalues� n . From the de�nition� = � s2 follows thats is purely
imaginary for the caseCs = 0 and comes in conjugate pairs,s; s� = � i! n ; hence the problem
above hasN complex conjugate pairs of solutions insn andN real-valued solutions in� n (and
by extension! n ). By assembling all the eigenvectors into columns the generalised modal matrix
� is obtained, which has orthogonality properties w.r.t the mass and stiffness matrices [11]:

� TM s� = [ r mn r ] � M q; � TK s� = [ r kn r ] � K q (5)

whereM q andK q are the diagonal generalised modal mass and stiffness matrices. The solution
to the eigenvalue problem in the form of the eigenvalues and eigenvectors, provides an insight
into the inherent dynamical properties of the system. Knowledge of system dynamics can be
used to analyse the response of the system to known initial conditions or external excitation.
The orthogonality properties of the modal matrices are extremely valuable in modal analysis
in that they can be used to decouple the forced EOM by diagonalising the system matrices,
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through which the system is coupled. The complete set of generalised eigenvectors� n form
a natural basis (eigenbasis) forRN — a linearly independent set that spans theN -dimensional
vector space in which the solutionx of the system exists at any timet. Consequently, any vector
x in this vector space can be represented as a superposition of the sum of the eigenbasis vectors:

x =
NX

n=1

� nqn = �q (6)

whereq is the vector of modal coordinatesqn associated with thenth mode. The matrix ex-
pression above represents a coordinate transformation from spatial coordinatesx to modal
coordinatesq through the transformation matrix� . The coordinate transformation above
is also known as the modal decomposition of the response [13], as the response is decom-
posed/expanded as a superposition of its natural modes. Applying the coordinate transforma-
tion and pre-multiplying both sides of the EOM by the transpose of the modal matrix, allows
leveraging the orthogonality properties, resulting in a decoupled set of equations of motion:

M s•x(t) + K sx(t) = F(t) ) � TM s� •q(t) + � TK s�q (t) = � TF(t) ) (7)

) M q•q(t) + K qq(t) = fq(t) or mn •qn (t) + knqn (t) = f n (t) n = 1; 2; :::N (8)

Here, fq(t) = � TF(t) is the vector of generalised modal forces signifying the in�uence of
the forcing vector components on each mode. In practice, the spatial matrices obtained from
FEM analyses are large and computationally costly. It does little for accuracy to include all
modes into the analysis. It is therefore the norm to truncate the columns of the modal matrix
as to include a smaller set of modes in which the higher frequency modes are omitted omitted
( �� � � ; �N � N ). As a result, the overall size of the problem in Eq. 8 is smaller than that of the
problem in Eq. 1, effectively representing a modal reduced order model (ROM). Consequently
the dimension of the vector of modal forces is signi�cantly smaller than the physical forcing
vector of the full order problem.

2.3 Aerodynamics

To investigate dynamic aeroelastic phenomena unsteady aerodynamic models are needed. The
unsteadinessrefers to the degree in which the aerodynamic loads depend on the time variable.
The model accuracy of the various available unsteady aerodynamic models depends on whether
the numerical model is able account for compressibility and viscosity effects. This study con-
siders two aerodynamic models:

1. ZONA6 Linear Subsonic Unsteady Aerodynamics [14] — is an unsteady panel method
developed by ZONA Technology, Inc. for the ZAERO software system. ZONA6 uses a
higher-order panelling scheme than the doublet-lattice method (DLM). DLM is a higher-
order unsteady �ow extension of the low-order vortex-lattice method (VLM), which is a
steady panel method. ZONA6 is a higher-order method than DLM as it uses a higher-
order polynomial approximation for the representation of the doublet distribution requir-
ing a smaller number of aerodynamic boxes in order to achieve a converged unsteady
solution [14] [15].

2. Nonlinear, time-domain, unsteady Computational Fluid Dynamics (CFD) method for 3D
viscous, compressible �ows. CFD �ow models for viscous �ows are all based on solving
the Navier-Stokes (NS) equations, which total �ve or four depending on the the com-
pressibility assumptions. Since no close form solution exists, the equations are solved
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through approximations. One particular simpli�cation method is Reynolds decomposi-
tion, whereby the �ow velocity vector �eld is decomposed into (time-averaged, station-
ary) mean �ow and (time-dependent) �uctuating �ow components. After substituting
the decomposed velocity vector into the continuity and momentum equations and subse-
quent ensemble averaging, the �uctuating terms in the continuity equation vanish, while
their products are retained in the momentum equation. These Reynolds stresses are tur-
bulent �ow �uctuations in �uid momentum; they cannot be resolved and require addi-
tional turbulence modelling to close the problem. The (Unsteady) Reynolds-Averaged
Navier-Stokes ((U)RANS) �ow model is the current industry standard in CFD for mildly
separated turbulent �ows.

For the purpose of further discussion, the aerodynamic force generated on a structure can be
de�ned as a nonlinear function of �ow conditions (i.e. angle-of-attack� , dynamic pressureq1 ,
Mach numberM 1 and Reynolds numberRe1 ) and time-dependent structural states (encom-
passing rigid body displacements and �exible deformations):

Fa(t) = Fa(f q1 ; �; M 1 ; Re1 g; •x(t); _x(t); x(t)) (9)

The degree of unsteadiness and nonlinearity of the aerodynamic forcing function depends on the
ability of the chosen �ow model to capture the dependency of the aerodynamics on higher-order
time derivatives of the structural states.

2.4 Aeroelastic Model

A �exible structure exposed to moving air�ow experiences phenomena resulting from a strong
interaction between the kinetic and elastic restoring forces on the structure and the dynamics
of the surrounding air. An unrestrained �exible structure under loading will exhibit elastic
deformation in addition to rigid-body motion. The motion and deformation of the structure
will inevitably affect the pressure distribution in the �ow, generating aerodynamic forces that
in turn affect the response of the structure. These feedback interactions enable motion-induced
dynamic behaviour.. The unsteady aeroelastic equations of motion are derived by combining
linear structural dynamics and unsteady, structural state-dependent aerodynamics:

M s•x(t) + Cs _x(t) + K sx(t) = Fa(F ; X (t)) + Fext(t)| {z }
F (x;t )

(10)

The �ow conditions are denoted by the setF = f q1 ; �; M 1 ; Re1 g; the semicolon indi-
cates that the problem is considered for a �xed set of �ow parameters, hence for a given set
F , the aerodynamic forces are assumed to depend on the structural states. The forcing vector
Fa(F ; X (t)) is the vector of motion-induced generalised unsteady aerodynamic forces – a non-
linear function of structural states. VectorFext(t) represents other motion-independent external
forces acting on the structural system which may be aerodynamic or stem from other exter-
nal sources. A shorthand notationX (t) : f x(t); _x(t); •x(t)g is used to convey the nonlinear
state-dependency of the aerodynamic forcing function . The notation can be transformed from
physical to modal coordinates using the modal expansion in Eq.7, .i.e.X (t) = � Q(t), where
the setQ(t) : f q(t); _q(t); •q(t)g. Since the aerodynamic forcing vector is a function of all
degrees-of-freedomx(t) (and its time derivatives), and this dependency extends to each of its
individual components, we can state, using the modal shorthand notation, that it is a function of
the superposition ofall modes,Fa(F ; X (t)) = Fa(F ; � Q(t)) .

The aeroelastic equation of motion in Eq. 10 represents a closed-loop system, as schematically
represented in Fig. 3.
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Figure 3: Schematic of an aeroelastic feedback system, represented by Eq. 10.

The dependence of the aerodynamics on the structural states and the subsequent effect on the
structural motion forms the feedback loop. The equation of motion in Eq. 10 represents a
closed-loop system, as schematically idealised in Fig. 3. The dependence of the aerodynamics
on the structural states and the subsequent effect on the structural motion forms the feedback
loop. Thestructural systemtakes the total forceF(t) as input and outputs the structural states
(generalised displacements, velocities and accelerations) through the governing equation of mo-
tion. The output of the structural system serves as an input to theaerodynamic systemwhich
outputs a force component that is linearly combined with the external force input and subse-
quently fed into the structural system. Note that Eq.10 is coupled through the structural system
matrices. Based on the earlier discussion on structural dynamics, the structural damping can
be neglected. Through coordinate transformation from physical to modal coordinates, and sub-
sequent pre-multiplication of the aeroelastic EOM by the transpose of the modal matrix, the
orthogonality of the modal eigenbasis w.r.t. the mass and stiffness matrices can be used to de-
couple the system of equations in Eq.10. The decoupled aeroelastic matrix equation of motion,
yields

M q•q(t) + K qq(t) = � TFa(F ; X (t))
| {z }

Q (F ; X (t ))

+ � TFext(t) (11)

The generalised modal unsteady aerodynamic force vectorQ(F ; X (t)) represents the modal
projection of the generalised unsteady aerodynamic forceFa(F ; X (t)) . The components of
the modal force vector each represent a linear combination of the components of the unsteady
aerodynamic force vector; thenth modal force element expresses how much each and every
component of the aerodynamic force vector contributes to the excitation of the structural normal
mode associated with mode shape� n .

Let us consider the case of a single-mode excitation, where the structure is forced to deform
into its j th mode shape. Hence,qn (t) = 0 for n 6= j . According to the modal expansion theory,
the response then equals

x(t) =
NX

n=1

� nqn (t) = � j qj (t) (12)
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Substituting the expression into the equation of motion yields the following expression:

M s� j •qj (t) + K s� nqn (t) = Fajj (F ; � j Qj (t)) + Fextjj (t)| {z }
F j (t )

(13)

Since modesn 6= j are not present in the motion, there is no interaction between the modes and
the coupled terms within the nonlinear forcing function vanish. LHS is of this equation is known
– we know the system matrices from Finite Element Analysis (FEA), and subsequent structural
modal analysis gives us the modal matrices containing the eigenvalues and the corresponding
eigenvectors per vibration mode. What we seek to identify is the RHS, theaerodynamic re-
sponseto the structural moden. In this context, the aerodynamics can be viewed as an isolated
nonlinear system – one that takes inputs and gives outputs. The loads that develop on the struc-
ture are �rst and foremost caused by the fact that there is an aerodynamic shape in a moving
�ow and that shape is moving or deforming. The feedback from the aerodynamic loads that
subsequently develop is what causes that shape to deform. So if we can prescribe the change
in structural shape in a convenient manner, we can effectively decouple the aerodynamic feed-
back loop. This leaves us with a single system (aerodynamics) that takes a prescribed structural
deformation (change in shape) as an input and gives the induced aerodynamic loading as an out-
put. This process is schematically shown in Fig. 4. Note that, as opposed to the fully-coupled
aeroelastic system in Fig. 3, the forced modal vibration strategy uses an open-loop approach
where the structural motion is prescribed such that the aerodynamics induced by this motion
can be characterised without requiring a full two-way �uid-structure coupling. By isolating the

Figure 4: Schematic of an aeroelastic system under forced vibration, represented by Eq. 13.

aerodynamic system, we can investigate the nonlinear relationship between that system's inputs
and outputs. The most convenient way of analysing the problem is by considering the Laplace
transform (with zero initial conditions) of the nonlinear generalised aerodynamic forcing func-
tion:

Lf Fa(F ; •x(t); _x(t); x(t))g = Fa(F ; x(s); sx(s); s2x(s)) = Fa(F ; s;x(s)) (14)

Here,Fa(F ; s;x(s)) is the generalised aerodynamic function in complex frequency domain;
it is a nonlinear function of generalised structural statesx(s) and and the complex variables,
signifying its dependence on the time-derivatives of the structural states. It can be viewed as a
nonlinear transfer function that takesx(s) ands as inputs and produces a generalised aerody-
namic force vector as an output. Using linearisation methods, the input-output relationship can
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be written in the LTI form:

H a(F ; s;x(s))
linearisation�!

� q1 H a(s)x(s) (15)

whereq1 H a(s) is the linearised aerodynamic transfer function, as a function of complex fre-
quencys – a transfer function that maps inputs from structural deformation,x(s), into linearised
aerodynamic forces,Fajlin(s), for a varyings.

Now that there is a linearised de�nition for the deformation-induced generalised aerodynamic
force in complex frequency domain, it can be substituted into the equation of motion. Per-
forming coordinate transformation, pre-multiplying the equations by the transpose of the modal
matrix and taking the Laplace transform of the structural system, yields the decoupled aeroe-
lastic EOM in modal coordinates with linearised aerodynamics in Laplace domain is:

�
s2M q + K q

�

| {z }
[H n (s)] � 1

q(s) = q1 S
1
S

� TH a(s)�
| {z }

Q GAF(s)

q(s) + � TFext(s) (16)

Here, the matrixQGAF
ij (s) is theq1 -normalised modal aerodynamic transfer function known as

the Generalised Aerodynamic Force (GAF) matrix. The diagonal matrixH n (s) is the modal
transfer function of the structural system and relates to the structural transfer functionH (s) =
�H n (s)� T. Equation 16 in time domain, yields:

M q•q(t) + K qq(t) = q1 SQGAF(t)
| {z }
� TF a(F ; X (t ))

+ � TFext(t) (17)

where
QGAF(t) =

1
S

� TFa(F ; X (t)) (18)

Here,S is the reference area,q1 = 1=2�V 2
1 is the dynamic pressure,� is the air density, andV1

the free-stream velocity. The aerodynamic the generalised unsteady aerodynamic force vector
Fa(F ; X (t)) . It should be noted that the DoF indicates the structural grid points. Generally
both translational and linear rotational degrees-of-freedom are included in the analysis, which
brings the number of DoF to a 6-fold of the number of selected grid points (analysis set, or
a-set). Upon performing modal analysis, only a small selection of most dominant modes is
chosen, yielding a reduced order model (ROM) of the full system.

Since the aerodynamic grid differs from the �nite element (FEM) structural grid, additional
linear transformation is required to project the FEM coordinates and displacement onto the
computational aerodynamic grid; and, in case of a two-way coupling, another transformation

10



IFASD-2024-230

to map the aerodynamic loads onto the structural grid. The �uid-structure interaction (FSI)
interpolation conditions are a) kinematic interface condition whereby the interface displacement
of the �uid equals the interface displacement of the structure:

x f = xs
Discretization! X f = H sf X s (19)

and b) dynamic interface condition, whereby the forces at the structure interface equal the forces
at the �uid interface

psns = p f n f
Discretisation! P s = H fs P f (20)

H sf andH fs are transformation matrices and can be de�ned using consistent and conservative
approaches. A consistent approach requires the row sum of the transformation matrices to be
zero; a conservative approach requires virtual work on the structural mesh to equal the work on
�uid mesh, thereby conserving the energy transfer over the �uid-structure interface. For forced
vibration analysis only the �rst condition is of interest.

3 COMPUTATIONAL METHODOLOGY AND ANALYSES

The primary goals of this study were to: a) determine the Generalised Aerodynamic Forces
(GAFs) using a high-�delity RANS-based computational aeroelastic simulation); b) compare
the results to aeroelastic simulations using a lower �delity aerodynamic panel method model; c)
provide the simulation results to the AePW-3 Flight Test Working Group for comparison with
the low and high-�delity simulations performed by other members.

To achieve these goals a series of structural, aerodynamic and aeroelastic analyses and methods
were implemented. This section discusses the linear structural dynamics analyses performed in
NASTRAN based on the input data provided to the AePW-3 Flight Test Working Group par-
ticipants for one of the four X-56A models. Two computational aerodynamics and aeroelastics
tools and methods were used in this study to generate the Generalised Aerodynamic Forces and
analyse the �utter behaviour. Namely, the ZAERO �ow system [14, 16] from ZONA Tech-
nology, Inc. using a higher-order panel method (ZONA6) [14], and the computational �uid
dynamics (CFD) simulation system ENFLOW for multi-block �ow domains developed by the
Netherlands Aerospace Centre (NLR) based on the Reynolds-Averaged Navier-Stokes (RANS)
�ow equations [17–20]. The procedure for the ENSOLV CAE simulations is presented at the
end of this chapter.

3.1 NASTRAN — Linear Structural Dynamic Analysis

The AePW-3 Flight Test Working Group was provided with in total four fuel state con�gu-
rations, 10lb, 30lb, 60lb and 80lb. Given the computational cost associated with CFD-based
aeroelastic simulations, only one fuel state was considered in the CAE simulations, namely the
10lb fuel case.

The full NASTRAN FEM model has in total 12333 elements, i.e. shell (QUAD4/TRIA3),
beam (LINE2) geometry (POINT) and solid (PENT6/HEXA8). There are in total 8480 nodes
and 50880 DoFs, which is the number of nodes multiplied by 3 translational DoFs + 3 rotational
DoFs per node. A reduced analysis set (ASET1) of 407 nodes in 6 DoFs per node was chosen
to reduce the size of the problem. A graphic representation of the �nite element (FE) model
including grid and full set of grid points is given in Fig. 5.

The normal modes were computed using the NASTRAN SOL103 Linear Dynamics solver. In
the previous work [8], the eigenvalue extraction method Lanczos was chosen, speci�ed under
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