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ABSTRACT
NLR is developing a numerical aeroelastic simulation environment for
applications to civil and fighter-type aircraft, of which a pilot version
is in cooperation. In addition to extensive validation of the code,
special attention has been given to the design of user-friendly pre- and
postprocessing.
The present paper addresses the motivation of an aeroelastic simulation
environment, the status of the NLR AEroelastic SIMulation system, the
current research activities, the pre- en postprocessing and future
research activities. Several applications will be shown, demonstrating
the use to both civil and fighter-type aircraft. EINDEVELD 



NLR-TUDelft Experience in Unsteady Aerodynamics and
Aeroelastic Simulation Applications

J.J. Meijer M.H.L. Hounjet B.J.G. Eussen

meijer@nlr.nl hounjet@nlr.nl eussen@nlr.nl

National Aerospace Laboratory, NLR

Amsterdam, The Netherlands

B.B. Prananta

b.b.prananta@lr.tudelft.nl

Delft University of Technology

Delft, The Netherlands

SUMMARY

NLR is developing a numerical aeroelastic simulation
environment for applications to civil and �ghter-type
aircraft, of which a pilot version is in operation. In
addition to extensive validation of the code, special at-
tention has been given to the design of user-friendly pre-
and postprocessing.
The present paper addresses the motivation of an aeroe-
lastic simulation environment, the status of the NLR
AEroelastic SIMulation system, the current research
activities, the pre- and postprocessing and future re-
search activities. Several applications will be shown,
demonstrating the use to both civil and �ghter-type air-
craft.

ABBREVIATIONS

CUA Computational Unsteady Aerodynamics
CAS Computational Aeroelastic Simulations
CFD Computational Fluid Dynamics
DL Doublet Lattice Method
EE Euler Equations
FEM Finite Element Method
FP Full Potential
LCO Limit Cycle Oscillation
MIMO Multiple Input/Multiple Output
(TL)NS (Thin Layer) Navier Stokes

1. INTRODUCTION

The development of aerodynamic and aeroelastic simu-
lation codes is steadily making progress. Nevertheless
these codes are only modestly being accepted by the
end-users in industry in charge of aeroelastic stability
and loads analyses.
Various shortcomings of the current codes can be named
which cause the hesitation of engineers to use these
codes in practice. This hesitation is mainly associated
with the large e�ort required to build up su�cient expe-
rience with, and trust in the new method before it can
be used for important and often critical design aspects
of the aircraft. Another important barrier for large-
scale engineering applications is the large e�ort needed
for pre- and postprocessing of the usually complex com-
puter codes.

NLR is developing a numerical aeroelastic simulation
environment for applications to civil and �ghter-type
aircraft, of which a pilot version is in operation. In
addition to extensive validation of the code, special at-
tention has been given to the design of user-friendly pre-
and postprocessing.

The objective of the present paper is a review of the
current status and ongoing research at NLR of
� the technological readiness of both Computational
Unsteady Aerodynamics (CUA) and Computational
Aeroelastic Simulations (CAS),

� the industrial readiness of these methods in practical
applications.

Since the last meeting in this subject area [1, 2, 3] many
advances were made at NLR in re�ning mathematical
models, applications to more complex aircraft con�gu-
rations and computational e�ciency.

However, a gradually increasing gap exists between the
technological and industrial readiness, manifested e.g.
by an overpresentation of contributions in this research
area from the side of research institutes and universi-
ties in comparison with industry. A preparatory step to
diminish this gap was presented in [4], which describes
the industrial needs and expectations of CUA/CAS.

The subject here is being addressed because of these
industrial needs for an e�cient aeroelastic simulation
system, which is able to improve aircraft design with ad-
equate and e�cient assessment of aeroelastic behaviour
(utter and/or dynamic responses) for transonic ight
or other nonlinear conditions.

Today's industrial aeroelastic studies are still performed
mainly with a set of classical methods based on linear
assumptions, supplemented with correction procedures
for real ight conditions and many years of experience.
These methods have a large e�ciency in assessing the
critical state cases for a large state space. However,
the limited accuracy of such methods for transonic con-
ditions puts a severe limitation to optimization of the
aircraft design. The development of advanced CUA and
CAS methods may contribute to improve signi�cantly
upon this situation, provided that the codes are well
validated and the preprocessing, use and postprocessing
are optimized to satisfy the aeroelastic requirements in
industry.



The NLR AESIM method is developed with the objec-
tive to assist in the design of future aircraft which are
subjected to increases in exibility, aerodynamic load-
ing and nonlinearity and might be of value in the early
design and development phase for assessing ight sta-
bility and control, safety and risk valuation and ride
qualities. The method focuses primarily on aeroelas-
ticity at transonic and mildly separated ow conditions
where aerodynamic nonlinearities are a non-negligible
factor and the accuracy of conventional methods is the
most uncertain.

The system was developed primarily for utter certi-
�cation of transport-type aircraft, with the aim to be-
come an a�ordable tool for industry. Recently activities
have been started to extend the AESIMmethod towards
ows and geometries which are relevant for �ghter-type
aircraft. The resulting code will be ready to prove its
value in applications with mild ow separation, which
is primarily responsible for inducing strong Limit Cy-
cle Oscillation (LCO) structural responses and which
might restrict the ight envelope of the aircraft.

In the next section an outline is presented of the current
status and ongoing research activities of the CUA/CAS
method AESIM, which will be discussed and illumi-
nated with applications in the subsequent sections.

2. OUTLINE

In order to identify the current status of the AEroelas-
tic SIMulation system and the current research activi-
ties a list of the main and sub items have been given
below. The aim of these activities are to obtain a re-
alistic and a�ordable aeroelastic simulation system for
both transport- and �ghter-type aircraft.

� Motivation

� Realistic and A�ordable aeroelastic
simulation

� AEroelastic SIMulation system status [5, 6]

� Realism

? Application of ow solver for o�-design
conditions

? Application of aeroelastic simulation be-
yond the envelope usually demonstrated
by design codes

� Solver downgrading in di�cult areas
to incompressible ow

? Aeroelastic Accuracy

� Arbitrary grid reduction in I-,
K-direction

� A�ordability

? Tailoring of Surface and Field grid gener-
ation

? Volume Spline Interpolation [7]

? E�cient ow solvers linear DL, FP, EE,
TLNS [8, 9]

? E�cient aero-structural coupling meth-
ods [10]

? Direct visualization and on-line analysis

? Analysis from single point towards multi-
point prediction [11]

? No ad-hoc implementations

� Current research activities

� MIMO research

? CEAS Rome 1997 paper Hounjet/
Eussen/Soijer [11]

? Cooperation Delft University of Technol-
ogy

? Points of attention:

� Multi-point strategy

� Signal processing
� TLNS+ research

? CEAS Rome 1997 paper Prananta/
Hounjet [10]

? Cooperation Delft University of Technol-
ogy

? Superiority TLNS for LANN wing

? Points of attention:

� Time-step reduction/Extrapolation
methods

� Prognostics using TAM

� Turbulence models
� Linear aero research

? CEAS Rome 1997 paper Hounjet/
Eussen/Soijer [11]

? Points of attention:

� Complex curve �tting

� Transfer functions for control system
design

� Most straightforward approach

� LCO simulation system [12]{[15]

? CEAS Rome 1997 paper Meijer [15]

? LCO database experience

� Future research activities
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Figure 1: AEroelastic SIMulation system.

3. AEROELASTIC SIMULATION SYSTEM

At NLR much e�ort has been spent to create a complete
AEroelastic SIMulation system, to be used primarily
for the utter certi�cation of transport-type aircraft in
the transonic speed regime. Time-accurate simulation
of uid and airframe structure interaction is empha-
sized. The AEroelastic SIMulation system is referred
to as AESIM, after the name of the core program.
The AEroelastic SIMulation system is built around the
AESIM core and consists of six independent main pro-
gram modules, (Fig. 1):
� FOLDIT: surface grid generation.
� BLOWUP: grid generation.
� NASAES: elastomechanical data manipulation.
� AESIM core.
� Output interfacing e.g. to NASTRAN or MIMO.
� Linear methods library.
The AESIM core program is divided into 5 individual
modules and contains those subroutines which are CPU
intensive and make it possible to run the core in stand
alone mode:
� Interpolation: Interpolation of elastomechanical
and aerodynamic data (Volume Spline Method [5, 7]).

� Aero solver: Time-accurate solving of aerodynamic
equations (FP and TLNS 1).

� Motion: Either description of motions, seeded ows,
or solving of elastomechanical equations with or with-
out external loadings.

1Recently the TLNS methodology as reported in [8, 9] has
been embedded.

� Monitoring: Visualization of simulated data.
� Postprocessing: Recollection and assimilation of
facts and �gures of past simulation(s).

The various aspects of this environment will now be
discussed in some detail.

3.1 Surface grid generation

Consistent with aeroelastic requirements and discussed
in [5] only the sub-structures of aircraft which are slen-
der and have surfaces with low curvature (wing, tail
and �n) need to be modelled quite well in obtaining the
aerodynamic force in normal direction. Consequently
the quality and density of the surface grids can be re-
laxed in the other areas. While the aeroelastician is not
expected to be an expert surface modeller who creates a
surface grid from scratch, the assumption is made that
an initial surface grid is available which can be tuned to
his needs in routine applications by the geometry pre-
processor.

The geometry preprocessor FOLDIT generates a mono-
block structured surface description and/or paneling of
the complete aircraft with embedded upwind slits and
downwind slits (wake surfaces) by assembling and inter-
polating separate parent surface grids (provided by the
user by means of CAD/CAM programs). Instrumental
in assisting the user in specifying the required spacing of
each component in order to obtain smooth transitions is
the so-called domino approach. This approach requires
the input of the spacings and the number of patches for
a few of the parent surface grids which are interpolated
(extrapolated) by the volume spline method [7] to the
other surface grids. On the oor this means that the
user only has to specify the leading and trailing edge
resolution of the lifting parts.

FOLDIT also constructs the slits, allows for redistri-
butions, data editing, data smoothing and stripping
and tailors the con�guration to aeroelastic needs. By
this, considerable exibility is o�ered to the aeroelasti-
cian who is not directed to other programs when minor
changes have to be made for parametric studies. Also
identi�cation tags are generated which may be required
by the interpolation of the elastomechanical data to the
surface grid.

3.2 Grid generation

The grid generation is performed by the hyperbolic grid
generation method BLOWUP described in [16]. The
e�ort to generate mono-block HO grids about the sur-
face description of the complete aircraft with embed-
ded upwind slits and downwind slits (wake surfaces)
with mild concavities is low enough to be applied by
'non-grid expert applicators'. The grids have accept-
able quality about concave areas such as airfoil noses
and wing-fuselage junctions. The consequence of some
limitations in accuracy of the mono-block grid approach
to more complex con�gurations is considered acceptable
for aeroelastic applications rather than for performance
design.
In the solution of the aforementioned modelling, addi-
tional in-plane dissipation terms are applied which are



well described in [17]. In addition, metric regulariza-
tion terms have been developed to guarantee a proper
behavior at axis, slit tips, strongly swept surfaces and
non-smooth surface grids at wing-body junctions, tip
regions, etc.
Also it has turned out that the constant implicitness
parameters which are applied nowadays in most hyper-
bolic grid generators and control the out-of-plane dissi-
pation required for preventing grid lines from crossing in
the marching direction should be enhanced to prevent
impairing the grid in convex zones. Therefore NLR has
introduced a exible implicitness parameter which can
be applied more selective (small in convex zones and
large in concave zones) and has worked well in all cases
treated so far.
Many con�gurations can be gridded without angle con-
trol terms. In this case one relies on the dissipation
terms for rendering concave domains. However, for
some cases experiencing very strong concavities it might
be necessary to use one of the following angle control
options:
� The terms are automatically derived from previously
generated planes.

� The terms are built from directions of the far �eld.
� The terms are evaluated by a 2-D aerodynamic panel
method.

� The terms are provided by the surface(volume) spline
method.

� The terms are provided from a feedback procedure
to prevent grid folding.

In addition BLOWUP has been equipped with the pos-
sibilities:
� Starting with an orthogonal grid.
� Post-elliptic smoothing with control functions to
smooth the grid. The smoothing is primarily meant
for smoothing the transition zone between the hyper-
bolic and the algebraic generated grid contours and
in strong concave zones.

� Algebraic grid generation of grid surfaces in the far
�eld (far front, far rear and far radial surfaces) can be
applied when outer boundaries are to be prescribed.

� A hyperbolic shooting method is embedded to gener-
ate a grid with a �xed far �eld boundary distribution.

� Finally existing grids can be re�ned, enlarged and/or
smoothed.

Also CH,CO topologies of the grid are provided for
single wing applications of the AESIM system. Other
topologies that are provided include HH, XH and OC.
A complete description of the BLOWUP grid generator
is presented in [18].

3.3 Aerodynamic models

The aeroelastic solver is able to carry out the nonlinear
aeroelastic analysis in the subsonic, transonic and su-
personic speed range.
At present the time-accurate ow is modelled by:
� FP, completed by the Clebsch potential model for
ows with strong shock waves which takes into ac-
count entropy and vorticity corrections [19].
The choice for this model, mainly motivated by op-
erational requirements with respect to turn-around
time and computational costs, is discussed in [5].

� Recently the EE/TLNS methodology as described in
[8, 9] has been embedded because there is enough
evidence that with the TLNS complemented with a
simple turbulence modelling the needs of the industry
can be met for many realistic con�gurations. The
latter extension is motivated by the type of ows and
geometries which are encountered with �ghter-type
aircraft.

3.4 Simulations

The present version of the method enables the follow-
ing types of simulation around 2-D and 3-D con�gura-
tions:
� Steady aerodynamic simulation at given M1 and
angle-of-attack for rigid con�guration;

� Steady aeroelastic simulation with static deforma-
tions at givenM1, angle-of-attack and dynamic pres-
sure;

� Unsteady aerodynamic simulation for forced motion,
deformation or gust at given M1, angle-of-attack,
vibration mode and type of the motion (gust) (sinu-
soidal, impulse, jump, polynomial, etc.);

� Unsteady aeroelastic simulation due to elastome-
chanical motion or deformation at given M1, angle-
of-attack, dynamic pressure and vibration modes.
Also an external force due to exciters (utter vane,
gusts) can be included.

Simulations can be performed about symmetric con-
�gurations with symmetric and/or anti-symmetric vi-
bration modes with respect to the xy (horizontal) and
xz (vertical) planes. Also simulations are possible for
wing-tail con�gurations and for complete bodies which
require circumferential periodicity conditions to be ap-
plied.
On slit surfaces emanating from apices or non-trailing
edge body parts the imposing of a hard wall, a free jet
or a undisturbed pressure condition can be imposed.

3.5 Elastomechanical model

The elastomechanical model is split into a static part
and a dynamic part which are explained in the following
sections. The static deformation of the aircraft con�gu-
ration is obtained by means of the 'free-free' exibility
matrix. The dynamic structural behavior of the air-
craft is based on the generalized modal deection ap-
proach. The dynamic deformations are expressed in
generalized coordinates qi and their associated modal
mass M , damping D, sti�ness K and vibration modes
~hi. For a description see [5].

3.6 A(ero)E(lasto) Transfer

The information transfer at the uid/structure interface
is performed by the interpolation models which are well
described in [7].
From the implemented interpolation models [5] it has
turned out in applications that the Least Squares Poly-
nomial approximation of the data and Hounjet's vol-
ume spline interpolation method are attractive to se-
lect because they do not require any user preparation
or intervention. The well-known planar surface spline



interpolation and its curvilinear application are hardly
used in applications.
In general it is assumed that the elastomechanical data
are obtained through e.g. NASTRAN so that for this
case the interface NASAES has been created.

3.7 Others

Besides the vibration modes, other sets of geometric dis-
turbance �elds (control modes, pseudo vibration modes)
which are interpolated by the volume spline or poly-
nomial spline method might be speci�ed by the user.
These modes are also described in [5].
In order to facilitate the comparison with other refer-
ence pressure data during the simulation, the volume
spline method is also used to interpolate arbitrary data
to the aerodynamic surface grid.

3.8 Time signal analysis

One of the fundamental tasks in an aeroelastic analysis
is the determination of the frequency and damping of
aeroelastic modes (e.g. to detect if one of the gener-
alized displacements becomes unstable and utter will
occur). As many di�erent time response signals may
have to be analyzed several methods for curve-�tting
should be available. In general each time response sig-
nal exists of contributions of various modal modes, of
which the frequency and damping of each one have to
be determined.
Therefore, during an unsteady simulation the data must
be analyzed on-line in the time domain in order to de-
termine the behavior of a coupled system. The main
purpose of this analysis is to determine the frequency
and damping characteristics of the discrete time signal.
To ful�l that task the following methods have been em-
bedded [11]:
� The exponential sine �t,
� Prony's method,
� Fast Fourier Transform analysis,
� Curve-�tting of transfer functions.
Since a wide array of time response signals is available
several ways exist to make use of the above-mentioned
time-�tting tools. The most common time response sig-
nals which can be used to determine the frequency and
damping characteristics of the discrete time signal con-
sist of:
� For every modal mode separately:
� the generalized coordinate,
� the velocity of the generalized coordinate,
� the generalized force.

� Also a combination of modal modes and/or the pres-
sure or deformation data at selected points can be
analyzed.

3.9 Monitoring and Postprocessing

Direct monitoring and analysis of all aeroelastic quanti-
ties of interest are of major importance to the user. The
monitoring of the system is able to provide a graphical
presentation of the deformations and pressure distribu-
tion on the con�guration at selected time samples as
well as the mean steady pressure distribution and its

�rst harmonics over a selected time interval. Further-
more, the monitoring is able to provide the dynamic
response of integrated loads as lift and moment coe�-
cients for complete con�gurations as well as individual
components. Also the pressure coe�cients might be
compared with:
� Pressure coe�cients generated at a di�erent time or
iteration index which is important for checking con-
vergence.

� Pressure coe�cients generated in a di�erent session
which is important for checking di�erent modellings
(e.g. FP against EE).

� Arbitrary reference pressure (experimental) coe�-
cients during the simulation which is important for
identi�cation. The volume spline method is used to
interpolate the arbitrary data to the aerodynamic
surface grid.

When the aeroelastic equations are solved for sev-
eral ow conditions (variable Mach numbers, angles-of-
attack, amplitudes and frequencies of oscillation) facili-
ties are available to monitor and predict the derivatives
of the unsteady airloads in that range and to estimate
the critical utter speed.
Attention has been paid to provide the user with 2-
D and 3-D plot and analysis facilities to inspect and
analyze all aeroelastic quantities of interest during the
simulation. At any time the user may interrupt the pro-
gram for the analyses and inspection of the data. Again
this strongly reduces the workload of the aeroelastician
who is not directed to other programs for visualization.
The visual output includes screen output and o�-plot
PostScript output.
Except for the mean and �rst harmonic components of
the aforementioned data which is only available after
�nishing a complete period of a harmonic motion, the
data may be required by the user at any time or itera-
tion step.

3.10 Inspection: Screen and PostScript plots

Two kinds of visualization tools are available:
� A 2-D facility for plotting collections of 2-D abscissa-
ordinate plots gathered on one screen or on multiple
screens.

� A 3-D facility for plotting collections of 3-D surfaces
with contour plots and/or vector plots on one screen
or on multiple screens.

The facilities may be used to plot the aforementioned
quantities depending on the type of simulation. The
plots can be stored in color PostScript format (using the
special options in the interactive plot facility or using
screen dump techniques in combination with other plot
facilities.

3.11 Applications

The applicability of the method is directed to 2-D air-
foils, 3-D wings, 3-D wing-bodies, T-tail, etc. Many
applications of the simulation method were already pre-
sented in references [5, 6, 19]. The examples here will
focus on current ongoing activities in 3-D to demon-
strate the status of the aeroelastic environment. Two
applications will be considered. The �rst one deals with
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Figure 2: Fighter-type aircraft geometry input for
FOLDIT.
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Figure 3: Outline of support surfaces of a �ghter-type
aircraft.
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Figure 4: Location of structural points of a �ghter-type
aircraft.

a �ghter-type con�guration and the second one with a
transport-type T-tail fuselage con�guration.

3.11.1 Fighter-type aircraft

In view of the development of time-accurate aerody-
namic solvers the ability of the aeroelastic simulation
system to deal with �ghter-type aircraft (Figs. 2,3) is
considered. The complete geometry from ICEM-CFD
was processed by FOLDIT, in order to obtain a sur-
face grid. The surface grid initiates then the volume
grid (Fig. 8). The surface grid should ful�l the require-
ments to investigate the requested aeroelastic phenom-
ena. This means that tailoring of surface and �eld grid
generation may play an important role.

Running the process to manipulate or tailor the geom-
etry the volume spline interpolation technique [7] has
shown to be of invaluable value. This interpolation tech-
nique, which may be applied for both structured and
unstructered data in general, is demonstrated here for
the elastomechanical data transfer between the struc-
tural grid and the aerodynamic surface grid.

A NASTRAN �nite element model is available from
which the symmetric vibration modes and structural
grid for a typical �ghter-type con�guration of the con-
sidered aircraft were obtained. In total 679 structural
points were applied (Fig. 4). An existing surface grid
containing 43 support surface patches (Fig. 3) was used
to perform the interpolation.
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Figure 5: 3-D view of vector plot and contour plot of
normal displacements of an arbitrary symmetric vibra-
tion mode of a �ghter-type aircraft.

Results are shown in �gures 5,6 of an arbitrary symmet-
ric vibration mode (5th). The �gures show the outlines
of the patches, the displacement vectors at the outlines
and contour values of the absolute displacement vector
normal to the surfaces. The result of the same symmet-
ric vibration mode obtained with the \standard chain"
of computational utter tools has also been presented in
�gure 7, which was calculated with a 2-D surface spline
technique. It appears that the results shown in �gures
5,6 agree well with the result represented in �gure 7.
Interpolations for other vibration modes demonstrate
comparable results as well. More details of interpola-
tion applications are discussed in [7].

Recently the TLNS methodology has been embedded as
mentioned in section 3.3. The applicability of the time-
accurate TLNS method is demonstrated by comparing
calculated data with experimental data for a realistic
�ghter-type con�guration oscillating in pitch at 56.8 %
of the root chord with an amplitude of 0.5 deg. The case
considered is a transonic ow condition at M1 = 0:92
and �mean = 6:0deg. The reduced frequency k = 0:16
based on the semi-mean aerodynamic chord correspond-
ing with a frequency of f = 4:5Hz for the real aircraft.
Because the robustness of the code for small and large
time steps will be shown, only EE results are considered,
since from accuracy reasons these allow the largest time
steps to be taken. Experimental data are obtained from
[3, 20].
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Figure 6: 3-D projections of vector plot and contour
plot of normal displacements of an arbitrary symmetric
vibration mode of a �ghter-type aircraft.
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metric vibration mode (5th) of a �ghter-type aircraft,
from utter computational chain (surface-spline).
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Figure 8: Mesh around wing-body-tail �ghter-type con-
�guration, number of points � 200,000.
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Figure 9: Mean pressure contours (EE) on �ghter-type
con�guration at M1 = 0:92; �m = 6:0 deg.

Figure 8 shows a mesh with about 200,000 points
around the con�guration. The inlet of the engine has
been smoothed. All results were obtained using FP (�ne
and coarse grid) and EE equations. Figure 9 shows
the mean pressure contours (EE) on the surface of the
aircraft. The comparison of the pressure on the upper
surface of the wing between the present results (EE,FP)

.
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Figure 10: Comparison of experimental and calculated
mean pressure distributions on the wing of �ghter-type
con�guration at M1 = 0:92; �m = 6:0 deg.

and the experimental data is presented in �gure 10. The
overall agreement is good except at the shock and tip
region. The latter may be explained by the fact that the
experimental result was obtained using a wind tunnel
model having a tip-launcher, while the present calcula-
tion was carried out without one. The shock which is
too strong may be improved by using the NS equations.
Note that the FP calculations both on a �ne and on a
coarse grid show fairly well results, especially those on
the coarse grid perform well except near the tip span
station.
Figures 11,12 show the real and imaginary part of the
�rst harmonic pressures (EE,FP) on the upper surface
of the wing compared to the experimental results. Two
runs were made for the EE calculations employing small
time steps (64/cycle) and large time steps (8/cycle).
Except for peak values the small time step results as
well as the large time step results show a good agree-
ment with the experimental data. Details of the EE
calculations are further discussed in [10].
Again the FP calculations both on a �ne and on a coarse
grid present fairly well results, except for the peak val-
ues. In general it can be concluded that the coarse grid
does not have su�cient resolution for a detailed descrip-
tion of the unsteady ow, but if one is only interested
in a global impression of the ow �eld and an estimate
of hysteresis e�ects then a coarse grid can be su�cient
for a �rst impression.

3.11.2 T-tail-fuselage

In order to demonstrate the ability of the system to deal
with existing aircraft structures the transport-type T-
tail fuselage con�guration has been chosen (Fig. 13), as
discusses in [6]. It should be noted that no parts of the
geometry were omitted. The complete geometry from
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Figure 11: Comparison of experimental and calculated
�rst harmonic pressure distributions (real part) on the
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ICEM-CFD was processed by FOLDIT, in order to ob-
tain a surface grid. The surface grid initiates the vol-
ume grid of which characteristic grid planes are shown
in reference [6], which shows also the ability of the grid
generator to deal with strongly swept wings and non-
uniform distributions.
For the grid 67x30x33 nodes were applied. Figure 14
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Figure 13: T-tail con�guration.
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Figure 14: Steady pressure distribution (FP) on hori-
zontal tail.
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Figure 15: Second mode shape of T-tail con�guration.
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Figure 16: Result of a T-tail con�guration of dynamic
response of generalized coordinates at M1 = 0:84 and
altitude 0.0 ft in Standard Atmosphere.
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Figure 17: Result of a T-tail con�guration after expo-
nential sine �t signal processing of dynamic response of
generalized coordinates at M1 = 0:84 and altitude 0.0
ft in SA.

shows the steady pressure distribution (FP, M1 =
0:84) on the horizontal tail. From top left to bottom
right pressure distributions at di�erent spanwise sta-
tions from root to tip are depicted. A considerable tran-
sonic ow e�ect is apparent.
As an example the second mode shape of the T-tail
con�guration is shown in �gure 15. Unsteady calcula-
tions (FP aerodynamics) were performed atM1 = 0:84
and zero altitude in Standard Atmosphere. The elasto-
mechanical model consisted of the �rst ten vibration
modes, obtained with MSC/NASTRAN FEM method.
The generalized coordinates of each individual mode
were calculated in time as a result of a non-zero initial
value for the acceleration of the generalized coordinate.
The result of the simulation is shown in �gure 16. In
�gure 17 the time response data is evaluated through
exponential sine �t signal processing [11] to get damp-
ing and frequency information. The exponential sine �t
results compare well with the simulated data.
The results of these simulations con�rm that the T-tail
has a stable dynamic behavior for the ight condition
under consideration. This is in accordance with the
MSC/NASTRAN utter diagram [6].

4. CURRENT RESEARCH ACTIVITIES

In this section a number of current research activities
are discussed, viz. the subjects:
� MIMO class research
� TLNS+ research



� Linear aero research
� LCO simulation system

4.1 MIMO research

To analyze the many time response signals a number of
methods have been embedded (see section 3.8). Very
recently a feasibility study has been started to apply
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the promising MIMO-class techniques [21] for that pur-
pose too. They will enhance the analysis capability as
depicted in �gure 18.

Experience has learned that for a fail safe analysis of an
elasto-mechanical system the mentioned �tting routines
are applied �rst to the non-aerodynamically loaded sys-
tem and next to the system loaded using linear aerody-
namics [22], through convolution of transfer functions,
[23]. The data from these analyses might act as a guide-
line for the analysis of the non-linear time signal, origi-
nating from the coupled non-linear uid structure sim-
ulation. The analysis process has been fully automated
through use of scripts. This facility allows the analysis
process to be repeatable and to be documented.
It should be noted that also the analysis might provide
a prognostic way to speed up the simulation by allowing
for larger time steps [10].

The adoption ofMIMO technology [21] permits a black
box 2 evaluation of the aeroelastic system in such a way
that after a single fully-coupled simulation for one ight
condition the system state for other ight conditions
(e.g. qdyn) might be predicted and to extract useful
data (e.g. Generalized Forces) from the coupled simu-
lation which can be used for other purposes.
The main purpose is to extend the single point applica-
tion of coupled simulation methods to multiple points
and way-ahead is given to perform postprocessing activ-
ities, pk-, k-method etc, with extracted data from an ap-
plication of a fully-coupled simulation. This multi-point
strategy is explained in the �gures 19,20 and further
described in [21]. A slightly di�erent model structure
MIMO? includes auto regressive terms on the outputs.
Two examples here focus on current ongoing MIMO
activities [11] with respect to the time-analysis and
demonstrate the status of the aeroelastic environment
too.

4.1.1 AGARD I-wing 445.6

The �rst example of the applicability of the MIMO-class
techniques, in this case the modi�ed MIMO? method,
in utter analysis is presented for an aeroelastic investi-
gation which was conducted for one of the 3-D AGARD
standard aeroelastic con�gurations in subsonic, tran-
sonic and supersonic ow. This con�guration is de-
scribed in [24]. The con�guration for dynamic response
I-wing 445.6 model \weakened no. 3" was selected at
Mach=0.901. The data were obtained from [10].
The data (generalized forces) as obtained from simula-
tion with the identi�ed MIMO? model, together with
the original data for subcritical ight condition are pre-
sented in �gure 21. The data has been plotted for time
points after the transition has damped out. An excel-
lent agreement is shown between both data sets (they
coincide entirely!).
The main purpose of the exercise will be a simulation,
at an increased airspeed to a supercritical value, apply-
ing the MIMO? results obtained from the subcritical
condition and make the comparison with results of the
aeroelastic simulation at the higher airspeed. Figure 22

2No knowledge is assumed of coe�cients of the structural and
aerodynamic system.



depicts the comparison which shows that the system at
the supercritical airspeed is unstable and that the lin-
ear MIMO? model prediction performs very well for the
lower 3 modes. Mode 4 is overpredicted.
Slightly larger errors were found with the MIMO model,
i.e. without the auto regressive terms [11]. Which
model set results in the best estimates for aerodynamic
modelling in aeroelastical closed-loop systems is yet to
be investigated.
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Figure 21: Comparison of MIMO? �tted (...) with auto
regressive terms on outputs and original ({) generalized
forces data for AGARD I-wing 445.6 at subcritical ight
condition.
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Figure 22: Comparison of MIMO? predicted (...) and
reference ({) generalized forces data for AGARD I-wing
445.6 at supercritical ight condition.

4.1.2 T-tail-fuselage

The second example to demonstrate the ability of the
MIMO-class techniques deals with the transport-type
T-tail fuselage combination, which was already consid-
ered in section 3.11.2. The conclusion was that the
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Figure 23: Result of T-tail con�guration after MIMO
signal processing of dynamic response of generalized co-
ordinates at M1 = 0:84 and altitude 0.0 ft in SA.

exponential sine �t results (Fig. 17) of the time sig-
nals compare reasonably well with the simulated data
(Fig. 16). Results with the MIMO-class procedure are
depicted in �gure 23. The MIMO-class �t results are
astonishingly good. Both methods revealed about the
same damping and frequencies. The results of these sim-
ulations show again that the T-tail has a stable dynamic
behavior for the ight condition under consideration.

4.2 TLNS+ research

Transonic aeroelastic investigations of modern aircraft
put increasingly higher demands on the accuracy of
predicting unsteady aerodynamic loads and aeroelastic
characteristics. Methods for numerical aeroelastic sim-
ulations have joined, in which the aerodynamics and
structural dynamics are considered simultaneously and
so provide an integrated approach for the multidisci-
plinary aeroelastic problems. A central question is the
a�ordability of these methods at various levels of prac-
tical applications. It is evident that opinions about af-
fordability depend on local needs conditions and appre-
ciations. It is also clear, however. that answering this
question should be based on a thorough insight into po-
tential gains in e�ciency and robustness of these meth-
ods. The exploration of these gains is a research topic
in which Delft university of Technology (DUT) and the
National Aerospace Laboratory (NLR) in Amsterdam
cooperate.

The outcome of that research so far has been presented
in [8, 9, 10] for 2-D and 3-D CUA and CAS meth-
ods using EE and TLNS solvers. One of the main
features of these solvers is the development of a ro-
bust e�cient upwind implicit time-marching algorithm
for time-accurate TLNS equations, employing subiter-
ations, especially directed to the aeroelastic analysis in
viscous transonic ow. The purpose of using subiter-
ations is to accelerate steady-state convergence and to
permit a large time step in time-accurate simulations,
thereby reducing the computational cost, while main-
taining adequate accuracy. Further details are discussed



in [8, 9]. The ability of the method was demonstrated
for many cases, including cases of inherently unsteady
ow due to shock-induced separation. Considered 3-D
cases were: 1) ONERA M6 wing, 2) Fighter-type wings
and 3) LANN wing.

Important observations related to practical aeroelastic
simulations concluded in [9] were:
� Accurate results have been generated applying not
more than 24 and 48 time steps per period for the
EE and the TLNS applications, respectively. In that
perspective again attention is devoted to the calcula-
tion results with EE equations employing small time
steps (64/cycle) and large time steps (8/cycle) for a
�ghter-type con�guration (see section 3.11.1 and [9]).

� The methods turned out to be very robust and the
only principal user-supplied numerical parameter for
an unsteady calculation is the time step.

� The comparison with experiments demonstrated the
superiority of the TLNS method over the inviscid
methods for cases involving thick wings.

� The 3-D methods have turned out to be about a fac-
tor O(5) to O(15) slower as compared ta a time-
accurate FP method for the inviscid and the TLNS
applications, respectively. This makes them a�ord-
able for embedding in an aeroelastic simulation envi-
ronment.

� Since the stability restriction to the time step of the
components of the aeroelastic simulation have been
strongly relaxed, the next goal is to improve the cou-
pling of the aerodynamic and structural equations.

� Also it seems to be appropriate now to improve on
the turbulence modelling.

Related to the above-mentioned observations a number
of current research subjects and/or subjects, which need
continuously attention, are discussed and illuminated
with some applications. These subjects are:
� Applications of the current TLNS method
� Time-step reduction in CUA applications
� Time-step reduction in CAS applications by:
� Higher order extrapolation methods
� Prognostics using Time Analysis Methods (TAM)

� Turbulence models:
� Baldwin-Lomax
� Spalart-Allmaras

4.2.1 Semi-span straked delta wing

To investigate the e�ciency and robustness of the cur-
rent TLNS code the applicability is further demon-
strated by comparing calculated data with experimental
data of the NLR wind tunnel test described in [25] for
the semi-span straked delta wing. The geometry of the
outer wing panel is the same as that of the �ghter-type
con�guration discussed in section 3.11.1. The ow con-
dition is M1 = 0:90; �m = 6:0 deg. Steady calculations
have been performed with the EE mode of the TLNS
code [9] on a mesh of 97�125�30 grid points.
Figure 24 shows the planform and steady isobar con-
tours at the upper side of the wing with total pressure
contours behind the wing. Clearly visible are the vor-
tices initiated by the simple strake and the tip of the
outer wing panel. Measured mean pressure contours at
the same ow conditions are presented in �gure 25.

A qualitative comparison of the pressure contours (Figs.
24,25) on the upper surface at the indicated wing sta-
tions of the outer wing panel shows a fairly well agree-
ment, in particular the presence of the lambda shock
waves near the tip 3.

.

Figure 24: Steady pressure contours (EE) on a semi-
span straked delta wing con�guration with total pres-
sure contours behind the wing at M1 = 0:90; �m =
6:0 deg.
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Figure 25: Measured mean pressure contours on a
semi-span straked delta wing con�guration at M1 =
0:90; �m = 6:0 deg.

3Quantitative comparisons and results for oscillating condi-
tions in pitch will be presented in a forthcoming publication.



4.2.2 LANN wing

To verify the current TLNS method for 3-D steady and
unsteady applications with moderate viscous and tran-
sonic e�ects for cases involving thick wings the LANN
wing was selected in [9]. The superiority of the TLNS
method over the inviscid methods for the LANN wing
was clearly demonstrated. Because of the superiority of
the TLNS method and future applications for �ghter-
type aircraft the results are presented again.
The geometry of the wing has been taken from [26]. The
experimental data is obtained from [27]. Extensive com-
parison of calculated FP data with experimental data
was already performed in [28].
Calculations and comparisons were made for pitch-
ing oscillation about 62.1% root chord at Minfty =
0:822; �m = 0:6deg and Re1 = 7:3� 106 based on root
chord. The amplitude of oscillation was 0.25 deg, with a
reduced frequency k = 0:102 based on root semi-chord.
The dimension of the grid was 128�32�24 for the invis-
cid case and 128�32�36 for the viscous case. The same
surface grid was used in both cases. For the turbulence
modelling the simple Baldwin-Lomax algebraic model
was applied.
Comparison of the mean pressure distributions is shown
in �gure 26 at selected span stations. The Euler results
show already a substantial o�set to the experimental
data, even at the lower side. The TLNS data are in
fairly good agreement with the experimental data for
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Figure 26: Comparison of experimental with FP,
EE and TLNS calculated mean pressure coe�cients
on LANN transport-type wing, M1 = 0:82; �m =
0:6 deg and Re1 = 7:3� 106.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

Y
/S

=0
.2

0

   
  2

5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

Y
/S

=0
.4

7
Y

/S
=0

.4
7

Y
/S

=0
.4

7
Y

/S
=0

.4
7

Y
/S

=0
.4

7

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

X
/C

Y
/S

=0
.6

5

0.
00

0
0.

50
0

1.
00

0
   

  2
5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

0.
00

0
0.

50
0

1.
00

0

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

X
/C

Y
/S

=0
.6

5

0.
00

0
0.

50
0

1.
00

0
   

  2
5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

0.
00

0
0.

50
0

1.
00

0

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

X
/C

Y
/S

=0
.6

5

0.
00

0
0.

50
0

1.
00

0
   

  2
5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

0.
00

0
0.

50
0

1.
00

0

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

X
/C

Y
/S

=0
.6

5

0.
00

0
0.

50
0

1.
00

0
   

  2
5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

0.
00

0
0.

50
0

1.
00

0

-C
P

   
   

 (
R

ea
l) 

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
 

X
/C

Y
/S

=0
.6

5

0.
00

0
0.

50
0

1.
00

0
   

  2
5.

   
   

0.

   
 -

25
.

   
 -

50
.

   
 -

75
.

0.
00

0
0.

50
0

1.
00

0

X
/C

Y
/S

=0
.8

2

0.
00

0
0.

50
0

1.
00

0
0.

00
0

0.
50

0
1.

00
0

X
/C

Y
/S

=0
.8

2

0.
00

0
0.

50
0

1.
00

0
0.

00
0

0.
50

0
1.

00
0

X
/C

Y
/S

=0
.8

2

0.
00

0
0.

50
0

1.
00

0
0.

00
0

0.
50

0
1.

00
0

X
/C

Y
/S

=0
.8

2

0.
00

0
0.

50
0

1.
00

0
0.

00
0

0.
50

0
1.

00
0

X
/C

Y
/S

=0
.8

2

0.
00

0
0.

50
0

1.
00

0
0.

00
0

0.
50

0
1.

00
0

*A
E

vo
ir*

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

A
E

S
IM

   
   

   
   

  
La

nn
   

   
   

   
   

M
ac

h=
0.

82
, K

=0
.1

02
 

A
lp

ha
=0

.6
, A

m
p=

0.
25

 d
eg

   
   

   
   

   
S

E
Q

N
R

= 
   

 0
   

   
 

F
ul

l  
   

   
 P

ot
en

tia
l E
ul

er
   

   
 

T
LN

S
   

   
  

E
xp

 (
N

LR
) 

  

Figure 27: Comparison of real part of experimental
with FP, EE and TLNS calculated �rst-harmonic pres-
sure coe�cients on LANN wing at M1 = 0:82; �m =
0:6 deg; �amp = 0:25 deg and k = 0:102.

the whole wing at both sides for both shock positions
and peak suction levels at the leading edge. Note that
the FP results approximate good the Euler data.
Unsteady �rst harmonic pressure coe�cients are com-
pared in �gures 27, 28. The EE results were generated
with 24(12) time steps per cycle and TLNS results were
obtained using 48(16) time steps per cycle.
The lower side shows, except at the root, a subsonic dis-
tribution. The upper side shows clearly the e�ect of the
lambda shock waves. Except for peak values the real
part of the data is predicted fairly well by the TLNS
method. The Euler data show too much di�erences.
The agreement for the imaginary part of the data is less
adequate at both sides. Aft of the shock wave the TLNS
method performs better. In front of the shock wave the
Euler data seem to compare better.
In general, is has to be concluded that a fairly good
agreement has been achieved. Part of the di�erences
between calculated and experimental data should be at-
tributed to the deformation of the wind tunnel model
during wind-on conditions and the added complication
of peak measurements and integration in the experi-
ment.

4.2.3 Time-step reduction in CUA

In view of the development of a robust and an e�cient
algorithm for time-accurate TLNS equations to obtain
a realistic and a�ordable simulation system an earlier
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Figure 28: Comparison of imag. part of experimental
with FP, EE and TLNS calculated �rst-harmonic pres-
sure coe�cients on LANN wing at M1 = 0:82; �m =
0:6 deg; �amp = 0:25 deg and k = 0:102.

application discussed in [8], will be reconsidered, viz.
the 2-D AGARD standard test case for transonic vis-
cous ow (case 3 of Landon [29]). The ow conditions
are M1 = 0:60; �m = 4:86 deg ; Re1 = 4:8 � 106 and
the boundary layer is fully turbulent. The mode of vi-
bration is a pitching oscillation of the NACA 0012 pro-
�le about quarter-chord with an amplitude of 2.44 deg
and a reduced frequency k = 0:081 based on semi-chord.
In [8] the computational e�ciency of the code for the
current case was demonstrated for several variations of
the iteration parameters, i.e. time steps/period, subit-
erations and Jacobian recalculations, thereby applying
2nd order extrapolation.
Comparison of calculated sectional coe�cients, Cl and
Cm (Fig. 29) for variety of time step simulations reveals
that larger time steps/period for 3rd order extrapola-
tion could be obtained, thereby reducing the computa-
tional cost, while maintaining adequate accuracy. Four
cases of calculated results have been presented for high
(400) to very low number (16) of time steps/period
in combination with 4 and 12 subiterations, respec-
tively. The lift coe�cient shows a very good agreement.
The moment coe�cient shows a more sensitive behav-
ior. Some di�erences are apparent, but the extremities
appear to be captured well enough by all the cases. For
this particular viscous test case it seems that 16 time
steps with 12 subiterations is su�cient.
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Figure 29: Comparison of sectional coe�cients, Cl

and Cm for variety of time step simulations, during
oscillatory pitching motion of NACA 0012 pro�le at
M1 = 0:60; �m = 4:86 deg ; Re1 = 4:8� 106; �amp =
2:44 deg and k = 0:081.

4.2.4 Extrapolation methods in CAS

Driven by the requirement of realistic aeroelastic simu-
lations, special attention is devoted not only to a proper
modeling of the physics but also to their e�ciency and
robustness. Consequently, an important practical as-
pect is the capability to march accurately at a large time
step, thereby reducing the overall turn-around time.
However, this implies that all components of the simu-
lation methodology should possess a large time step
capability.
Therefore, an improvement of the aero-structural cou-
pling procedures is necessary to bene�t from the large
time step allowed by the current aerodynamic meth-
ods, shown earlier. In [10] two coupling methods have
been studied: an improved aerodynamic extrapolation
method and a structural extrapolation method. Also a
third one is introduced: the prognostic method. The
latter is an extension of the structural extrapolation
method and uses results of the time analysis to guess the
new states. The three coupling approaches have been
presented in detail in [10], therefore the main features
will be discussed briey and exempli�ed with a few ap-
plications.

In general the equations of motion for the aeroelastic
system can be written into a standard state-space form
as:

_X = AX +BU (1)

A standard method [10] can be used to solve Eq.1:

Xn+1 = �X0 +

Z t(n+1)

0

�(t� �)BU(�)d�

� �(�t)Xn +�(�t) �U; (2)

where �U is a representative value of the aerodynamic
force U(t) between time levels (n) and (n + 1). Calcu-
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Figure 30: Comparison of time responses between small
(48/period) and large (10/period) time step simula-
tions for improved aerodynamic extrapolation method,
for AGARD I-wing 445.6 at M1 = 0:96; �m =
0:0 deg, amp = 0:005 (2nd mode) and k = 0:10, during
forced vibration.

lation of � and � are described in [10]. This commonly
used loosely coupled method was originally suggested
in [30], where the aerodynamic force Uhti is assumed to
vary linearly between time steps (n) and (n + 1). The
aerodynamic force at time level (n+ 1

2 ) is then extrap-
olated as:

Un+ 1

2 � 3

2
Un � 1

2
Un�1: (3)

This value is used to represent the value of U between
time step (n) and (n+1). This method fails, however, to
give good results for large time steps simulations. Two
approaches are studied to improve the method:

Aerodynamic extrapolation
The aerodynamic force is expressed as:
U = U(Q;X) and the extrapolation to time level
(n+ 1

2 ) is:

Un+ 1

2 � Un + (
@U

@Q

@Q

@t
+

@U

@X

@X

@t
)
�t

2
: (4)

where Q is de�ned by the TLNS equations [10].
The @Q=@t and @X=@t are readily available data
while @U=@Q and @U=@X have to be calculated.

Structural extrapolation
The reason for this method is the fact that the
structural part behaves smoother than the aerody-
namic forces. Thus a better result may be expected
from extrapolating the structural state. To obtain
the aerodynamic force at time level (n + 1

2 ), the
state of the mesh is �rst approximated as:

Xn+ 1

2 � Xn + _Xn�t

2
: (5)

The _x in the second term is readily available while
the �x is approximated simply as ( _xn � _xn�1)=�t.
Using this data a mesh is generated and the surface
velocity is used to enforce the boundary condition.

Thus the aerodynamic part of the method marches
at a time level between the structural states. This
method is more e�cient than the �rst one since
all quantities needed for extrapolation are readily
available or can be easily calculated.

To show the applicability of the improved extrapola-
tion methods for large time step simulations a forced
vibration case [10] of the 3-D con�guration for dynamic
response I-wing 445.6 model weakened no.3 is presented.
Only calculation results with EE are shown. The ap-
plied grid consists of 121�29�24 mesh points. The case
at M1 = 0:96 is considered. The second mode of the
wing is excited in a sinusoidal motion with reduced fre-
quency k = 0:10, based on root semi-chord, and an am-
plitude of 0.005. Figure 30 shows the response of the
�rst two vibration modes using a small time step (48
steps/period) and a large time step (10 steps/period).
The conclusion is that no signi�cant di�erences are ob-
served. Other applications have been demonstrated in
[10].
Finally a prognostic method is proposed, which is dis-
cussed in the next section.

4.2.5 Prognostics using TAM in CAS

The prognostic method proposed in [10] which is a re-
�nement/generalization of the previous extrapolation
methods and might be regarded as a higher-order ex-
trapolation using transfer functions. In each time step
the structural or aerodynamic part is extrapolated to
the next time level by:

X(n+ 1

2 ) � P

�
X;U; n+

1

2

�
or

U(n+
1

2 ) � P

�
X;U; n+

1

2

�

Here P (#; t) denotes the approximation of time trace
f#n;#n�1; : : : : : : ;#n�mg at t which should be ob-
tained by performing one of time analysis methods
(TAM) presented in [10], m denotes the number of re-
tarded time steps in the time domain. It will be obvious
that as soon as the function P is not changing anymore
the simulation can be �nished since the following time
steps will not present any new additional information.
In fact this means the time step is virtually in�nite.

A 2-D aeroelastic application of the prognostic extrap-
olation method, discussed in [10], is presented for the
NACA 64A010 airfoil using structural data from the Iso-
gai case A [31]. The structural parameters are a=-2.00,
x�=1.80, r

2
�=3.48, �=60.00 and the ratio of the uncou-

pled frequency !h=!�=1.00. The utter boundaries of
this case, compared to some other methods, have al-
ready been shown in [8]. The result presented here will
concentrate on the large time step aspect of the method.
A mesh consisting of 140�32 points was applied. Only
application with EE equations will be presented. The
simulation is started from a steady condition with an
initial _x. The small time step simulation uses 32 time
steps/period of the uncoupled mode while the large time
step simulation applies 8 time steps/period.
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Figure 31: Comparison of time responses between small
(32/period) and large (8/period) time step simulations
for the prognostic method, employing Prony's method,
on Isogai case A at M1 = 0:85.

The case considered is a subcritical condition at M1 =
0:85 with V ? = U1=(!�b

p
�) = 0:53. Comparison of

simulation using small time steps and large time steps
for the prognostic method, employing Prony's [11] anal-
ysis for the time traces is shown in �gure 31. The results
of both simulations show an excellent agreement, no dif-
ferences are observed. The inadequacy of the common
method [30] for large time step simulations of this case
have been shown in [10].

4.3 Linear Aero Research

To ease applications and to build con�dence a coupled
aeroelastic simulation should also be run based on lin-
ear aerodynamics. This requires the generalized aero-
dynamic forces (transfer functions) which are in general
available in the frequency domain to be �tted [23, 32]
and transformed to the time-domain.
Figure 32 shows a number of possibilities to calculate
the generalized aerodynamic forces together with the
transformation tools to obtain transfer function repre-

AESIM simulation

AESIM

Harmonic

function

TRANSFER

Prony
MIMO

Fit
Curve
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Fit
Curve

Complex

* Impulse response
* Step response

Single

Simulations

Multiple

CAR
GUL

data
Frequency
Diverging

CAR
GUL

NASTRAN

data
Frequency
Harmonic

Figure 32: Flowchart of techniques for transforming lin-
ear aerodynamics between frequency and time domain.

sentations of the loads for ease formulation in the time
domain. The blocks in the four outer corners of the dia-
gram are sources to calculated the aerodynamic forces.
The three inner blocks around the kernel of the dia-
gram, transfer function, are �tting procedures for the
aerodynamic forces. These �tting procedures include:
1) Complex curve �t in s-domain, 2) Real �t curve in
s-domain, and 3) MIMO-class techniques and Prony's
method, which have been described in [11].

A feasibility study with 2-D airloads and 3-D airloads
has been performed [11] to investigate the most e�-
cient way to embed linear aerodynamics in the AESIM
method. Without the analytical details the procedure
was as follows [11].
The assumption is made that the behavior of any un-
steady parameter of interest such as an aerodynamic
load or a pressure coe�cient can be described by a ap-
propriate form for the transfer function which is a ratio
of two s dependent polynomials which is known as the
Pad�e approximation. The complex �tting procedure has
been assumed to obtain the approximation. The ratio-
nal polynomial has been transformed to the state-space
form. Subsequently, this system has been solved using
the Newmark scheme embedded in the AESIM system.
Two applications of the study will be presented, a 2-
D case for a at plate and a 3-D case of the AGARD
I-wing 445.6.

2-D application Calculations of unsteady airloads
have been performed with DOULAT for a at plate
heaving (mode 1) and pitching about an axis 0:5c in
front of the leading edge (mode 2) at M1 = 0:5 and a
reduced frequency range up to j s j= 1:0. (Note: The re-
duced frequency is de�ned here as k = Im(s), based on
the semi-chord.) The generalized forces data generated
by DOULAT were �tted with the afore-mentioned pro-
cedure. Thereafter the Newmark scheme was applied to
oscillatory motions in the same frequency range and the
time traces were transformed to the frequency domain.
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Figure 33: Comparison of directly calculated and �t-
ted unsteady coe�cients of a harmonically heaving and
pitching at plate at M1 = 0:5.
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Figure 34: Comparison in the frequency domain of di-
rectly calculated and to and fro transformed unsteady
coe�cients of a harmonically heaving and pitching at
plate at M1 = 0:5.

Figure 33 shows the comparison in the frequency do-
main between the original data (circle) and the �tted
data (line-cross) which show a good agreement. Fig-
ure 34 shows the comparison in the frequency domain
between the original data (circle) and the data (cross)
obtained by analysing the time traces which again show
a good agreement. From this the conclusion might be
drawn that the aforementioned procedure is applicable
in 2-D.

3-D application Calculations have also been per-
formed with GUL for the 3-D AGARD I-wing 445.6
at M1 = 0:901. This con�guration is described in [26].
Again two modes were selected, modes 2 and 4. A sim-
ilar procedure was applied as outlined above.
Figure 35 shows the comparison in the frequency do-
main between the original data (circle) and the �tted
data (line-cross) which show a good agreement. Figure
36 shows a comparison in the frequency domain between
the original data (circle) and the data (cross) obtained
by analysing the time traces which shows again a good
agreement.
From this the conclusion might be drawn that the afore-
mentioned procedure shows good promise for embed-
ding in the AESIM system.

4.4 LCO simulation system

Modern �ghter-type aircraft operating in the high sub-
sonic, transonic and low supersonic speed regime may
experience under certain conditions transonic nonlinear
utter, known as limit cycle oscillations (LCO). The
phenomenon is related to utter but a�ects aircraft per-
formance in a manner similar to bu�et. Conditions
of transonic LCO instabilities are moderate angle-of-
attack, usually smaller than 10 deg and transonic Mach
numbers ranging from � 0.9 to � 1.1. The ow con-
ditions during this type of LCO are characterized by
mixed attached/separated ow. Lowly damped vi-
bration modes tend to respond provided they have the
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Figure 35: Comparison of directly calculated and �t-
ted unsteady coe�cients of the harmonically oscillating
AGARD I-wing 445.6 atM1 = 0:901, (modes 2 and 4).
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Figure 36: Comparison in the frequency domain of di-
rectly calculated and to and fro transformed unsteady
coe�cients of the harmonically oscillating AGARD I-
wing 445.6 at M1 = 0:901, (modes 2 and 4).

proper characteristics to couple with this type of ow.
The coupling frequently occurs near utter boundaries
obtained with linear theory [14], i.e. with panel meth-
ods for attached ow.

To determine accurately this kind of nonlinear aeroelas-
tic instabilities, an investigation was started at NLR in
the early nineties to understand the nature of LCO ex-
perienced by �ghter-type aircraft maneuvering at tran-
sonic speeds. In addition to conducting an extensive
wind tunnel investigation on oscillating �ghter type
wings [3, 20, 33], a major objective was to develop a
semi-empirical method for predicting LCO [12, 13, 15]
characteristics of full scale aircraft.

As part of the method, a model for determining aerody-
namic loads from steady and unsteady data bases was
developed that is suitable for predicting LCO of �ghter-
type aircraft at transonic speeds. Based on previous



studies using steady pressure data [33], it was shown
that time lags in the aerodynamic ow �eld are essen-
tial to obtain realistic LCO amplitudes. Analysis of un-
steady wind tunnel data obtained from [3, 20] showed
that these aerodynamic time lags are a�ected by the
various types of ow �eld involved. Further, on the basis
of the knowledge of these ow �eld types and the results
of the unsteady wind tunnel measurements, an aerody-
namic (pressure) state-space model was developed by
NLR, for transforming the unsteady highly nonlinear
aerodynamic loads into a form appropriate for use in
time simulation methods. This pressure model is simi-
lar to the nonlinear \ONERA" aerodynamic model ini-
tially developed by Tran & Petot [34]. The development
of the NLR unsteady pressure model and capability of
producing nonlinear transonic aerodynamics that are
typical of transonic LCO were presented in [12, 13, 15].
It was also demonstrated for a number of aircraft con-
�gurations [12, 13, 15] that the current status of the
semi-empirical LCO prediction method with implemen-
tation of the NLR unsteady pressure model produced
results which correlate correctly with ight test data.

The above description of the NLR pressure model shows
that extensive use is made of steady and unsteady wind
tunnel test data. It is clear that the e�ectiveness and re-
liability of the model strongly depends on the complete-
ness of the experimental data base and the thorough-
ness of the evaluation of the model. These, however,
have been obtained on a limited scale in the present re-
search program. Continued research is therefore needed
to enhance the con�dence in the model and to establish
its applicability for wide ranges of model and ow pa-
rameters. Such research may be de�ned in one or more
of the following directions.

� Continued pressure and load measurements in the
wind tunnel.

The aim of this test is to extend the unsteady part
of the data base, which currently corresponds to a
limited number of model and ow parameter val-
ues, and so to bring it in balance with the steady
part [33] of the data base, which corresponds to
an extensive set of parameter values. Particularly,
interest exists in collecting data for more leading-
edge and trailing-edge ap deections and denser
frequency ranges (e.g. frequency sweeps). In the
test use can be made of the existing wind tunnel
model.

� Application of CUA/CAS.

CUA For model con�gurations and ow condi-
tions which have not or can not be represented
in a wind tunnel test program the required aero-
dynamic information may be obtained from CUA-
techniques, steady and unsteady. The current de-
velopment of these techniques shows that they are
very promising, even for the complicated types of
ow including ow separation (see sections 3 and
4), but that they have matured more su�ciently.

It is to be expected that in the near future these
CUA-techniques may play a complementary role.
Measured steady and unsteady pressure and loads
data [3, 20, 33] may be used to validate those tech-
niques.

CAS Extensions for typical �ghter-type aircraft
applications of the discussed AESIM system to
perform realistic computational aeroelastic simula-
tions. Because of the modular design of the sys-
tem, such extensions should be carried out relative
easy. Measured ight test data may be used to val-
idate the updated AESIM system. Further, calcu-
lated aeroelastic responses may be compared with
results of the semi-empirical prediction method, or
vice-versa.

Realization of the suggested extension of the AESIM
system will enhance the aeroelastic analysis capability
for �ghter-type aircraft as depicted in �gure 37.
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Figure 37: Classi�cation of prediction methods.
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Figure 38: Future developments of AEroelastic SIMu-
lation method.

5. FUTURE RESEARCH ACTIVITIES

Future aeroelastic research activities will be focused on
realistic and a�ordable aeroelastic simulations depicted
in �gure 38. The aim is to extend the current AESIM



system to an aeroelastic simulation environment for
�ghter-type aircraft application.

Starting with the basic ingredients of the aircraft:

� Structural modelling,
� Aerodynamic modelling and
� Control system modelling,

the following analyses have to be performed in more or
less detail:

� Vibrations in general, utter and non-linear utter
(LCO),

� Loads: static and dynamic, including deformations,
� Aeroelastic responses due to store release and
� Impact of control system on aeroelastic responses.

6. CONCLUSIONS

In this paper the status of the NLR system for aeroe-
lastic simulations has been presented and demonstrated
with an up to date account of applicability. Experiences
with recent applications and ongoing developments led
to the following observations:

� Given the accuracy of the aerodynamic modelling the
most critical part in the AEroelastic SIMulation is
the geometry handling.

� The interpolation at the uid/structure interface can
be carried out satisfactorily with the available mod-
els.

� The volume spline method has proven its value as
interpolation tool for structured as well as unstruc-
tured data.

� The analysis of time-signals can be carried out satis-
factorily with the available models.

� The availability of direct graphical monitoring of all
relevant data is crucial.

� The e�ort to obtain consistency between the geomet-
rical and elastomechanical input data sets is often
overlooked in interdisciplinary use.

� Su�ciently accurate results: EE/TLNS at 8/48 time
steps per period.

� Adequate coupled EE results are obtained using 8
time steps per cycle.

� Present 3D EE/TLNS aerodynamic computations
are about 5/15 times slower compared to FP.

� Recent applications show increased a�ordability.
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