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a b s t r a c t
In the present work, ﬂutter stability studies of an unmanned ﬂying-wing conﬁguration are presented.
For this purpose, different ﬁdelity modeling methods (DLM, CFD-Euler and CFD-RANS) are considered.
The dependence of ﬂutter speeds on altitude and Mach number is examined, showing that aerodynamic
potential-based methods cannot predict aerodynamic phenomena such as ﬂow detachment occurring
at high angles of attack. In this respect, it is important that ﬂutter investigations industry-oriented
calculation methods are compared with the results obtained by high-ﬁdelity CFD methods.
© 2019 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Flutter is considered one of the most critical phenomena in aviation. Accordingly, in the development and design of new aircraft
conﬁgurations, emphasis is placed on ﬂutter stability prediction in
order to avoid its occurrence during ﬂight.
The dynamic aeroelastic characteristics of ﬂying-wing conﬁgurations such as the F19/SACCON conﬁguration are not fully understood yet. In the history of aviation, major accidents have repeatedly occurred due to changes in the design of aircraft. Especially
in the period between the World War I and World War II, when
monoplane aircraft should replace the classic biplane aircraft for
their better ﬂight characteristics, there were tragic accidents as the
result of ﬂutter instabilities on wings and control surfaces. This
has increasingly attracted the attention of aeroelasticians in order
to better understand this phenomenon [1]. Flying-wing conﬁgurations have a higher short-term natural frequency compared to that
of classic aircraft conﬁgurations. This is due to the lower pitching moment of inertia with respect to classical conﬁgurations with
empennage. Thus, the natural frequencies become closer and the
inﬂuence of rigid body modes, which can contribute to the ﬂutter
mechanism, increases. In this case, it may cause rigid body modes
to cause a ﬂutter event before classic ﬂutter such as bendingtorsional ﬂutter occurs, a phenomenon known as “Body Freedom
Flutter”. The demonstrator X-56A, developed by NASA, speciﬁcally
examines this ﬂutter phenomenon ([2], [3]).
Flutter is an aeroelastic instability phenomenon which involves
the interaction of structural characteristics of an aircraft conﬁgu-
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ration with the unsteady aerodynamic forces of the surrounding
ﬂow. Aircraft components have certain elastic oscillation modes
such as ﬂexural vibration modes, torsional modes, in-plane modes,
each with characteristic natural frequencies or eigenfrequencies. In
addition, six rigid-body modes are considered for a free-ﬂying conﬁguration. These are the displacement in the x- and y-direction,
the displacement in the z-direction (heave mode), the rotation
about the x axis (roll mode), the y axis (pitch mode) and the z
axis (yaw mode). All rigid-body modes have a structural eigenfrequency of f = 0 Hz.
The action of the aerodynamic unsteady forces changes the frequency and damping properties of the system eigenmodes as a
function of the speed of the aircraft. Typically, when the frequencies of particular eigenmodes approach (when increasing the ﬂight
speed), the eigenmodes may overlap with a resulting decreased of
the mode damping value, potentially causing an instability. This
ultimately leads to a complete structural failure. An example of a
ﬂutter mechanism is the classic bending torsion ﬂutter that couples bending and torsional modes.
Particularly in the case of ﬂying wing conﬁgurations, as in the
case of the F19 model (Fig. 1) considered here, so-called BodyFreedom-Flutter can occur, in which case the rigid-body modes
interact with the elastic modes leading to the instability.
In the development of new aircraft ﬂutter stability analysis have
to be considered. Flutter calculations are carried out for a combination of different ﬂight conditions. For this purpose, “fast” methods
which allow a high number of calculations in a reasonable time
are typically used. For instance, aerodynamic methods based on
the potential theory may be chosen. However, these methods do
not allow for the description of aerodynamic phenomena such
as ﬂow separation, presence of shocks, three-dimensional vortex-
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Fig. 1. DLR-F19/SACCON conﬁguration.
Fig. 3. DLM grid.

Fig. 2. CAD model of the F19 conﬁguration.

dominated ﬂow and boundary layer effects. Nevertheless, these
fast methods allow for a ﬁrst assessment of the ﬂutter stability
limits.
In this paper the ﬂutter predictions obtained by the use of fast
methods are compared with those obtained by considering highﬁdelity methods (Euler or RANS methods) for the computation of
the unsteady aerodynamic forces.
2. Conﬁguration aspects
2.1. Mission aspects
The design of the DLR-F19/SACCON conﬁguration relies on a set
of mission deﬁnitions and the ability to remain largely invisible to
the opposing radar. The planform of the F19 conﬁguration is therefore designed in a lambda construction in order to achieve the best
possible stealth properties. A possible mission trajectory provides
the aircraft approach to the operation area at high altitude. In the
target area, the aircraft must be able to execute highly agile ﬂight
maneuvers.
The sizing of the F19 conﬁguration is done according to these
speciﬁcations. Due to the high agility capabilities the maximum
take-off weight is limited to 15 tons. At the same time, the aircraft
must be of suﬃcient size to accommodate the required amounts
of fuel, payload, as well as avionics, structure and engine.
2.2. Geometric model (CAD)
The DLR-F19/SACCON model is a lambda-style ﬂying wing conﬁguration with a span of s = 15,375 m and a total planform area
of A = 77 m2 . The sweep angle is 53◦ both at the leading edge and
at the trailing edge of the fuselage, see Fig. 2. The reference chord
length is c = 4.79 m. The leading edge in the area of the fuselage
is designed to be sharp with a strong initially increasing radius of
curvature in the spanwise direction and a slightly decreasing value
approaching the wing tip. This creates complex ﬂow vortex patterns over the conﬁguration, especially at high angles of attack.

Fig. 4. High-ﬁdelity surface grid (Euler).

2.3. Aerodynamic model
In order to investigate the aerodynamic properties of the F19
model two computational grids were generated for the highﬁdelity methods. The investigations with the fast methods NASTRAN (DLM for Doublet Lattice Method in subsonic, ZONA51 in
supersonic) and ZAERO (ZONA6, resp. ZONA7) were carried out on
a planar grid as shown in Fig. 3. The planform is divided into boxes
with an aspect ratio value close to 2. Again, fast methods are not
able to describe shock phenomena, ﬂow separation or vortices.
Concerning the high-ﬁdelity AER-NS and AER-SDNS Euler calculations method based on the Euler equations, the considered
structured volume mesh of the baseline DLR-F19 conﬁguration was
generated with ICEM Hexa from ANSYS and has about 0.8 million
cells. The geometric discretization over the body surface is shown
in Fig. 4.
For the RANS calculations, a hybrid computational grid was created, see Fig. 5. The grid was manufactured using the grid generation tools ICEM Hexa and Centaur [4]. The actual model conﬁguration was provided with a block-structured hexahedral grid (shown
in blue in Fig. 5). This variant was chosen to allow optimized resolution of aerodynamic structures (e.g., vortices, separations) for
further calculations. In order to avoid too many points and elements in the farﬁeld, unstructured tetrahedral elements were generated (shown in yellow in Fig. 5). Both grids were connected to
the Chimera approach of the TAU ﬂow solver software ([5,6]) to
form an overall computational grid, which consists of 5.9 million
points and a total of 11.1 million elements. The boundary layer was
resolved with 40 hexahedral layers, where the ﬁrst wall distance
to the body surface was chosen so that calculations with Reynolds
numbers up to about 90 · 106 provides y + values small enough.
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Table 2
Eigenmodes and eigenfrequencies of F19 (mass case M5); grey highlighted eigenmodes were considered for the RANS-computations.
No

Eigenmode

Eigenfrequency
[Hz]

1
2
3
4
5
6
7
8
9
10
11
12

x-lateral
y-lateral
heave
roll
pitch
yaw
ﬁrst symmetric wing bending
ﬁrst antimetric wing bending
ﬁrst symmetric in-plane with wing bending
ﬁrst symmetric wing torsion
ﬁrst antisymmetric wing torsion
ﬁrst antisymmetric in-plane with wing
bending
ﬁrst symmetric wing torsion with wing
bending
second antisymmetric wing bending with
fuselage roll
Third symmetric wing bending with ﬁrst
symmetric engine heave mode
Second antisymmetric wing torsion with
ﬁrst antisymmetric engine heave mode
Third symmetric wing bending with
fuselage bending
Second symmetric wing torsion with
fuselage bending and ﬁrst symmetric engine
heave mode
Third antisymmetric wing bending with
fuselage roll and ﬁrst antisymmetric engine
heave mode
Wing tip bending mode

0.0
0.0
0.0
0.0
0.0
0.0
9.61
10.24
17.96
19.59
20.99
26.46

13
14
15
16
17
18

19

Fig. 5. CFD mesh conﬁguration. (For interpretation of the colors in the ﬁgure(s), the
reader is referred to the web version of this article.)

20

27.46
29.40
34.67
38.97
44.30
46.01

47.03

55.34

2.5. Aeroelastic stability envelope
Table 1
DLR-F19 baseline mass cases.
Key

Total mass [kg]

Description

M1
M2
M3
M4
M5

7361
12509
14509
9361
11941

No fuel, no payload
Max. fuel, no payload
Max. fuel, max. payload
No fuel, max. payload
Half fuel, max. payload

The aeroelastic stability envelope of the DLR-F19 conﬁguration
is determined according to the MIL-A-8870C speciﬁcation [9]. The
conﬁguration has to be ﬂutter free over an enlarged envelope by
15% the maximum equivalent airspeed (EAS) for both constant
Mach number and constant altitude. The Equivalent Air Speed is
calculated with Eq. (12).



v EAS = v TAS ×
2.4. Aeroelastic model
The ﬁnite element model of the DLR-F19 consists of 8054 nodes
and is not being condensed for the ﬂutter analyses [7]. Five “baseline mass cases” are presented with the corresponding properties
as listed in Table 1. For the investigations presented in this paper the mass case M5 (half fuel, max. payload) was selected. This
choice is based on the fact that the fuel masses have a great inﬂuence on the ﬂutter properties of this conﬁguration. Considering
cases of maximum refueling (M2, M3) results in different ﬂutter
behavior (see [8]). In addition, the mass case M5 is considered to
be most representative in terms of possible future missions.
Table 2 shows the considered eigenmodes for the CFD-Euler
and the potential methods. The grey shaded modes highlight the
modes used for the CFD-RANS computations.
The interpolation between the structural and aerodynamic grids
was done using Inﬁnite Plate Spline ([8,17]). Only for the AERSDNS computations the Thin Plate Spline was used. For this purpose, different parameter sets were deﬁned for the spline of each
component in order to be able to model the geometrical discontinuities between wing and control surfaces. In [8] it was shown
that this has a great inﬂuence on the proper prediction of the ﬂutter behavior and has therefore to be taken into account.

ρh
ρ0

(12)

where v TAS is the True Speed, ρ0 the density at sea level and ρh
the density at considered altitude level.
Fig. 6 shows the design speeds and the enlarged ﬂutter envelope. This conﬁguration is then required to be ﬂutter free at
altitudes between h = −2419 m and h = 13716 m and for Mach
numbers below Ma = 1.115.
2.6. Numerical tools
Both aerodynamic potential-based methods (NASTRAN, ZAERO)
and high-ﬁdelity aerodynamic methods (AER-SDNS, TAU) have
been considered for the ﬂutter stability computations.
Since 1985, the developer of the ZAERO software package,
ZONA, has been devoting a research effort for the development
of unsteady aerodynamic methods for aeroelastic applications. The
ﬁrst ZONA software product for supersonic lifting surface unsteady aerodynamics is the ZONA51 code. ZONA 51 employs the
acceleration-potential approach for thin-wing type of lifting surfaces [10]. This acceleration-potential approach is the outgrowth
from the Harmonic Gradient Method (HGM) developed by Chen
and Liu 1985 [11]. Today, ZONA51 is the industrial standard
method for supersonic lifting surface unsteady aerodynamics in
NASTRAN [12]. ZONA7 generalizes ZONA51 for the wing-body conﬁguration [13]. Its lifting surface method is identical to ZONA51
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where M ∞ is the freestream Mach number, a∞ the speed of
sound, and ψ0 and ψ1 the steady and unsteady potentials, respectively. Eq. (5) is the steady and Eq. (6) the unsteady LSDPE.
By assuming simple harmonic motion at the circular frequency ω
with constant amplitude, Eq. (6) can be transformed into an integral equation which is then solved by discretizing according to the
panel method. By subdividing the conﬁguration into small trapezes
(aerodynamic boxes), this method computes the aerodynamic inﬂuence coeﬃcient matrix [AIC (jk, M )] which relates the downwash
at each aerodynamic box to the pressure coeﬃcient difference at
the aerodynamic boxes, viz.


−1
{c p } = AIC (jk, M ∞ ) { w }

(7)

with j the imaginary unit and k the reduced frequency
Fig. 6. Aeroelastic stability envelope.

k=

but its body aerodynamic capability enables ZONA7 to model realistic aircraft conﬁgurations including the external stores. ZONA6
is the subsonic counterpart of ZONA7 except that it includes the
important body-wake effects for fuselage and stores [14].
NASTRAN uses DLM and ZONA51 as the basis for calculation,
while the ZAERO software package uses the ZONA6 and ZONA7
modules.
2.6.1. NASTRAN modal analysis
The generalized mass and stiffness structural matrices are obtained by the modal analysis provided by the solution sequence
SOL 103 in NASTRAN. By applying the Lanczos method, the real
eigenvalue problem (Eq. (1)) is solved for both rigid-body and elastic structural modes [15]. In Eq. (1), [K ] denotes the structural
stiffness matrix, [M] the structural mass matrix (both in the physical reference frame), λi = ωi2 the real eigenvalue, and {φi } the real
eigenvector.




[ K ] − λi [ M ] {φi } = 0

(1)

Combining the mode shape vectors {φi } into a mode shape matrix
[Φ ] with



[Φ] = {φ1 }, {φ2 }, . . . {φn }

(2)

and n being the number of mode shapes, leads to the generalized
mass and stiffness matrices in the modal reference frame, viz.

[ M ] = [Φ]T [ M ][Φ]

(3)

T

[ K ] = [Φ] [ K ][Φ]

(4)

In the presence of stress-free modes, as is the case for rigid-body
modes, the Lanczos method yields eigenfrequencies which are only
numerical zeros of the order 10−4 Hz. In addition, the rigid-body
eigenvectors do not appear along the global reference axis. This
does not inﬂuence the ﬂutter results but yet the rigid-body eigenfrequencies are replaced by f = 0.0 Hz and the corresponding
mode shapes generated kinematically using the SUPORT bulk data
entry.
2.6.2. DLM/ZONA6
The potential ﬂow aerodynamic methods DLM and ZONA6 solve
the steady and unsteady tree-dimensional linearized small disturbance potential equations (LSDPE), which read






2
ψ0xx + ψ0 y y + ψ0zz = 0
1 − M∞



2
ψ1xx + ψ1 y y + ψ1zz − 2
1 − M∞

(5)
M∞
a∞

ψ1xt −

1
a2∞

ψ1tt = 0

(6)

ω L ref
U∞

(8)

where L ref is the reference length (typically half of the mean aerodynamic chord) and U ∞ the freestream velocity. The resulting
aerodynamic forces are interpolated on the structural model via a
splining matrix [G] and projected into the generalized coordinates
corresponding to the structural modes (in vacuum) according to


−1
[ Q k, M ∞ )] = [Φ]T [G ]T [ S ] AIC (jk, M ) [G ][Φ]

(9)

2.6.3. Unsteady Euler solver AER-SDNS
AER-NS is a ﬂow solver which solves the compressible Euler or
RANS equations on structured meshes. It has been developed at
the Technical University of Munich by the Chair of Aerodynamics
and Fluid Mechanics [16].
The solver AER-SDNS linearizes the CFD equations around a
steady-state as obtained b AER-NS. Thus, the linear effect of surface deformations or of atmospheric gust disturbances can be determined in the form of generalized aerodynamic matrices in the
frequency domain. These matrices can then be used in the ﬂutter
solver to in order to compute the aeroelastic stability.
The AER-NS and AER-SDNS solvers have been developed in cooperation with the Structural Dynamics and Aeroelasticity department of Airbus Defence and Space in order for both solvers to
deliver aerodynamic inputs for aeroelastic problems in an eﬃcient
and robust way. A more detailed description of these methods together with their potential usages can be found in [19], [16] and
[20].
2.6.4. Unsteady RANS solver TAU/FlowSimulator
2.6.4.1. Methods All RANS calculations were carried out with the
DLR-TAU ﬂow solver. A well-converged steady solution is ﬁrst required for the subsequent computation of the unsteady aerodynamic ﬂow.
The unsteady pulse calculations are performed with the FlowSimulator [21]. This software package possesses different modules
that can be used to perform aerodynamic and aeroelastic simulations. In particular forced motion calculations in which prescribed
structural and rigid-body mode motions can be imposed on the
considered geometry. For the calculations presented here, the oneequation turbulence model SAO according to Spalart-Allmaras [22]
was used. The temporal discretization takes place via the implicit
backward Euler method ([5], [6]) whereas the spatial discretization
is performed with a central second-order schema. The CFL number,
which is represented as a measure of the numerical speed by the
computational grid, is set conservatively to the value 1. All calculations were performed without multigrid convergence acceleration
techniques, as they produce a deteriorated convergence behavior
in this conﬁguration.
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2.6.4.2. Process For unsteady calculations pulse calculations were
carried out. Instead of producing a steady-state response for each
harmonic frequency, the pulse calculation provides results at many
discrete frequencies instead. The pulse can be regarded as the superposition of several sine waves at different frequencies, thus
covering a wide frequency spectrum. In order to avoid that the
spectrum of the pulse becomes zero for some particular frequency
range below the structural eigenfrequencies under consideration, a
special pulse shape has been imposed. The increasing part of the
pulse is described by a 1-cos function and the decreasing one by a
polynomial of 5th order. The pulse amplitude is chosen to be very
small in order to ensure the linear behavior of the ﬂow solver.
For the coupling between the structural and aerodynamic models, the spline matrix is applied to each generalized coordinate
separately and stored in a preprocessing step.
By means of the deformation tool within FlowSimulator, the
surface deformation is extended into the volume ﬁnite volume
mesh for each particular generalized coordinate. The time history
of the aerodynamic forces and moments produced by the pulse
is then recorded. In order to ﬁlter out the inﬂuence of numerical
errors from the result, a so-called zero calculation with a corresponding zero pulse amplitude is subtracted from the unsteady
computation.
For the calculation of the ﬂutter stability the generalized aerodynamic forces (GAFs) corresponding to the rigid-body and structural modes are required in the frequency domain. They are calculated as the sum of the scalar product from the calculated
unsteady aerodynamic forces with the displacement matrix x
Eq. (10) for the corresponding generalized coordinate. The elements of the GAF matrix G A F i j are complex-valued after transformation into the frequency domain by means of the Fast Fourier
Transformation (FFT) of the time domain signals. They can be obtained by dividing the Fourier transform of the element Q i j by the
Fourier transform of the pulse input signal IN pulse (Eq. (11)).

Q ij =

N

( F pulse − F zero )i · x j

(10)

i =0

GAF i j =

FFT ( Q i j )
FFT (INpulse )

(11)

For the present ﬂutter analyses a non-matched ﬂutter (regarding the Reynolds number) solution using the p–k-method and a
range of Mach numbers from Ma = 0.2 to Ma = 1.2 was produced.
More details are shown for the case of Ma = 0.8. The airspeed
(EAS) is increased from v = 40 m/s in increments of  v = 5 m/s
up to a ﬁnal value of v = 900 m/s. The air density corresponds
to the value at Mean Sea Level (MSL) according to the International Standard Atmosphere (ISA) and therefore amounts to ρ =
1.225 kg/m3 [23]. The used reduced frequencies (Eq. (8)) are based
on the reference chord length of c = 4.79 m.
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potential ﬂows and ZONA51 for supersonic potential ﬂows. The
calculations were carried out with a set of 12 reduced frequency
values ranging from 0.01 to 3.6.
The resulting ﬂutter curves for the reference mass case M5 and
Mach number of Ma = 0.8 are shown in Fig. 7. The modal frequency together with damping values is plotted versus the increasing true airspeed. Two ﬂutter crossings from negative to positive
values can be identiﬁed at ﬂight velocities of roughly 725 m/s
(Symmetric Body-Freedom-Flutter mechanism) and 730 m/s (Antisymmetric ﬂutter mechanism) respectively. At a signiﬁcantly
higher velocity compared to the other two ﬂutter crossings (approx. 825 m/s), a sign change of the damping factors reveals a
third ﬂutter mechanism (Symmetric in-plane ﬂutter mechanism).
The small damping curve slope prevents this mechanism to be
identiﬁed visually. Besides coalescing frequency lines of certain
elastic modes between 10 Hz and 20 Hz at the ﬂutter crossings
together with an increasing frequency and decreasing damping of
a rigid-body mode can be seen at velocities up to 730 m/s. At
higher speeds, this mode presents a higher damping value and a
reduced frequency, indicating its contribution to the ﬁrst ﬂutter
mechanism. Fig. 10(a)–(c) show the corresponding ﬂutter eigenmode.
3.2. CFD computations
3.2.1. Steady computations
As described in Sections 2.6.3 and 2.6.4, the steady calculations
were carried out with the DLR-TAU ﬂow solver (RANS) and the
AER-NS ﬂow solver (Euler). The different boundary conditions imposed in the ﬂow solvers are listed below:

• Seven Mach numbers, three of them in the subsonic range,
two in the transonic range, two in the supersonic range (Ma =
0.2, 0.4, 0.6, 0.8, 0.9, 1.1, 1.2)
• Angle of attack: α = 1.0◦ (all RANS Mach numbers, Euler Mach
number Ma = 0.8)
• Angle of attack: α = 0.0◦ (all Euler Mach numbers)
• Three altitudes each (h = 0 m, h ≈ 1600 m, h ≈ 13000 m)
The Reynolds numbers corresponding to the RANS calculations
range from 4.7 · 106 up to 133.9 · 106 according to Mach number
and altitude level.
3.2.2. Unsteady computations (AER-SDNS)
The unsteady Euler calculations were carried out with the AERSDNS ﬂow solver with the following parameters:

• All steady conditions considered for AER-NS
• 12 reduced frequencies from 0.01 to 3.6 (the same as for
ZONA6/DLM)

• Surface deformations due to the ﬁrst 20 structural eigenmodes of the M5 mass conﬁguration, including the 6 rigidbody modes (the same as for ZONA6/DLM)

3. Results
3.1. NASTRAN/DLM/ZONA51 computations
Once the rigid-body and structural modes have been obtained,
the eigenmodes with an eigenfrequency value above f = 55 Hz
present local spatial deformations and are not taken into account.
Thus, a total of 20 eigenmodes (including the 6 rigid-body modes)
are considered for the subsequent ﬂutter analyses.
The NASTRAN solution 145 provides several ﬂutter solution
methods corresponding to various modiﬁcations of the k- and
the p–k-method. For the present analyses, the p–k-method as described in [24] is used in combination with the DLM for subsonic

The aerodynamic ﬂow solution is not dependent on the altitude
value because of the inviscid assumption of the Euler equations.
Thus, the computed dataset can be used for the whole altitude
range of the ﬂight-envelope of the DLR-F19 conﬁguration.
3.2.3. Unsteady computations (RANS)
As described in Section 2.6.4, the FlowSimulator tool together
with DLR-TAU ﬂow solves have been used for the unsteady computations. For this purpose, the respective generalized coordinate
corresponding to each eigenmode was subjected to a pulse of small
amplitude and the aerodynamic response was marched in the time
domain. As stated in Section 2.6.4.2 a zero calculation with a zero
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Fig. 7. NASTRAN-based ﬂutter curves (fast method or low-ﬁdelity).

pulse amplitude was substracted to each computation in order to
reduce the numerical noise.
A total of eight vibration modes were used for the RANS calculations. These are the two rigid-body modes corresponding to the
heave and pitch motions and the ﬁrst six elastic modes of the F19
conﬁguration (see the grey shaded parts of Table 2).
The range of the reduced frequency is chosen between k = 0.0
and k = 0.5 with a spacing of k = 0.05. For this frequency resolution, a total of 1280 time steps were used for each calculation. This
corresponds to a time step size of t = 0.00173 s (at Ma = 0.8,
sea-level). The number of internal iterations per time step was set
to 300. This was a compromise between a good convergence behavior at each time step and a limited computing time. The computational time was of approximately seven days for each Mach
number. The pulse amplitude was set to α = 0.001◦ for pitch,
q = 0.001 m for heave and elastic modes (hinge line at x = 6 m).
The steady angle of attack of α = 1◦ was chosen as a representative horizontal cruise trimmed ﬂight condition. With this value
a good convergence of the steady computations could be achieved
A main element to determine the ﬂutter stability is the matrix of
generalized unsteady aerodynamic forces (GAF). The procedure for
calculating the GAF matrix is described in Chapter III.
To ensure a linear behavior of the overall system, it is necessary
to choose the pulse amplitude suﬃciently small. Fig. 8 shows the
real and the imaginary part of an element of the generalized aerodynamic matrix for Ma = 0.2 (sea-level). The orange line shows the
same element for a pulse amplitude 10 times higher than that for
the black line. A good match between both is achieved in the low
to middle frequency range. Only in the higher frequency range the
peak amplitude for the smaller pulse amplitude can be explained
by the inﬂuence of numerical noise, yet a linear behavior is guaranteed.
Fig. 9 shows an element of the GAF corresponding to a pitch
mode input and projected in the same generalized coordinate as
real part and imaginary parts. In this case, the GAF element at
low frequencies represents the slope of the pitching moment po-

lar dcm /dα . There is a reasonable agreement between the results
obtained by ZONA6 and the Euler and RANS computations.
The results of the GAF curves from the Euler calculations for
the angle of attack α = 0◦ differ to a much lesser extent from
the results for α = 1◦ for the different aerodynamic methods, even
though not shown here. This is expected because of the presence
of more complex ﬂow phenomena at higher angle of attacks.
3.2.4. Flutter computation
The reference ﬂutter solution was obtained with the p–k solver
of the software package NASTRAN. In addition, further ﬂutter
solvers were investigated, the results of which should agree with
the p–k solver of the reference solution ([15], [16], [17]). The p–k
solvers available in the ZAERO software package (ZONA6, ZONA7)
were used for the results of the RANS calculations and the one
available in the Airbus Defense & Space in-house tool IDEA for the
Euler results.
For this purpose, a so-called non-matched ﬂutter analysis was
performed. This means that the aerodynamic inﬂuence coeﬃcients
(AIC) matrix is computed at a given Mach number. Based on this
AIC matrix, the ﬂutter speed and the corresponding frequency are
obtained for a deﬁned range of the freestream velocity.
For each of the underlying calculation methods and the range
of parameters considered three different ﬂutter mechanisms were
identiﬁed:

• Symmetric Body-Freedom-Flutter (BFF) mechanism
• Symmetric in-plane ﬂutter mechanism
• Antisymmetric ﬂutter mechanism
The corresponding ﬂutter curves are shown in Fig. 10 for a
Mach number of Ma = 0.8 for ZONA6 calculations. On the right
side the frequency and damping evolutions over the speed (TAS)
are shown. The lines for the frequency plot are plotted as solid
for values of the mode participation of 100% and dashed for values less than 100%. As before, the ﬂutter occurs when the damping
value changes from negative to positive. This is further clariﬁed by
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Fig. 8. Comparison of RANS GAF elements with different pulse amplitude and ZONA6 GAF element.

Fig. 9. Element of the GAF-Matrix (pitch on pitch) with the real part (left hand side) and the imaginary part (right hand side).

an approximation of the frequency curves of the modes involved
in the ﬂutter mechanism, which is also referred to as coupling.
Fig. 10a and 10b show the identiﬁed Symmetric Body-FreedomFlutter and Antisymmetric ﬂutter modes obtained with the ZAERO
computations considering the ﬁrst eight eigenmodes as listed in
Table 2. The in-plane ﬂutter mechanism is not detected with this
reduced set of eigenmodes, being necessary to consider up to 20
modes (6 rigid-body modes, 14 elastic modes) to identify this ﬂutter mechanism.
It should be noted that an in-plane ﬂutter mechanism based on
aerodynamic potential methods cannot be detected due to the lack
of vertical aerodynamic forces caused by in-plane motions. However, the ﬂutter mode has a symmetrical bending contribution in
addition to the in-plane motion which enables the detection of
an in-plane ﬂutter mechanism also when considering aerodynamic
potential-based methods. This explains the signiﬁcant deviations in
the ﬂutter speeds between NASTRAN and CFD Euler or CFD RANS
(see also Fig. 12) for this ﬂutter mechanism.
Fig. 11 shows the course of the damping curves as a comparison of ZAERO-based (blue), Euler-based (red) and RANS-based
(green) ﬂutter calculations. Here it can be clearly seen that the
ﬂutter speeds from CFD calculations are signiﬁcantly lower than
those provided by the ZAERO calculations. In particular, for the
body-Freedom ﬂutter mechanism and the anti-symmetric ﬂutter
mechanisms the slope of the damping coeﬃcients versus the true
airspeed are very pronounced close to the ﬂutter point, indicating
that the occurrence of this ﬂutter mechanism is been very abrupt.
For the RANS computations only the rigid-body modes corresponding to heave and pitch motions were taken into account,

leading to a different ﬂutter speed when compared to the results
obtained using the Euler computations For the Euler calculations
the rigid-body modes show a contribution of the roll rigid-body
mode of more than 30% for the antisymmetric ﬂutter mechanism
[18]. For the other ﬂutter mechanisms (symmetric BFF and symmetric in-plane ﬂapping) from the ﬂutter modes show different
eigenmode participations depending on the aerodynamic modeling
method considered (RANS, Euler).
The damping for the in-plane ﬂutter mechanism, which was
determined using CFD-RANS, shows a progression that may again
cross the zero line from above at higher speeds. This means that
the damping becomes effective for higher speeds. However, this
behavior is not observed if additional eigenmodes are taken into
account.
Fig. 12 shows the ﬂutter speed evolution in Equivalent Air
Speed as a function the altitude for different aerodynamic modeling approaches. The blue curves show the reference solutions,
calculated with NASTRAN [25]. The red curves represent the results of the Euler calculations [16]. Contrasted with these curves
are the green curves from the CFD RANS calculations.
It can be seen that the ﬂutter speeds as obtained with NASTRAN/DLM approach the values predicted on the basis of Euler and
RANS-generated GAF matrices with increasing altitude and thus
decreasing dynamic pressure.
Especially in the subsonic regime (Ma = 0.2, 0.4) and for low
altitudes, the ﬂutter speeds of the Body-Freedom- and antisymmetric ﬂutter mechanisms as predicted by NASTRAN/DLM-based
methods deviate signiﬁcantly from those predicted by the RANS
computations. This is due to the reduced set of eigenmodes used
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Fig. 10. Flutter curves of the detected ﬂutter mechanisms at Ma = 0.8 for ZONA6.

for the RANS calculations. As a result, the participations of higherfrequency elastic modes or other rigid-body modes (rolling mode)
are not taken into account.
Furthermore, it should be noted that the ﬂutter speed for
the antisymmetric ﬂutter mechanism from RANS calculations in
the supersonic range is signiﬁcantly lower than those based on
the DLM and Euler computations. Again, the reason for this is
that the RANS calculations were performed with a reduced mode
set.
There is a fairly good correlation between the Euler and RANS
calculations at the ﬂutter speeds for the in-plane ﬂutter mech-

anism in the mean Mach number range. Only small deviations
appear at small and transonic Mach numbers for low altitudes. If
the Mach number is further reduced the ﬂutter speed produced
by the CFD-based computations is nearly the same. Overall, it has
been shown that a lower ﬂutter speed is obtained with CFD-based
ﬂutter calculations when compared with aerodynamic potential
methods.
Finally, for all cases investigated the considered ﬂying wing
conﬁguration has suﬃcient ﬂutter stability within a wide Mach
number range since all ﬂutter speeds are outside the extended
ﬂight envelope.
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Fig. 10. (continued)

Fig. 11. Comparison of damping curves between ZAERO, Euler (with 20 modes considered) and CFD RANS (8 Modes).
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Fig. 12. Flutter velocities for different altitudes dependent on the used model.

4. Conclusion and outlook

Extensive investigations were carried out to determine the ﬂutter stability of a ﬂying wing conﬁguration using the example of the
F19 model. For this purpose, three different aerodynamic modeling approaches were used. These were DLM-based fast methods as
well as CFD procedures (Euler and RANS). The DLM/ZONA51 methods as commonly used in the industrial environment were used as
the reference solution.
For the RANS-based method (TAU-pulse) and the Euler-based
method (AER-SDNS), several process chains were created that
range from the generation of suitable computational grids, the
generation of initial steady converged solutions, the calculation
of unsteady aerodynamic forces and the determination of ﬂutter
curves for a wide variety of Mach numbers together with the corresponding ﬂutter mechanisms. The same ﬂutter mechanisms were
detected, regardless of the methods used. On the contrary, the prediction of the ﬂutter speeds show clear differences depending on
the aerodynamic model used. This concerns in particular the inplane ﬂutter mechanism.
In the future, further studies will be carried out in order to
investigate the inﬂuence of steady angles of attack or vortexdominated ﬂow with the subsequent ﬂow separation patterns. Due
to the appearing nonlinearities, ﬂutter mechanisms can arise which
have not been detected in the investigations carried out here, existing ﬂutter mechanisms can be switched off and thus different
ﬂutter speeds can be expected. Such further investigations may
extend or complete the understanding of the physical principles
behind the occurring ﬂutter mechanisms.
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