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Abstract: Aeroelastic qualification requirements are typically met by sizing aircraft to achieve
adequate stability margins and keep peak gust responses below specified thresholds. A possible
alternative approach is delaying flutter and alleviating gust response by embedding dissipative
materials in structural components. This approach requires accurate damping models applicable
to analyze complex configurations. This paper compares three damping models suitable for
finite element aeroelastic analysis: the viscous model, the hysteretic model, and a generalized
Biot model previously proposed by the authors. The damping models are applied to the flutter
suppression and gust load alleviation of a practical aeroelastic testbed using dissipative skin
patches. Results obtained using different damping models are compared to provide modeling
recommendations for passive flutter suppression and gust alleviation studies.

1 INTRODUCTION

A correct modeling of damping properties of viscoelastic materials is a key point in modern
aerospace applications. Indeed, designing damping devices for suppressing undesirable aeroe-
lastic vibrations requires damping models that accurately capture material dissipation.

The linear theory of viscoelastic materials was initially formulated by Boltzman in 1874 [1].
Later, Noll and Coleman [2–5] introduced the concept of fading memory and modeled the
nonconservative portion of the stress tensor using fading memory functions. A honest and deep
critic of the concept of fading memory and its implications in the mathematical properties of
the viscoelastic operator can be found in Refs. [6,7]. For a complete overview on the modeling
of viscoelastic continua, the reader can refer to Refs. [2, 4, 5, 8].

From a practical point of view, damping models must be readily applicable to large-scale finite
element models for analyzing practical configurations. Furthermore, they need to be character-
ized by a set of parameters that can easily measured experimentally [8–11]. These requirements
make the modeling of damping properties in the frequency domain particularly appealing, al-
though it implies a careful mathematical treatment as it will be discussed later.
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Two damping descriptions are widely used in linear finite element analysis [12]: viscous and
hysteretic (or structural). The viscous damping model introduces a dissipation term proportional
to velocity in the time domain. In a mechanical system described by one degree-of-freedom
(DOF) x, this term is given by cẋ where c is the viscous damping coefficient. The viscous
model is very simple and readily applicable to both frequency-domain and transient analyses.
However, it implies that the energy dissipated by the material per harmonic motion cycle varies
linearly with frequency. In contrast, experimental evidence shows that the energy dissipated by
certain materials (such as metallic materials) per harmonic motion cycle is practically constant
in frequency.

For a 1DOF mechanical system, the hysteretic (or structural) damping model introduces a dis-
sipative term of the form jηkx̃ in the frequency domain, where the tilde denotes Fourier trans-
forms, j is the imaginary unit, η a frequency-constant structural damping coefficient and k
the stiffness associated to the degree of freedom x. While this frequency-domain description
is more physically accurate than the viscous description for a class of materials, it leads to
a frequency response function (FRF) with even imaginary part. Moreover, the FRF real and
imaginary part do not form a Hilber part, so leading to a non-causal impulse response function
(IRF) [9]. An unphysical time-domain system response follows that is complex and non-causal.

Different damping models are available that overcome the above issues while preserving agree-
ment with experimental evidence. One possibility is to use fractional time derivatives where
damping parameters are evaluated by directly fitting experimental data [13–16]. Alternatively,
a previous work by the authors generalized the 1DOF model by Biot [17] to large-scale finite
element models [9]. The generalized Biot model includes a Hilbert self-correction for giving a
real and causal time-domain system response. Model parameters can be tuned on experimental
data. This model gives a frequency-domain damping description equivalent to a three-parameter
Kelvin-Voigt fractional-derivative model [18] and can be readily implemented in off-the-shelf
finite element solvers typically used in industrial structural and aeroelastic analyses [9].

The correct modeling of damping in aeroelastic system its critical to their design. Indeed,
damping modeling influences stability as well as their post-critical nonlinear dynamic behav-
ior [19, 20]. The scope of this paper is to compare the viscous, structural, and generalized Biot
model as applied to an existing aeroelastic testbed [21,22] for body-freedom flutter suppression
and gust response alleviation using dissipative skin patches. Results obtained with the different
models are compared to provide modeling recommendations for passive flutter suppression and
gust response alleviation studies.

The paper is organized as follows. Section 2 summarizes the derivation of the viscous, hys-
teretic, and generalized Biot damping models from a general first-principle-based viscoelastic
formulation, which was detailed in Ref. [9]. A dissipation metric is also introduced to compare
the damping models, which are integrated into a linear aeroelastic model for studying their in-
fluence on flutter and gust response. Section 3 describes the test case used for the numerical
results of Sec. 4. A section of concluding remarks wraps up the paper.

2 THEORETICAL FORMULATION

This section recalls the theoretical background on damping modeling for finite element lin-
ear structural and aeroelastic analysis. The viscous, hysteretic, and generalized Biot damping
models are derived as special cases of a general linear viscoelastic formulation. A dissipation
metric is also introduced to compare the damping effectiveness of the models as a function of
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frequency that is later used in the aeroelastic studies.

2.1 Linear Viscoelastic Damping Modeling

The stress tensor T of a solid material can be written as

T := TE + Tvis TE := ρ
∂e

∂E

∣∣∣∣
S=const

(1)

where TE is the elastic term and Tvis the dissipative (viscous) term, ρ is the material density,
and e = e(S; E) the internal energy that is function of the entropy per unit mass S and of the
strain tensor E.

The elastic term TE is a function of the strain tensor only through the constitutive law TE =
TE(E). This means that the elastic stress depends only on the present strain state, as well known
for conservative processes. The dissipative term depends on the strain rate history through

Tvis(t) =

∫ +∞

0

Φ(τ)Ė(t− τ) dτ = Φ(0)E(t) +

∫ +∞

0

Φ̇(τ)E(t− τ) dτ (2)

where Ė is the strain-rate tensor, the dot denotes time derivatives, and Φ(τ) is a stress relaxation
fourth-order tensor that verifies

lim
τ→0

Φ(τ) = 0 (3)

along with the causality condition Φ(τ) = 0 for τ < 0.

Assuming small displacements, the strain and strain rate tensors are written as

E = sym(∇u) Ė = sym(∇u̇) (4)

where u is the displacement vector. Using a finite element method (FEM) space discretization,
this can be written as

u(x; t) ∼=
N∑
i=1

qi(t)φ
(i)(x) (5)

where φ(i) and qi are the shape function and the nodal displacement (translation or rotation) of
the ith FEM node (i = 1, . . . , N ). Assuming that the principal directions of TE and Tvis keep
parallel at any time [10], the stress relaxation tensor can be written as

Φ̇(τ) = η(τ)C with (6)

where the tensor C gives the linearly elastic constitutive relation as TE = CE and η(τ) is a
scalar function that describes the material memory and thus satisfies the causality condition

η(τ) = 0 for τ < 0 (7)

With some manipulations [9], the FEM equations for a viscoelastic structure can be cast as

Mq̈(t) + Kq(t) +
Ne∑
i=1

Kei

∫ +∞

0

ηei(τ)q(t− τ)dτ = f(t) (8)
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where q is the N × 1 vector of FEM nodal displacements and rotations, f is the N × 1 vector of
FEM nodal forces and moments, and the N ×N model mass and stiffness matrices are

M =
Ne∑
i=1

Mei K =
Ne∑
i=1

Kei (9)

where Mei and Kei are the N ×N contributions from the ith element.

Applying the Borel theorem and the Fourier transform to the time-domain model in Eq. (8) and
assuming zero initial conditions, one obtains the frequency-domain representation

q̃(ω) = H(ω)̃f(ω) (10)

where ω is the Fourier variable and the FRF system (10) is given by

H(ω) :=

{
−ω2M +

Ne∑
i=1

Kei [1 + η̃ei(ω)]

}−1

(11)

The element dissipation is described by the function

η̃ei(ω) := F[ηei(τ)] = Rei(ω) + jXei(ω) (12)

where F(•) denotes the Fourier transform operator. Damping models are typically formulated
in the frequency-domain, that is, by assigning η̃ei(ω), because ηei(τ) cannot be measured ex-
perimentally. For being consistent with Eq. (7), the specified η̃ei(ω) must be such that the real
and imaginary partRei(ω) and Xei(ω) form a Hilbert pair [23,24]. This ensures that the inverse
Fourier transform is a real and causal time-domain signal.

The viscous damping model is obtained by specializing the FRF (11) to the case

η̃ei(ω) = 2jζeiω/ω̄ (13)

where ζei is a frequency-constant damping coefficient for the ith element and ω̄ is a reference
natural frequency. This leads to the FRF

HV (ω) =

{
−ω2M + jωD + K

}−1

(14)

where the viscous damping matrix is given by

D =
2

ω̄

Ne∑
i=1

Keiζei (15)

This model gives a real and causal time-domain response, but dissipation varies linearly with
frequency which does not agree with experimental evidence for most of materials. In fact,
damping effects are underestimated for ω < ω̄ while they are overestimated for ω > ω̄.

The hysteretic damping model can be obtained by specializing the FRF (11) to the case

η̃ei(ω) = jηeisgn(ω) (16)
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where ηei is an assigned characterizing constant (typically known as loss factor) and the sign
function is introduced for ensuring a real time-domain response. This gives the FRF

HH(ω) =

{
−ω2M +

Ne∑
i=1

Kei [1 + jηei sgn(ω)]

}−1

(17)

which does not verify the causality condition because the real and imaginary part of η̃ei(ω) do
not form a Hilbert pair. However, the hysteretic description is very popular in vibration analysis
because material loss factors can be measured experimentally and, for certain materials, they
are practically constant in frequency.

Finally, the Biot damping model can be obtained by specializing the FRF (11) to the case

η̃ei(ω) =
2

π
η̂ei

[
ln

√
1 + (ω/εei)

2 + j arctan (ω/εei)

]
(18)

where the real and imaginary parts form a Hilbert pair, η̂ei is a frequency-constant reference loss
factor for the ith element, and εei a frequency scaling parameter depending on the characteristic
relaxation time of the element material. This gives the FRF [9]

HB(ω) =

−ω2M +
Ne∑
i=1

Kei

1 +
2

π
η̂ei ln

√
1 +

(
ω

εei

)2

+ j
2

π
η̂ei arctan

(
ω

εei

)
−1

(19)
that is consistent with Eq. (8) because it ensures a real and causal time-domain system. As for
the hysteretic model, the parameters in Eq. (18) can be evaluated based on frequency-domain
experimental data [9].

2.2 Dissipation Metric

A dissipation metric is introduced for comparing the damping effect of the previously recalled
models as a function of frequency. The structure is assumed to undergo a fully developed
harmonic motion

u(x; t) = f(x) sin(ωt) (20)

where x is position, f(x) is a displacement field that satisfies the boundary conditions, ω is the
oscillation angular frequency, and T = 2π/ω the corresponding time period. The strain and
strain rate fields due to the motion (20) are given by

E(x; t) = sym∇f(x) sin(ωt) Ė(x; t) = sym∇f(x)ω cos(ωt) (21)

The performance of the damping models introduced in Sec. 2.1 is compared by quantifying the
energy dissipated by the structure over one oscillation period. For the sake of simplicity, the
metric is derived below by assuming that the structure is homogeneous. The general case where
parts of the structure are associated to different material properties can be treated by assuming
a FEM discretization and by summing up contributions for the individual elements.

5



IFASD-2019-085

The energy dissipated by the structure over one oscillation cycle can be written as

ED(ω) :=

∫∫∫
V

∫ T

0

Tvis : Ė dt dV (22)

= ω

∫∫∫
V

∫ T

0

Tvis : sym∇f cos(ωt) dt dV

= ω

∫∫∫
V

∫ T

0

[∫ +∞

0

η(τ)CE(t− τ)dτ

]
: sym∇f cos(ωt) dt dV

= ω

∫ T

0

∫ ∞
0

η(τ) sin[ω(t− τ)]dτ cos(ωt)dt

∫∫∫
V

sym∇f C sym∇f dV

= Fη(ω)FB (23)

where

Fη(ω) := ω

∫ T

0

∫ ∞
0

η(τ) sin[ω(t− τ)]dτ cos(ωt)dt (24)

depends only on the material dissipation properties while

FB :=

∫∫∫
V

sym∇f C sym∇f dV (25)

is related to the maximum elastic energy that can be stored in the structure due to the displace-
ment field u. In fact, assuming a FEM discretization of the displacement field one obtains

FB =
N∑

n,m=1

qnqm

∫∫∫
V

sym∇Φ(n) C sym∇Φ(n) dV = qTKq (26)

where qTKq is twice the elastic energy of the space-discretized structure associated to the as-
signed displacement field f(x).

Using the Borel theorem, Eq. 24 can be rewritten in terms of η̃(ω) as follows:

Fη(ω) = ω

∫ T

0

F−1

{
η̃(ω̄)

π

j
[δ(ω̄ − ω)− δ(ω̄ + ω)]

}
cos(ωt)dt

= ω

∫ T

0

1

2π

∫ +∞

−∞
η̃(ω̄)

π

j
[δ(ω̄ − ω)− δ(ω̄ + ω)] ejω̄tdω̄ cos(ωt)dt

= ω

∫ T

0

η̃(ω)ejωt − η̃(−ω)e−jωt

2j
cos(ωt)dt

= ω

∫ T

0

|η̃(ω)| e
j[ωt+ϕη̃(ω)] − e−j[ωt+ϕη̃(ω)]

2j
cos(ωt)dt

= ω

∫ T

0

|η̃(ω)| sin[ωt+ ϕη̃(ω)] cos(ωt)dt

= π |η̃(ω)| sin[ϕη̃(ω)] = π Im [η̃(ω)] (27)

where F−1(•) denotes the inverse Fourier transform operator and |η̃(ω)| and ϕη̃(ω) are the
magnitude and phase of η(ω), respectively.
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Equation (27) can be specialized to the damping models described in Secs. 2.1. For the viscous
damping model (13) one has

EDV (ω) = 2πζ
ω

ω̄
FB (28)

For the hysteretic damping model (16) one has

EDH (ω) = πη̄H FB (29)

where η̄H is the hysteretic model loss factor assumed as constant for the entire structure. Finally,
for the Biot model (18) one has

EDB(ω) =
2

π
η̄B arctan (ω/ε)FB (30)

where ηB and ε are the Biot model reference loss factor and the frequency scaling parameter
assumed as constant for the entire structure.

2.3 Aeroviscoelastic model

For aeroelastic analyses, the viscoelastic formulation of Sec. 2 is combined with a linear doublet-
lattice method (DLM) unsteady aerodynamic model, leading to the aeroviscoelastic system[

s2M̄ + K̄ +
Ne∑
i=1

η̃ei(s)K̄ei

]
˜̄q(s) = ˜̄e(s) + ˜̄eg(s) (31)

where s is the Laplace variable, ˜̄q is the vector of the Laplace transforms of the Nm modal
coordinates (Nm � N ), Z is the N × Nm matrix of the associated structural eigenvectors,
M̄ = ZTMZ is the Nm × Nm diagonal modal mass matrix, K̄ = ZTKZ the Nm × Nm diagonal
modal stiffness matrix, K̄ei = ZTKeiZ is theNm×Nm contribution to the modal stiffness matrix
from the ith elemental stiffness matrix, η̃ei(s) is the analytical continuation [25] of the function
η̃ei(ω) obtained by replacing jω with s, ˜̄e is the vector of the Nm generalized aerodynamic
forces due to the motion of the structure (aeroelastic feedback), and ˜̄eg is the vector of the Nm

generalized aerodynamic forces due to external gusts. The aeroviscoelastic model (31) can be
specialized to the viscous, hysteretic, or Biot damping formulations by specifying the function
η̃ei for the model FEM elements (i = 1, . . . , N ).

The generalized aerodynamic loads due to the structural motion and gusts are written as

˜̄e = qD Ē(M∞, p)˜̄q (32)
˜̄eg = qD Ēg(M∞, p)w̃g(s) (33)

where qD = ρ∞U
2
∞/2 is the freestream dynamic pressure, ρ∞ and U∞ being the freestream

density and flight speed, Ē is the Nm × Nm generalized aerodynamic force matrix (GAF), Ēg
is the Nm × 1 generalized gust response vector, and w̃g(s) is the assigned input gust (constant
for the entire structure). The linear frequency-domain operators Ē and Ēg are functions of the
freestream Mach numberM∞ and of the nondimensional Laplace variable p := sb/U∞, where b
is the reference half-chord. These operators are evaluated as a function of the reduced frequency
k = Im(p) = ωb/U∞, that is, on the imaginary axis of the complex plane. Their validity is then
extended to the nondimensional Laplace domain via analytic continuation [25].
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Substituting Eq. (32) into Eq. (31) one obtains[
p2U2

∞
b2

M̄ + K̄ +
Ne∑
i=1

η̃ei(p)K̄ei − qD Ē(M∞, p)

]
˜̄q(p) = qD Ēg(M∞, p)w̃g(p) (34)

The aeroviscoelastic system (34) has a transcendent dependency on the Laplace variable p
through both the unsteady aerodynamics and damping. Nonetheless, the homogeneous solu-
tion of Eq. (34) can still be written in the time domain as

q̄(t) =
2Nm∑
n=1

cnw
(n)esnt (35)

where w(n) and sn are the nth aeroviscoelastic eigenvalue and the associated complex eigenvec-
tor. These are computed using the non-iterative flutter analysis proposed in Refs. [26, 27]. The
method is chosen for the studies of this paper due to its proven robustness and because it is not
subject to the convergence issues experienced by iterative approaches [28]. The method solves
the flutter equation using a p-k approach for a set of reduced frequencies and uses an inner-loop
mode-tracking [29] and a linear interpolation for finding the solutions that verify the condition
kn = Im(pn) = ωnb/U∞.

Finally, gust response can be analyzed considering the FRF to the gust input wg given by

Hg(ω) = qD

[
−ω2M̄ + K̄ +

Ne∑
i=1

η̃ei(ω)K̄ei − qD Ē(M∞, k)

]−1

Ēg(M∞, k) (36)

The transient response of the aeroviscoelastic system to an assigned deterministic gust profile in
the time-domain can be obtained by convolving the impulsive response with the assigned gust
profile.

3 TEST CASE

The test case used in this paper is based on the Body-Freedom-Flutter (BFF) experimental
vehicle developed by Lockheed Martin [21]. The configuration was designed to show a body-
freedom flutter instability due to the coupling of plunge and pitch motions with wing bend-
ing and aerodynamics. This instability is typical of tailless configurations and is caused by
the exchange of energy between a high-frequency short-period mode and a low-frequency first
aeroelastic mode. The BFF also experiences a traditional out-of-plane bending-torsion flutter at
higher dynamic pressure. Due to these behaviors, the BFF is a relevant test case for evaluating
damping models for passive flutter suppression.

A MSC Nastran aeroelastic model of the BFF was developed in a previous work by the au-
thors [30]. The model was built based on published information on the BFF properties, natural
vibration frequencies, and mode shapes [22]. The aeroelastic model consists of a shell-type
FEM model coupled with a lifting-surface DLM model through surface splines. The FEM and
DLM models are shown in Fig. 1.

The total model mass is M = 5.457 kg. The center of mass lies in the plane of symmetry at
0.658 m from of the nose. The roll, pitch, and yaw moments of inertia with respect to the center
of mass are equal to 1.14 kg·m2, 0.23 kg·m2, and 1.37 kg·m2, respectively, while the products of
inertial are practically zero. The frequencies and classifications of the first six free-free natural
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(a) Shell-type FEM model (b) Lifting-surface DLM model

Figure 1: BFF structural and aerodynamic models [30].

Table 1: BFF free-free natural vibration frequencies [30].

Mode # Mode type Frequency (Hz)

1 Sym out-of-plane bending 5.83
2 Asym out-of-plane bending 8.83
3 In-plane bending 13.45
4 Asym torsion 19.82
5 Sym torsion 20.10
6 Sym out-of-plane bending 23.73

vibration modes are reported in Table 1, whereas the corresponding mode shapes are depicted
in Fig. 2. The quality of the developed aeroelastic model was assessed in Ref. [30]. Results
from a fully coupled flight dynamic and aeroelastic stability analysis were found to agree with
published numerical results [22] and flight-test data [21].

4 RESULTS

The viscous, hysteretic, and Biot damping models are implemented into the aeroviscoelastic
model of the BFF for analyzing flutter and gust response using Eqs. (34) and (36). Prior to
this step, the stability of undamped system is studied by assuming η̃ei = 0 (i = 1, . . . , Ne) and
considering steady rectilinear flight at U∞ = 15 → 30 m/s and M∞ = 0. These are typical
flight conditions for the configuration [21, 22]. Rigid-body degrees of freedom are included in
the analysis.

The root locus for the first 12 modes is shown in Fig. 3. Aeroelastic modes are labeled according
to the structural mode they originate from. The star symbol identifies the body-freedom flutter
point that occurs at flight speed UF = 19.27 m/s and is associated to an angular frequency ωF =
26.9 rad/s. The main components of the flutter eigenvector wF are shown in Table 2 while other
components are at least one order of magnitude smaller. As expected for this configuration, the
flutter mode involves the symmetric rigid-body motion parameters (plunge and pitch) and the
first symmetric out-of-plane bending and torsion structural modes, with a higher participation
from bending.
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(a) Mode #1 (sym out-of-plane bending) (b) Mode #2 (asym out-of-plane bending)

(c) Mode #3 (in-plane bending) (d) Mode #4 (asym torsion)

(e) Mode #5 (sym torsion) (f) Mode #6 (sym out-of-plane bending)

Figure 2: BFF free-free natural vibration modes [30].
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Figure 3: BFF root locus in the absence of damping (U∞ = 15→ 30 m/s and M∞ = 0 at sea level). Star symbol
denotes the flutter point (UF = 19.27 m/s and ωF = 26.9 rad/s).

Table 2: BFF flutter mode components associated to plunge (q̄plunge), pitch (q̄pitch), first symmetric out-of-plane
bending mode (q̄1), and first symmetric torsion mode (q̄5).

Generalized coordinate Component

q̄plunge -0.133 - j 0.087
q̄pitch -0.236 - j 0.128
q̄1 0.8436
q̄5 -0.337 - j 0.026

For implementing damping into the aeroelastic system, the top wing skin is subdivided into three
patches as shown Fig. 4(a). The spatial contribution to the dissipation index FB is computed
using Eq. (25) for each patch individually considering the flutter mode associated to the critical
eigenvector for identifying the most effective patch for suppressing flutter. Figure 4(b) shows
that patch #1 leads to the highest dissipation, while contributions from the other patches are
slight. This result is expected because the body-freedom flutter mode involves the first wing
symmetric out-of-plane bending and torsion deformations as shown in Table 2. Based on this
consideration, damping properties are associated only to patch #1 for the following analyses.

Having identified the most effective patch, the viscous, hysteretic, and Biot damping models are
implemented by assigning the parameters of the Biot model and evaluating the parameters for
the hysteretic and damping models such that the three descriptions dissipate the same energy at
the flutter frequency, that is

EDV (ωF ) = EDH (ωF ) = EDB(ωF ) (37)

This choice is based on the observation that the Biot model approximates the behavior of vis-
coelastic materials as a function of frequency more closely with respect to the viscous and
hysteretic damping models. It highlights the impact of using a more approximate damping de-
scription at frequencies that are different from the equivalence frequency ωF . The Biot model
parameters are chosen as η̄B = 0.25 and ε = 10 rad/s and are assumed as constant within patch
#1. Using Eq. (37) and assuming ω̄ = ωF = 26.90 rad/s, the viscous damping model parameter
is evaluated as ζ = 10 while the hysteretic damping model parameter is evaluated as η̄H = 0.20.
The function Fη in Eq. (24) for these parameters is shown in Fig. 5. Results highlight that the
equivalence of dissipation is ensured only at the flutter frequency. For lower frequencies the vis-
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(a) Wing skin patches layout (b) FB

Figure 4: Contribution to FB for the flutter mode in Table 2 from the wing skin patches in Fig. 4(a).

Figure 5: Frequency component of the dissipation metric Fη(ω)/π for the viscous, hysteretic, and Biot damping
models for energy dissipation equivalence enforced at the body-freedom flutter frequency.

cous model underestimates damping compared to the Biot model whereas the hysteretic model
overestimates damping. The opposite occurs for frequencies higher than the flutter frequency.

The root locus for the damped system is shown in Fig. 6 for the same parameters as for Fig. 3.
Figure 7 shows the variation of damping g = arctan(Re(sn)/Im(sn)) with flight speed where
flutter points are marked by vertical lines. The viscous and hysteretic damping models give the
same slight increase in the body-freedom flutter speed from UF = 19.27 m/s (undamped case)
to 19.36 m/s. A higher flutter speed equal to 19.69 m/s is obtained with the Biot model due
to the effect on the system stiffness in addition to damping (see Eq. (18)). The viscous model
highly damps out the second instability (traditional bending-torsion flutter) that is observed for
this configuration because the model parameters are obtained by enforcing the equivalence (37)
at the frequency of the body-freedom mode. In contrast, the hysteretic damping model gives
a lower damping on this second instability compared to the Biot model. These results can
be motivated by the variation of Fη (24) with frequency shown in Fig. 5 and highlight the
limitations of damping models that approximate the viscoelastic behavior given by the Biot
model. The three damping formulations achieve similar effects only at one chosen frequency,
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Figure 6: Root loci obtained by different damping models.

Figure 7: Damping as a function of speed as provided by different damping models.

whereas their effect is different at lower or higher frequencies. Additionally, note that the
hysteretic model gives spurious poles at low frequency (see Fig. 6) due to the fact that the real
and imaginary parts of the complex stiffness matrix do not form a Hilbert pair.

For completeness, gust response is also analyzed in the frequency domain using the FRF in
Eq. (11). The magnitude of the FRFs for plunge (q̄plunge), pitch (q̄pitch), first symmetric out-of-
plane bending mode (q̄1), and first symmetric torsion mode (q̄5) are shown in Fig. 8. Results are
for U∞ = 0.90UF = 17.4 m/s. As observed from the stability analysis, the Biot model gives
a lower FRF amplitude compared to the other two models at the first peak and it introduces a
frequency shift that is more apparent for the second, higher frequency peak due to the effect on
the system stiffness. The viscous damping model highly attenuates the second peak, while the
hysteretic model has only a slight impact.

The transient responses for the DOFs in Fig. 8 are shown in Fig. 9. Results are obtained by
considering a deterministic vertical 1-cosine gust with maximum amplitude wgmax = 1 m/s and
a characteristic length Lg = 12b. Results are in line with the frequency-domain stability and
response analyses.
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(a) Heave (b) Pitch

(c) Mode #1 (d) Mode #5

Figure 8: BFF frequency-domain FRF for a gust load and for the for plunge (q̄plunge), pitch (q̄pitch), first symmetric
out-of-plane bending mode (q̄1), and first symmetric torsion mode (q̄5).

(a) Heave (b) Pitch

(c) Mode #1 (d) Mode #5

Figure 9: BFF time-domain response to a vertical 1-cosine gust load (wgmax = 1 m/s and Lg = 12b) and for the
for plunge (q̄plunge), pitch (q̄pitch), first symmetric out-of-plane bending mode (q̄1), and first symmetric
torsion mode (q̄5).
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5 CONCLUDING REMARKS

This paper compared the modeling capabilities of the viscous, hysteretic, and generalized Biot
damping models as applied to flutter suppression and gust response alleviation studies. To com-
pare the models, a dissipation metric was introduced that quantifies the energy dissipated over
one oscillation cycle of a fully developed mono-frequency motion with a arbitrarily assigned
displacement shape. The BFF testbed developed by Lockheed Martin was considered as the
test case for the studies. The damping models were implemented into the FEM aeroviscoelastic
model of the BFF and their parameters were chosen to achieve the same dissipation at the body-
freedom flutter frequency of the undamped system. Damping properties were associated to a
specific top wing skin patch chosen by means of a sensitivity study on the damping effectiveness
of different patches for the selected flutter mode.

Frequency-domain stability and response analyses and transient response analyses showed that
the three formulations give similar results at the body-freedom flutter frequency, as expected
because of the choice of the model parameters, whereas results differ at lower and higher fre-
quencies. Moreover, the Biot model introduces a shift in the system frequencies due to the
contribution to the real part of the complex stiffness matrix arising from the Hilbert correction
that is not present when using the viscous or the hysteretic model. These results highlights that
damping descriptions that approximate viscoelastic behavior such as the viscous and hysteretic
models require special care in the choice of their typical parameters based on available mate-
rial data. In fact, results are in agreement with a viscoelastic description only a one selected
frequency whereas damping effects are overestimated or underestimated at other frequencies.
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