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Engine noise is of substantial impact on the passenger’s comfort of modern airplanes. Besides the jet noise, certain
selected tonal engine frequencies can be clearly observed as acoustic noise in the cabin. Based on ground measure-
ments on a Dassault Falcon 2000LX MSN 006 airplane, three of these tonal frequencies have been identified and
strategies have been developed to attenuate these frequencies with active and passive solutions subsequently. In
this paper, the principal properties of vibration absorbers, mounted at one pylon, have been investigated, based on
the spectral disturbances and frequency response functions, obtained from the ground test measurements. Using a
vibration absorber at the pylon between the engine and the fuselage is suggested by the idea, to at least attenuate
the structure borne noise of this path. The main focus of the presented study reveals the principle possibilities and
restrictions of using vibration absorbers to vibration reduction on certain parts of the fuselage and on sound power
reduction in certain cabin areas. Due to the fact, that only one position for an absorber was available from the
underlying measurement data, numerical results are only available for one absorber at a fixed location. As part of
the conclusion of the paper, using multiple absorbers would be mandatory to gain sufficient global attenuation, but
the principles can be demonstrated fairly well with the chosen set up.

1 Introduction

The ISTAR (In-Flight Systems & Technology Airborne
Research, figure 1) is a business jet from Dassault Avia-
tion that was reconditioned as a research platform and is
part of the DLR’s fleet since 2020. It is a long-range vari-
ant of the Falcon 2000EX with the addition of blended
winglets.

Figure 1: ISTAR Falcon 2000LX MSN 006

Some geometrical and physical parameters are given by

Length 20.2m
Height 7.1m
Wing span 21.4m
Maximum Speed 961 km/h
Range 7400 km
Total Weight 19140 kg
Max. Flight Altitude 14300m
2 Engines Pratt & Whitney PW 308C

To study different noise control systems applicable to

this airplane, a vibroacoustic test (VAT) was performed
in March 2022 at DLR site in Braunschweig. Two dif-
ferent noise control approaches are considered: Active
Noise Vibration Control (ANVC) with intertial exciters
applied to interior parts of the cabin (see [1, 2]) and
Tuned Vibration Absorbers (TVA) acting on the pylons.
This paper is focussed on the second approach to dis-
cuss its principal properties and limitations. During the
VAT, Frequency Response Functions (FRF) of electrody-
namic shakers to accelerometers and microphones are de-
termined by means of multi-reference tests. The TVA’s
are principally suitable to attenuate narrow band noise
like certain tonal frequencies within the spectrum. Three
main tonal frequencies of interest (137 Hz, 273 Hz and
403 Hz) have been investigated in this study. Two fixed
positions at the bottom of one pylon have been included
in the measurements (exciters with integrated force sen-
sors, see figure 2). The closer one nearest to the air-
plane front was used in the study. One shortcoming in
the first test campaign, from which the main results are
based upon, is the fact, that no true collocated accelerom-
eter was available directly at the TVA position. The near-
est available accelerometer was at a distance of 40 cm
(yellow patch in the figure), which invalidates the needed
phase information of the excitation. A second test cam-
paigne was equipped with true collocated actuators and
sensors.

2 Tunable Vibration Absorber

A tunable vibration absorber is a device consisting of a
mass, which is mounted to the structure with some kind

1



4SMARTS Symposium 2024, Darmstadt Rose, Misol

Figure 2: Two fixed TVA position at the bottom of the
pylon, airplane front is left in picture

of damped spring. Its oscillation frequency is tuned to
be in the proximity of a structural eigenfrequency, and
with properly chosen mass stiffness and damping, the res-
onance peak of the structure can be significantly reduced.
The amount of possible reduction is dependent on the ra-
tio of the absorber mass and the modal mass of the con-
sidered structural eigenfrequency. In figure 3 a schematic

Figure 3: Schematic of a tunable vibration absorber

of a single degree of freedom vibration absorber is dis-
played, which is introducing transversal forces into the
structure at the mounting point. Other physical layouts
exist of course; forces in surface direction can be gener-
ated as well as moments with a rotational spring stiffness
and rotational inertia. Even TVA based on structurally in-
tegrated piezoelectric devices and suitable electrical net-
works have been realized (see [3]). But they all act locally
and collocal on the structure. In this project, the exciter
was setup to generate transversal forces orthogonal to the

pylon of the airplane in z-direction (up). Therefore, the
investigation is focused on the displayed type of absorber.

2.1 Basic absorber characteristics

To investigate absorbers, which are capable of reducing a
structural eigenmode, the multi degree of freedom (DOF)
system is first reduced to a single DOF, which represents
the eigenmode under consideration. There are multiple
methods to get such a simplified system FRF from the
full bandwidth FRF. The simplest one is the half band-
width criterium, but for more accuracy, the Nyquist cir-
cle criterium or even more sophisticated methods can be
used (see [4] for details). The single DOF system is char-
acterized by its modal mass m0, damping d0 and stiff-
ness k0. A harmonic force F transversal to the struc-
ture will induce a corresponding harmonic transversal
displacement x0. The FRF of the single DOF system is
then given by the fraction

x0

F
=

1

m0s2 + d0s+ k0
(1)

with s = iω and the angular frequency ω. If we add an
absorber with mass m1, damping d1 and stiffness k1 to
this system and denote the absolute absorber mass posi-
tion by x1, the augmented system in the frequency do-
main is given by

(m0s
2+ d0s+ k0)x0 + (d1s+ k1)(x0 − x1) = F, (2)

m1s
2x1 + (d1s+ k1)(x1 − x0) = 0. (3)

Or by substituting the second equation into the first one

(m0s
2 + d0s+ k0)x0 +m1s

2x1 = F, (4)

(m1s
2 + d1s+ k1)x1 = (d1s+ k1)x0. (5)

Usually it is advantageous to transform these equations to
a dimensionless form. With

µ =
m1

m0
, ω0 =

√
k0
m0

, ω1 =

√
k1
m1

, δ =
ω1

ω0
,

ξ0 =
d0

2m0ω0
, ξ1 =

d1
2m1ω1

, f =
F

k0
, s = ω0γ, (6)

the dimensionless absorber equations are given by

x0

f
=

S1

S0S1 + µS2γ2
,

x1

x0
=

S2

S1
, (7)S0

S1

S2

 =

 γ2 + 2ξ0γ + 1
γ2 + 2δξ1γ + δ2

2δξ1γ + δ2

 . (8)

The quantities are described in table 1. Usually there
are application dependent restrictions on the upper limit
for the mass ratio µ. A higher value will induce more
damping to the structure, but it also increases the mass
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Table 1: Absorber quantities

µ mass ratio absorber/system
δ frequency ratio absorber/system
ξ0 system damping ratio
ξ1 absorber damping ratio
ω0 system angular frequency
ω1 absorber angular frequency
f relative force (static deflection)

γ = i(ω/ω0) complex frequency variable

added by the absorber. A suitable value is generally pre-
scribed. The optimal values for the spring stiffness and
damping of the absorber, indirectly given by the dimen-
sionless quantities δ and ξ1 can be obtained by an opti-
mization procedure, which minimizes the maximum of
the real rational function∣∣∣∣x0

f

∣∣∣∣2 in
ω

ω0
. (9)

For small damping, there are some approximate formu-
las for the absorber parameter. Given some mass ratio,
the dimensionless frequency and damping of the absorber
can approximately be calculated from

δ =
1

1 + µ
, ξ1 =

√
3µ

8(1 + µ)3
(10)

(see [5]). These estimates can also be used to start a non-
linear optimization process to further fine tune them.

2.2 Absorber design on the pylon

Figure 4: Example of a TVA (dimensionless plot)

One example of such an optimization is displayed in fig-
ure 4. It can be observed, that a significant vibration
reduction in the FRF can be achieved, if the structural
damping of the corresponding eigenmode is low. If the
system behavior is not really constant (e.g. variations due

to temperature changes), it is advisable to implement so
called adaptive tunable absorbers. These adaptive designs
need an outer control loop, which changes the parameters
(usually only the stiffness) of the absorber to keep it in
optimal operation condition. In figure 5 the shaker po-

Figure 5: Location of shaker point and closest sensor
point

sition at the pylon is displayed in relation to the sensor
mesh on the fuselage. A collocal acceleration sensor was
available for the measurement of the collocal FRF. How-
ever, for the engine noise, this sensor was not available.
The closest point near the shaker point for excitation FRF
is also displayed in the figure.

Figure 6: Bode plot of collocal FRF (point 290109)

In figure 6 the bode plot of the collocal FRF from force
to transversal displacement at the shaker point on the py-
lon of the airplane is displayed. The excitation direc-
tion is the +z-direction (up). The orange lines indicate
the tonal peak frequencies of the engine. In figure 7 the
spectrum of the engine noise at point 100101 near the ab-
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Figure 7: Engine noise at closest sensor point 100101

sorber position on the pylon is displayed (about 39,1cm
distance). In combination it can be seen, that there are
no significant resonance frequencies in the pylon FRF
at the tonal peak frequencies of the engine. In figure 8

Figure 8: Effect of an absorber outside of resonance
(µ = 0.1, ξ0 = 0.7, ξ1 = 0.07, δ = 0, 5)

the effect of an absorber with absorber frequency distant
from any structural resonance frequency is shown. The
FRF clearly shows, that the absorber has a local effect,
but there is a small region of amplification below the ab-
sorber frequency and a small region of attenuation above
the absorber frequency. An absorber design is still possi-
ble, but there will be no global effect. In general, it can
be expected, that for some sensor points a damping ef-
fect can be achieved if the absorber is dimensioned with
these sensors in mind. An adaptive absorber is also ben-
eficial in this scenario to keep the small frequency range
of the absorber with attenuation in the possibly slightly
changing target range.

For general operational vibrations at non-resonance fre-
quencies, we generalize the equations of section 2.1, re-
placing the single DOF assumption by general FRFs. In
addition, the accelerations a0 = s2x0 and a1 = s2x1

are used directly. In combination with the accelera-
tions ad0 = s2xd

0 due to engine forces, the system equa-

tions are given by

a0 = g0F + ad0, (11)
F = −ha0, (12)

h = m1
a1
a0

, (13)

0 = m1a1 + (d1s+ k1)(x1 − x0) (14)

with the general collocal transfer function g0(s) at the ab-
sorber location with respect to accelerations and the ab-
sorber transfer function h(s). For the special case of a
SDOF mass damper system, this specializes to

g0(s) =
s2

m0s2 + d0s+ k0
, (15)

h(s) = m1
2δξ1γ + δ2

γ2 + 2δξ1γ + δ2
, (16)

a0 =
ad0

1 + g0h
, (17)

F = −ha0. (18)

It is straight forward to verify, that the equations for
SDOF of section 2.1are a special case of this relation
for positions instead of accelerations (just insert the
SDOF g0(s) and substitute ad0 = g0F̂ with the external
excitation force F̂ ).

In a qualitative assessment, the influence of the absorber
increases with increasing values of h. This can be
achieved either by increasing the absorber mass m1 and
by tuning the absorber frequency to be near the opera-
tional frequency ω0, e.g. δ ≈ 1. At the operational fre-
quency (γ = i), the mass and stiffness terms approxi-
mately cancel each other (γ2 + δ2 ≈ 0). This results in

h ≈ −m1

2ξ1
i, a0 ≈ ad0

1− g0
m1

2ξ1
i
. (19)

The special case of SDOF with small damping ξ0 leads
to the following qualitative relations

g0 =
1

m0

γ2

γ2 + 2ξ0γ + 1
≈ i

2ξ0m0
, (20)

a0 ≈ ad0
1 + m1

4m0ξ0ξ1

=
ad0

1 + µ
4ξ0ξ1

. (21)

As a general result, the vibrations cannot be cancelled
completely at an optimally tuned operational frequency.
The mass ratio µ with respect to the absorber mass m1

and the modal structural mass m0 is directly related to the
achievable vibration reduction for lightly damped struc-
tures and absorbers. In this case, a reduced damping also
increases the absorber influence.

The above discussion is focused on the collocal absorber
behavior. The influence on distant points is strongly dic-
tated by the relative phase differences between the ab-
sorber forces and the disturbance on each structural point.
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In general, this implies that an absorber might only pos-
itively affect small distant regions and can simultane-
ously negatively affect other regions of the structure if
these phases are not correlated. If the main disturbance
path is structure-borne noise and the coupling of the ab-
sorber into the structure is able to influence this path
(non-orthogonal coupling), there is a bigger chance, that
a global attenuation affect can be gained by an absorber
in the direct frequency neighborhood of the tonal distur-
bance ω0.

So far only one single absorber has been discussed. It
is principally straightforward to use multiple TVA and
superposition to overlay the effects. Complications only
arise by the induced multi parameter optimization of the
TVA parameters. Due to lack of experimental data and
for simplicity, the usage of multiple TVA is not further
discussed in this paper.

3 Results

To design a TVA for a specified tonal frequency, the col-
local FRF at the absorber location and the FRF from the
absorber location to the distant attenuation observer point
must be available. In addition, the engine spectrum at the
absorber location as well as at the observer point must be
given. Unfortunately, in the first measurement campaign,
the excitation spectrum was only available near the ab-
sorber location (distance 39.1 cm). This leads to some
weaker statements due to lack of consistent phase infor-
mation.

Figure 9: Engine excitation at closest sensor point to TVA

In figure 9 the local frequency range around the three se-
lected tonal engine disturbance frequencies are displayed.
In figure 10 the L2-mean value of accelerations on the
fuselage due to engine noise is shown. The goal is to
design an absorber for each of these frequency ranges
with different masses to attenuate the engine accelera-
tions. The corresponding collocal transfer function g0(s)
at the absorber location is displayed in figure 11. In fig-
ure 12 the optimal dimensionless absorber parameters δ

Figure 10: L2-mean engine excitation at fuselage sensor
points

Figure 11: Transfer function g0(s) with a0 = g0 · F

and ξ1 for different absorber masses m1 are displayed in
the neighborhood of each of the three main tonal engine
disturbances. Naturally, δ ≈ 1, because the eigenfre-
quency of the absorber is near the frequency of interest
where attenuation of the accelerations is possible. There
are some discontinuities in the curves, because the op-
timization is done on a discrete grid and the optimum
functional is flat in some regions. In addition, the lower
bound for the absorber damping was bound by the mini-
mum relative damping of 0.001. For some transfer func-
tions g0(s), the best possible value is in fact zero damp-
ing, e.g. ξ1 = 0, but the change in the optimal attenuation
is usually small for low absorber damping ratios. In fig-
ure 13 the attenuation of the collocal engine disturbance
is displayed for the mass variation and the optimal ab-
sorber parameters. We have about 50% reduction with
masses around 500 g, 660 g and 110 g for the three main
tonal engine frequencies. For 90% reduction, masses of
2.7 kg, 3.3 kg and 0.7 kg will be sufficient.

In figure 14 the acceleration and force ratios a1/a
d
0

and F/ad0 are displayed. These can be used to
conservatively estimate the maximum absorber forces
and absorber mass acceleration for representative col-
local disturbance accelerations. A look into figure 9
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Figure 12: Absorber parameters δ and ξ1 for different
absorber masses m1

Figure 13: Collocal disturbance absorber attenuation ad0

shows characteristic accelerations of 0.08m/s2, 0.2m/s2

and 0.5m/s2 at the main tonal frequencies. This leads to
forces in the order of 1-2 N, which are brought into the
structure by the absorber itself. The absorber mass ac-
celeration is larger for low absorber damping ratios and
lower absorber masses. In combination with the charac-
teristic accelerations, accelerations in the order of 1m/s2

are rough estimates for these absorber mass acceleration
amplitudes. The frequency range 100-400 Hz leads to po-
sitional amplitudes in an acceptable range for the chosen
masses.

For this discussion, the disturbance acceleration at the
closest point 100101 was used as collocal disturbances at
the shaker location 290109. The points are about 39,1cm
apart, which leads to additional errors. Unfortunately,
there was no collocal measurement for the engine noise
in the first measurement campaign. The errors introduced
by this choice are hard to predict, because the phase of ad0
influences the phase of the forces and therefore the at-
tenuation at other points of the structure. In addition,
the phases of ad0 to other disturbance accelerations are
not known, because the accelerations at the closest point
100101 were obtained by a different measurement set
than the accelerations at the choosen fuselage measure-

Figure 14: Absorber acceleration and force ratios wrt. the
collocal disturbance attenuation ad0

ment points. Therefore, a prediction of non-collocal ab-
sorber attenuation is not reliably possible on the basis of
the supplied measurement data.

But some inside on the feasibility of global attenuation
with only one absorber at the pylon can still be gained.
In figure 15 the acceleration of the first tonal frequency

Figure 15: Engine disturbance acceleration in decibel for
first tonal frequency

on a large part of the fuselage is displayed in decibel. In
figure 16 the FRF’s from forces at the absorber point to
accelerations at the fuselage are displayed, also in deci-
bel and for the first tonal frequency. For the second and
third tonal frequency, similar pictures can be obtained.
Vibrations clearly dominate at the rear part of the fuse-
lage and the influence of absorber forces to the fuselage
is also only significant in the neighborhood of the pylon.
As a result, only the rear airplane section has a chance
of noticeable disturbance attenuation due to an absorber
located at the pylon.

In figures 17, 18 and 19 the distribution of the phase an-
gles of the disturbance accelerations are displayed in de-
grees. To avoid angle wrapping, only the absolute value
is shown. The areas of similar phase angles get smaller
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Figure 16: Force FRF (m/s2/F) in decibel

Figure 17: Phase of engine excitation for first tonal fre-
quency

with increasing frequency. The pictures are heavily in-
terpolated, because only a limited set of sensor points is
available on the fuselage surface. But it is clearly observ-
able, that all phase angles are present in the displayed
surface section.

In figures 20, 21 and 22 the corresponding phase plots are
displayed with respect to the force FRF from the absorber
forces to the fuselage accelerations. There is also some
phase variation in the displayed fuselage surface area, but
there is no good coincidence to the phases displayed in
figures 17, 18 and 19. To have the chance of global atten-
uation with one absorber, the surface section under con-
sideration must have similar phase distribution, because
only one absorber force will be available. This indicates,
that global attenuation on the rear part of the fuselage will
not be possible with only one TVA at the pylon.

Finally, the distribution of phase deviations between ab-
sorber induced accelerations and engine disturbance ac-
celerations is displayed in figures 23, 24 and 25. The dis-
tribution indicates, that there is a certain possibility, that a
single absorber can attenuate the blue surface area for the
first tonal frequency 136.8 Hz. Due to the lack of phase

Figure 18: Phase of engine excitation for second tonal
frequency

Figure 19: Phase of engine excitation for third tonal fre-
quency

information for ad0(s), it cannot be granted, that such an
absorber is feasible. The other two pictures indicate, that
global attenuation at frequencies 273,6 Hz and 402,3 Hz
is not achievable with only one absorber.

4 Conclusion

To be able to design an absorber for a structure like the
airplane in this study, the following data must be mea-
sured in the neighborhood of the tonal frequency f0,
which should be attacked:

• The collocal FRF g0(s) with a0(s) = g0(s)F (s) at
the mounting point of the absorber. The crucial point
is the collocal setup of F and a0. Not only transver-
sal forces and accelerations can be used, also rota-
tional or other collocal DOF’s are feasible.

• The collocal disturbances ad0(s) at the absorber lo-
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Figure 20: Phase of absorber FRF to fuselage for first
tonal frequency

Figure 21: Phase of absorber FRF to fuselage for second
tonal frequency

cation, introduced by noise sources at some other
structural location (e.g. engine).

• Transfer functions (FRF) with forces at the absorber
location to accelerations at each structural sensor
point of interest.

• Disturbance accelerations at each of the chosen sen-
sor points, which must by correct in phase with
respect to each other and to the collocal distur-
bances ad0(s).

A substantial attenuation of the disturbance accelerations
at the absorber position is usually feasible. A reasonable
absorber mass m1 must be selected. The dimensionless
absorber parameters δ ≈ 1 and ξ1 ≪ 1 can be calculated.
This leads to physical stiffness and damping parameters
for the absorber according to equation (6). In addition,
the collocal attenuation ratio can be calculated. With
the transfer functions gz(s) with az(s) = gz(s)F (s) at

Figure 22: Phase of absorber FRF to fuselage for third
tonal frequency

Figure 23: Phase difference of engine excitation and of
absorber FRF for first tonal frequency

the chosen structural points and the disturbance accel-
erations adz(s), the change due to the absorber is given
by az(s) = gz(s)F (s) + adz(s), using the forces F (s)
introduced by the absorber with respect to the collocal
disturbance accelerations ad0(s). Whether a reduced ac-
celeration (attenuation) can be achieved depends on the
signal phases. If the disturbance is mainly induced by
structure-borne noise and the wave path is influenced by
the absorber position, a global attenuation can be possi-
ble. Otherwise, there will be regions of attenuation and
regions with even larger acceleration amplitudes in the
neighborhood of the tonal frequency under consideration.

This investigation was later refined by a second test cam-
paign with truly collocal excitation spectrum at the ab-
sorber location. Instead of accelerometers on the fuse-
lage, the observer sensors consist of 65 microphones in
the cabin. An absorber design as above with the new mea-
surements with location on the bottom of the right pylon
with optimal parameters for the three tonal frequencies
shows substantial effect on the collocal structural accel-
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Figure 24: Phase difference of engine excitation and of
absorber FRF for second tonal frequency

Figure 25: Phase difference of engine excitation and of
absorber FRF for third tonal frequency

erations with attenuations within 10-20 dB in the direct
neighborhood of the three tonal frequencies. This might
also indicate local structural behavior with weak stiffness.
A low stiffness usually disables good impact on distant
structural parts. With one absorber — similar to the sit-
uation for the first test campaign wrt. the fuselage — no
global sound attenuation is achievable at the microphones
in the cabin.
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