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Abstract Space launchers are submitted to complex vibration environments and this can
impact the payload it is carrying. Ensuring the protection of the payload therefore requires the
addition of a secondary system. In this paper, a rapid design method for the dimensioning of a
friction damper is developed, based on the equivalent energy dissipation with that of a viscous
damper. A friction damper is designed and a prototype is built. The friction damper is first
characterised alone and it is then mounted inside a scale model of a launcher last stage. The
friction damper is adequately modelled by a spring in series with a friction element. The damper
prototype proves to efficiently damp the rocket engine vibrations and the design method used
for dimensioning the friction damper gives a good approximation for the optimal sliding force
of the damper.

Keywords Space launcher · Damping · Vibration testing · Friction damper

Nomenclature

Wc dissipated energy per cycle in the viscous damper
Wf dissipated energy per cycle in the friction damper
kf stiffness of the friction damper
Fg sliding force of the friction damper
p pressure in the hydraulic jack of the friction damper prototype
f excitation frequency

u0 excitation amplitude
F (t) temporal signal of the tangential force in the friction damper
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u(t) temporal signal of the relative displacement across the friction damper
T period of the temporal signals (inverse of f f)
A area of the force-displacement (F -u) curve

A+ area of the force-displacement curve above F = 0
A− area of the force-displacement curve below F = 0
Fn normal force in the friction damper

Fgp positive sliding force of the friction damper
Fgn negative sliding force of the friction damper

µ friction coefficient of the brake lining
Atrap area of the absolute value of the force signal F (t)

τ ratio of sliding time to oscillation period of the friction damper

1 Introduction

Space launchers undergo complex dynamic excitations through their lifecyle. They undergo
various types of excitations, which can be transient, random or harmonic. These excitations are
notably generated by pressure oscillations in the rocket engines, gust loads, stage separations
and pyrotechnic separations. All these excitations have a low frequency component, which may
be transmitted to the payload of the launcher and could damage it. The architecture of the
launcher is however fixed at an early stage and is thus difficult to modify. The payload is fixed
on the last stage, its protection in the low frequency domain can be improved by the addition of
a secondary system whose aim is to damp the vibrations generated or recovered by the rocket
engine of the launcher last stage. Indeed, the mass of the engine counts for a great part of the
total mass of the launcher last stage and damping its vibration would reduce the vibrations
transmitted to the payload.

This paper is part of a larger project on space launcher vibration damping. The numerical
part of the project [2] consisted in developing efficient modal reduction methods for describing
the behaviour of the launcher stage and being able to take into account of local structural
modifications. This was used to determine the location of damping devices in the launcher
stage and assess their efficiency. The second part of the project was a bibliographic study for
the choice of the technology for the damper. The third part of the project is an experimental
part, allowing both to asses the validity of the numerical simulations and acting as a technology
demonstrator. A scale model of the launcher last stage is designed and built, along with a
dedicated seismic test rig. A friction damper prototype is also designed and built; it is first
tested alone before being mounted inside the scale model for damping tests.

The aim of the present work is to develop a methodology for the design of a friction damper
and to validate it through experimental tests on a scale model of the launcher last stage.
The choice of damping vibrations with a friction damper is driven here by the opportunity to
transform it into a semi-active friction damper without changing its design. Active devices are
discarded, they require too much onboard energy and would penalize the launcher by adding
too much mass; active solutions are also far less robust than semi-active or passive solutions
in case of a control system-failure. At last, active systems could bring stability issues and
interact with the control system of the launcher’s trajectory. This paper therefore focuses on
the adaptive friction damper as a first step toward the semi-active damper.

There is a large body of literature devoted to friction damping in forced systems [3; 7].
Many articles are devoted to friction-induced vibration and squeal, an interesting review is
made by Ibrahim [9; 8]. Friction dampers is however a more recent area.

There is very few literature on friction dampers for aerospace purposes. A friction damper
called SARO already exists and has flown on the Ariane 5 space launcher since a few years. This
damper is however purely passive, the sliding force is constant and it may not be transformed
into a semi-active damper because of its cylindrical conception [15] (metallic washers rub
inside a metallic bore); it is also designed for very small displacements under 1mm. In a review
of passive damping devices for aerospace structures, Rittweger [14] evokes a passive friction
damper prototype, of the SARO in fact, and some test results are given.

Some interesting friction devices can be found in civil engineering applications, for the
protection of buildings against seismic risks. Mualla et al. [13] proposed a new passive friction
damper device working with a bracing system between storeys. It is based on the relative
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rotation between plates and friction pad disks and was further studied [4; 10]. Mirtaheri et al.
[12] developed a cylindrical friction damper based on the tight fit between a shaft and its bore.

Guglielmino et al. designed an automotive semi-active friction damper [5; 6] aiming to
replace the classical viscous damper; the damping force is however smaller than what is needed
here and the authors encountered some difficulties regarding the semi-active hydraulic pressure
for the modulation of the friction force. That is why as a first step we concentrated here on a
passive device.

This paper is organized as follow. Section 2 introduces the space launcher stage model
and the design method for for the friction damper. Section 3 describes the friction damper
prototype and the test results of the prototype alone. In Section 4, numerical simulations of
mechanical structures with dry friction are developed to better understand the test results of
the stage model equipped with the friction damper in Section 5.

2 Method for the design of the friction damper

2.1 Host structure: space launcher stage model

A scale model of a space launcher last stage is designed and built (see Figure 1a). It is based
on mass specifications, dimension specifications and frequency specifications in order to get
energies and frequencies comparable to those of a real launcher. The frequencies of the payload
flexion mode and the engine flexion mode are required to be around respectively 15Hz and
20Hz. The whole model is 2.05m high, measures 1.2m in diameter and weighs 1.58 t.

The stage model is mainly composed of an outer shell and an inner shell supporting a
ballast which represent the rocket engine (see Figure 1a). On top of the stage, a tray on three
small columns holds the payload; these parts represent the attachment and spacing system of
the payload. The ballast weighs 800kg and the payload 60 kg. The model is made of steel and
the inner shell is drilled to match the required stiffness without having a too thin metal sheet.
Two points of interest are materialized: they are the locations of accelerometers at the bottom
of the engine (B1) and at the bottom of the payload (L1).

The scale model was designed using CAD software Catia and with ANSYS. Once this design
was fixed, a simplified mesh was created. This simplified finite elements model is constructed
from the geometry and characteristics of the scale model; it uses shell, beam, volume, mass
and rigid elements (see Figure 1b). The use of this simplified mesh, along with a Double Modal
Synthesis reduction technique [2], allows fast calculation of the response of the structure. This
will be useful to design the optimal damping solution for the protection of the payload.

2.2 Design method

The architecture of the launcher is fixed at the beginning of the project, the protection of the
payload therefore requires the addition of a secondary system to damp the vibrations generated
or recovered by the rocket engine. The general idea is to use the engine as a tuned mass damper
by adding a dissipative link between the engine and the outer shell (•—• on Figure 1b).

In a previous paper [2], a determinantal method was proposed to evaluate the influence of
structural modifications on the complex eigenvalues of a structure. This method only requires
the response of the structure at the connection points of the structural modification and allows
a fast evaluation of the behaviour of the modified structure thanks to a dedicated continuation
algorithm. The determinantal method is applied here to determine the optimal viscous damping
of the added dissipative link corresponding to the maximal modal damping of the engine mode.

The launcher is equipped with a horizontal link between the engine (• on Figure 1b) and
the outer shell. This link is composed of a spring in series with a viscous damper ( ). The
influence of both the stiffness k and the damping c of the links is illustrated by Figure 2; the
blue curves correspond to the evolution, in the complex plane, of the pole of the engine mode
with a damping parameter c varying from 0 (initial pole × ) to ∞ (zero ◦ , corresponding to the
blocked frequency) and a fixed stiffness parameter; the red curves correspond to the evolution
of the pole with a fixed damping parameter and a stiffness parameter decreasing from ∞ to 0
(from left to right on Figure 2). When the stiffness of the link tends toward zero, it amounts to
remove the link: that is why the pole tends to return to its initial – unmodified – value. This
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(a) (b) (c)

Fig. 1: Last stage scale model: (a) cross-section view; (b) mesh of the model; and, (c) photog-
raphy of the scale model clamped on the shaking table
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Fig. 2: Evolution in the complex plane of the damped stage second eigenvalue for varying k
and c parameters (× poles, ◦ zeros)

kind of graphic allows to evaluate the sensitivity of the pole to the parameters of the links,
which may be crucial at a pre-design stage.

The damping predictions used a viscous damper since it allowed fast calculation for this
pre-design stage. The dimensioning of the friction damper is therefore based on the equivalent
dissipation of energy with that of the viscous damper used for computing (see Figure 3).

The greatest modal damping is reached for a viscous damping of ceq = 1.1 × 105 Ns m−1.
Figure 2 shows that even if the link is more supple, down to 1 × 108 Nm−1, ceq is nearly
unchanged. The dissipated energy in a viscous damper of damping ceq for a periodic imposed
displacement of amplitude U0 is

Wc = πceqωU2

0
(1)
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Fig. 3: Comparison of the force-displacement characteristic of a friction damper and of a viscous
damper

The friction damper is modelled by a spring of stiffness kf and a friction element with
associated sliding force Fg (see Figure 5a). The dissipated energy is still the area inside the
force-displacement curve

Wf = 4FgU0

(

1 −
Fg

kfU0

)

(2)

For the friction damper, the dissipated energy depends on its two intrinsic parameters: the
sliding force Fg ; and the damper stiffness kf . Decreasing the stiffness for a given sliding force
would reduce the dissipated energy (U0 and ω being unchanged). From the previous equation,
the optimal sliding force F opt

g – for which energy dissipation is maximum – is a function of kf

and U0

F opt
g = 1

2
kfU0 (3)

and the energy dissipation is
Wmax

f = kfU2

0
(4)

The friction damper stiffness is deduced from equations 1 and 4 in order to get the same
energy dissipation – ie. Wmax

f = Wc – and considering the optimal sliding force Fg = F opt
g ,

kf = πceqω (5)

Which gives, near the resonance frequency of 20Hz

kf = π × 1.1 × 105 Ns m−1 × 2π20 s−1 = 4.3 × 107 Nm−1 (6)

The relative displacement u0 is supposed to be around 1mm (acceleration of the engine
of 3 g at 30Hz), which gives a sliding force F opt

g of 2 × 104 N. This value was used for the
dimensioning of the friction damper.

The aim of this study is to assess the validity of the equivalent dissipation approach through
experimental tests, assess the feasibility of a friction damper prototype and test its real/effective
performances for reducing the payload vibrations .

Next section introduces the friction damper prototype – with adjustable sliding force –
that was designed and built. The organic test procedure is then explained and eventually the
behaviour of the damper is characterised.

3 Friction damper behaviour

3.1 Friction damper prototype

The schematic diagram of principle of the friction damper prototype is illustrated by Figure 4a,
a cross-section view is given in Figure 4b. The friction damper is composed of a slider equipped
on both sides with brake linings (Flertex 377 material); the friction slider is squeezed between
the frame of the device and the square piston activated by the piston stem of the hydraulic
jack. The friction damper can be attached to the host structure by two ball joints, one bound
to the slider and the second one to the frame. Lastly, the friction slider is guided on its two
remaining sides by PTFE plates. Note that the hydraulic jack could be shorter since no stroke
is needed, this is indeed an off the shelf component. The prototype weights 30 kg, which is
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Fig. 4: Friction damper prototype: (a) schematic diagram of principle (F: force sensor;
p:pressure gauge); (b) cross-section view; (c) isometric view; and, (d) photography

small compared to the 800 kg of the engine it is attached to. Without its jack and ball joints,
the friction damper dimensions are 160mm × 160mm × 210mm.

The friction damper is equipped with a 20 kN strain gauge-force sensor which measures the
tangential force; in this paper, the term sliding force is employed. A manometer connected to
the jack allows to deduce the normal force from the hydraulic pressure p. A temperature probe
is stuck on the frame of the damper near the friction interface to monitor the heating caused
by friction (hidden behind the ball joint on Figure 4d).

3.2 Prototype testing

The friction damper is first characterised alone with a Schenck Hydropuls hydraulic jack of
63 kN nominal force to explore the influence of the following parameters: normal force Fn;
temperature; relative displacement amplitude u0; and motion frequency f . All these parameters
could have an influence on the behaviour of the brake lining and therefore on the global
behaviour of the friction damper.

The experimental curves are identified with a model of a spring in series with a friction
element (see Figure 5). For each single test, the following data are recorded:

– p the pressure in the hydraulic jack;
– f the frequency of the excitation;
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Fig. 5: Friction damper model: (a) rheological model; and, (b) force-displacement F -u charac-
teristic curve

– F (t) the sliding force in the damper;
– u(t) the imposed displacement of the excitation jack piston.

The data extracted from the force-displacement plot (F (t) versus u(t), see Figure 5b) are:

– A the total area of the curve;
– A+ the area of the curve above F = 0;
– A− the area of the curve below F = 0.

The data calculated from the previous physical quantities are:

– u0 the amplitude of the imposed displacement (deduced from u(t));
– Fn the normal force in the damper (deduced from p and the piston section, the gain is

125.6Nbar−1);
– Fgp the positive sliding force (deduced from A+ and the width of the F -u curve for F = 0);
– Fgn the negative sliding force (deduced from A− and the width of the F -u curve for F = 0).

The apparent friction coefficient is deduced form the total area A = 2x0 × 2(2µ)Fn of the
curve

A = 2

(

u0 −
2µFn

kf

)

× 2(2µ)Fn (7)

where the damper stiffness kf is identified by superimposing all the u-F curves on the same
plot.

The damper is tested with the following parameters:

– excitation frequencies f between 2Hz and 20Hz;
– imposed displacement u0 between 2mm and 10mm;
– pressure p between 50bar and 210 bar.

A total of 105 individual tests is made. They all proved to be stationary: the extracted data
are therefore taken as the mean value on at least 5 periods of the temporal recordings.

3.3 Tests results

During the tests, the temperature stayed between 20 ◦C and 80 ◦C and no particular change in
behaviour was noted; this is in fact a very limited temperature range compared to the brake
lining maximum admissible temperature of 300 ◦C given by the manufacturer of the brake
lining. No temperature dependence is therefore considered.

The characteristic curves for all the 105 tests are gathered on Figure 6. Note that only
one period of each test is displayed since the tests proved to be stationary and the curves
superimpose nicely. The shape of the curves is close to that of the model it is identified with
(see Figure 5b), only a few tests show a more oscillatory sliding phase. Near F = 0, a small
jump is visible on every curve: this is the 0.15mm cumulative clearance of both ball joints. This



8

−10 −8 −6 −4 −2 0 2 4 6 8 10

−2

−1.3

−1.05

−0.83

−0.57

−0.33

0

0.39

0.63

0.9

1.12

1.38

2

x 10
4

Displacement [mm]

F
or

ce
 [N

]

 

 

Fig. 6: Force-displacement curves of all the 105 tests. Colours are related to the normal pressure
p

2 5 10 15 20

0.22

0.26

0.28

0.35

 15

 20
 20

 25  25

Frequency [Hz]

µ 
[−

]

(a)

50 90 130 170 210

0.22

0.25

0.26

0.27

0.28

0.35

 25

 25

 25
 20

 10

Pressure [bar]

µ 
[−

]

(b)

Fig. 7: Friction coefficient: (a) as function of the frequency and for various normal loads; and,
(b) as function of the normal load and for various frequencies

clearance does not affect the way data are extracted from the experimental curves. Finally, all
the sticking phases have the same slope of 3.75 × 107 Nm−1 which correspond to the damper
stiffness kf .

The influence of the excitation frequency f and the normal force Fn on the friction coefficient
µ is given by Figures 7a and 7b. These plots make use of box plots: the quartiles are given by
the blue lines, the median is the blue point and the mean value is the red star; the number of
experimental points used to make each box plot is given in grey at the bottom of the box.

The mean value of the friction coefficient µ remains inside the scattering of the points for
varying frequency (Figure 7a) or varying normal force (Figure 7b) and no clear tendency is
visible. The friction coefficient is thus considered to be independent of the frequency and of
the applied normal load. The behaviour of the friction damper is therefore considered to be
only dependant on the normal force.
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Fig. 8: Sliding force as function of the hydraulic pressure: (a) positive sliding force Fgp; and,
(b) negative sliding force Fgn

Figure 8 gives the sliding force with respect to the applied jack pressure p; the line corre-
spond to a linear regression performed on all the points. The linear regression fits the points
closely: the apparent friction coefficient µ is independent of the contact pressure on the lining
and is given by the slope of the regressions. More precisely, the slope gives the value of 2µ since
there are two friction interfaces –one on each side of the slider– in the path of normal efforts.
The mean value is 2µ = 0.49.

Before testing the friction damper in the stage scale model in Section 5, temporal simulations
on a mechanical system with dry friction are introduced in the next section. This will then
enable us to compare the observed experimental behaviour of the friction damper with that of
the retained model (spring and dry friction elements in series).

4 Friction damper modeling

4.1 Dry friction modeling

The behaviour of the friction damper is inherently non-linear. The force of the friction damper
(see Figure 5a) may be written as

FNL =

{

−kf (u(t) − x(t)) if kf |u(t) − x(t)| < Fg

−Fgsign(ẋ) if kf |u(t) − x(t)| ≥ Fg
(8)

This equation is used in a numerical integration scheme – using Matlab solver ode15s – to get
the behaviour of a mechanical system with a friction damper. The friction force is predicted at
time ti and computed by assuming a sticking state x (ti) = x (ti−1)

F
pred
NL = −kf (u (ti) − x (ti−1)) (9)

Since F
pred
NL is a prediction of the friction force, its absolute value can be greater than Fg, hence

the ≥ sign in Equation 8. The Coulomb friction law is then used to correct the friction force
[11]

FNL (ti) =







F
pred
NL if

∣

∣

∣
F

pred
NL

∣

∣

∣
< Fg

Fg
F

pred

NL

|F pred

NL |
if

∣

∣

∣
F

pred
NL

∣

∣

∣
≥ Fg

(10)

and the internal displacement

x (ti) = u (ti) +
FNL (ti)

kf

(11)

This is a stiff problem because of the friction forces, Matlab solver ode15s is therefore
preferred over the classical ode45 solver.



10

x1

Fe

m

kf

Fg

m

ck

ck

x2

Fig. 9: Mechanical system with friction damper

4.2 Simulation results

This numerical scheme is used to compute the behaviour of the two degree of freedom me-
chanical system depicted in Figure 9. The system is damped with a friction damper taking
advantage of the relative displacement between mass 1 and the ground and the force excitation
is applied on mass 2. This configuration is close to that of the scale model test: the friction
damper prototype takes advantage of the relative displacement between the engine mass and
the outer shell and the excitation is applied on another part of the stage scale model.

The following parameters are used: m = 1 kg; k = 10Nm−1; c = 0.1N s m−1; kf = 10Nm−1;
Fg = 25N to 3000N; and Fe = 100N. The amplitude of the response of mass 1 is given by
Figure 10a. This Figure only displays the first resonance of the system, the response curves are
typical of a mechanical system with dry friction.

Figure 10a illustrates the two limiting cases of Fg = 0 and Fg = ∞. For low sliding force Fg,
the stiffness of the friction damper kf is not active since the damper is nearly always sliding; for
Fg = 0 the eigenfrequency is therefore that of the unmodified system (ie. the system without
the friction damper) and is 1.95 rad s−1. On the contrary, for high sliding force Fg, the stiffness
of the friction damper kf acts fully parallel to the stiffness k since the damper is nearly always
stuck; for Fg = ∞ the eigenfrequency is therefore that of the system modified by the addition
of a stiffness kf between the ground and the first mass, yielding a higher eigenfrequency of
2.42 rad s−1.

Figure 10c gives the ratio of sliding time to oscillation period τ – defined as the portion of
time for which the damper is in sliding state, ie. |FNL| = Fg – as function of the frequency. Note
that the curves can appear noisy but this is only an artifact due to the temporal discretisation
of the force signal whose time step is automatically chosen by the ODE solver and may vary on
one period of the force signal. As the sliding force increases, the ratio of sliding time logically
decreases since the amplitude of the excitation force is kept constant. For a given curve, the
ratio of sliding time is maximum for the resonance frequency (defined here as the frequency
for which the amplitude is maximum).

One could expect that the maximum damping of the vibration mode (defined as the greatest
reduction of the resonance amplitude) corresponds to the maximum dissipated energy in the
friction damper. This is however not the case here for the studied simple mechanical system (see
Figure 10b). Other mechanical systems were therefore considered to see if a tendency could
be established. Yet no clear relationship between the dissipated energy and the maximum
damping could be established; the shape of the dissipated energy curves really depends on the
mechanical system and, for a given system, on the observed mode.

Al Sayed et al. [1] observed that the maximum damping occurred for a ratio of sliding time
of 50% for a one degree of freedom system. This may only be valid for one degree of freedom.
Indeed this is no longer true here, the lowest resonance occurs for a ratio of sliding of 0.65 (see
Figure 10d), and this was confirmed on the other studied systems. What could be called the
optimum ratio of sliding thus depends on the mechanical system.

The friction damper was individually tested in Section 3; simulation tools were introduced
in the present Section to model the behaviour of the friction damper. The friction damper is
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Fig. 10: Numerical simulation of the friction damper: (a) amplitude response of mass 1; (b)
dissipated energy in the friction damper on one period; (c) ratio of sliding time to oscillation
period; and, (d) resonance amplitude as function of the ratio of sliding. Sliding force Fg varying
from 25N to 3000N.

now tested in the stage scale model in order to assess its ability to reduce the vibration levels
transmitted to the payload; the experimental behaviour will be compared to the simulations
to evaluate the relevance of the model used for the friction damper.

The simulations use a force excitation term; on the other side, the experimental setup is
excited by its base by a hydraulic jack whose displacement is controlled. It will be shown later
that despite this difference, both systems equipped with a friction damper (the experimental
and the numerical system) exhibit the same behaviour. The numerical study of a displacement
excited system with a friction damper is hard to achieve; indeed the displacement excitation
causes a retroaction in the dynamic equation, and this retroaction is made non-linear by the
friction term. Treating all this in a numerical integration scheme is quite complex and is far
beyond the objective of this study.
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Fig. 11: Experimental setup for the test of the scale model

5 Damping of the space launcher stage model

5.1 Space launcher stage model testing

The friction damper is installed inside the scale model; it is clamped on one side to the rein-
forcement belt inside the outer shell and on the other side to the groove of the engine ballast
(see Figure 1a).

The scale model is excited through a stiff shaking table which weights 650kg (see Figure 1c).
The shaking table is guided by four ball bearing slide and driven by a 160kN nominal force-
hydraulic jack (Schenck Hydropuls); this jack is piloted by three Moog 63 l min−1 servovalves.

The frequency response functions are obtained by swept sine testing of the stage with the
shaking table. The scale model is equipped with 14 accelerometers that measure the response in
the direction of the excitation and also in the horizontal transverse direction. The experimental
setup is given by Figure 11.

The scale model is first shaken without the friction damper to get its initial behaviour. The
first two modes are the flexion mode of the payload on its support and the flexion mode of the
engine, respectively at 15.5Hz and 18.7Hz.

5.2 Damping tests results

The frequency response of the stage scale model equipped with the friction damper is given by
Figure 12. The pressure p varies from 20 bar to 120bar by increments of 10 bar; this corresponds
to a normal force of respectively 2.51 kN to 15.1kN with a 1.256kN step. The grey curve is the
response of the structure without the friction damper.

The resonance of the first mode is noisy because the excitation level is lowered to stay
within the design domain and not damage the stage. This design domain allows acceleration
levels up to 6 g on the payload and 3 g on the engine, both laterally, with a safety factor of 1.5.
Outside this noisy frequency zone, the excitation level of the shaking table is 1 g.

A down-swept sine test is performed on the structure equipped with the damper to check
that there is no major difference compared to the up-swept sine test presented here.

5.2.1 Behaviour of the stage with friction damper

The friction damper only influences the second mode of the stage which is the engine flexion
mode. Indeed, the first mode is the flexion mode of the payload and the relative displacement
between the outer shell and the engine is very limited for this mode; that is why the response
of the first mode is not shown here. On the contrary, when the normal loading of the friction
damper increases, the resonance of the second mode is shifted from 18.7Hz to 23.0Hz. Note
that even for the small pressure p = 20bar in the friction damper jack, the engine vibration
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Fig. 12: Influence of the normal loading on the response of the launcher (20 bar to 120bar by
10 bar steps): (a) response at the bottom of the engine (B1); et, (b) response at the bottom of
the payload (L1)

amplitudes are reduced by a factor of 4 (see Figure 12a). With increasing pressure, the frequency
of the maximum of amplitude for the second mode progressively increases and finally tends
toward 23.0Hz; the maximum of vibration amplitude decreases for pressures up to 80bar and
then it increases again. Indeed, it can be seen on the temporal force signal (an extract is given
in Figure 13) that no slip occur which means that no energy is dissipated and that only the
stiffness of the friction damper acts on the structure: the frequency is shifted and the modal
damping is low.

These tests illustrate the typical behaviour of a structure with friction damping. We can
also infer from these tests that the friction damper model – a spring in series with a friction
element – is appropriate for the damper prototype.

5.2.2 Damper force

Figure 13 gives the force signal F (t) given by the force sensor of the friction damper; the
grey lines are the sliding forces determined during the friction damper characterisation (see
Section 3 and Figure 8). Figure 13 gathers all the states the friction damper can encounter:
from p = 20bar to 80bar the damper is sliding at different ratios of sliding time; at p = 90bar
the ratio of sliding time is very close to zero; and above p = 100bar the damper slider is stuck
and the force remains below the sliding force, the signal is no more a trapezoid but sinusoid.
For the smallest pressures (20 bar and 30 bar) and on the 18Hz to 26Hz frequency range, the
slider slides at a force visibly inferior to the force determined during the characterisation. We
will see later that this may impact the ratio of sliding.

5.2.3 Ratio of sliding time

The ratio of sliding is defined as the portion of time the friction damper is in a sliding state.
It is determined from the force signal. It is however difficult to compute since the force signal
is perturbed by the shocks due to the small clearance in the two ball joints of the damper (see
Figure 13). The ratio of sliding is therefore estimated with the area Atrap of the absolute value
of the force signal F (t) on six periods (see Figure 14) through equation

Atrap = TτFg + T (1 − τ) 1

2
Fg (12)

which is based on the assumption that the signal has a trapezoid shape. The ratio of sliding is
thus

τ =
2Atrap

TFg

− 1 (13)
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The sliding force Fg is taken as 2µ×Fn (or 0.5× 125.6× p), this corresponds to the character-
isation of the friction damper (see Section 3.3). When no sliding occur, the ratio of sliding is
found as negative with Equation 13 since the amplitude of the force signal is smaller than the
sliding force and the measured area of the signal is consequently small too. In this case, the
ratio of sliding τ is replaced by 0.

The ratio of sliding time in the friction damper is given in Figure 15. The ratio of slid-
ing curve for each test is dome-shaped and goes through a maximum. The four first test
(20 bar to 50bar) deviate from this trend and are more noisy; this can be explained by the fact
that the sliding force is inferior to the characterised sliding force, leading to an underestimation
of the ratio of sliding. That is why the experimental curves in Figure 15 do not seem to be
organized the same way as the simulated curves in Figure 10c. However, as in the simulations,
the maximum ratio of sliding shifts to the right for increasing pressures p and ratios of sliding
tend to diminish for pressures going from 60 bar to 120bar.

5.2.4 Dissipated energy in the friction damper

The amplitude of the relative displacement of the attachment points of the friction damper is
illustrated by Figure 16. As the sliding force increases with increasing pressure p, the amplitude
of the relative displacement decreases. Below 0.15mm, the relative displacement u0 is taken up
by the clearance in the ball joints of the friction damper.

Figure 17 gives the dissipated energy in the friction damper. It is computed with the relative
displacement between the damper attachment points and the force in the friction damper (area
under the u-F curve). The maximum damping is obtained with pressure p = 80bar, this is also
the pressure for which the dissipated energy is maximum near the resonance. However, this
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Fig. 16: Relative displacement of the attachment points of the friction damper

may only be a coincidence since it was shown previously in Section 4.2 that this is not always
the case.

For the two highest pressures p of 110 bar and 120bar, the ratio of sliding is very low and
the slider remains mostly stuck: the dissipated energy in the friction damper is low and the
resonance is just shifted by the damper stiffness but not attenuated. On the other side, for the
lowest pressures p of 20 bar and 30 bar, le friction damper is always in slipping state but the
sliding force is low, that is why the dissipated energy is also limited.

5.2.5 Ratio of sliding time and maximum amplitude

The maximum amplitude Amax for each test is plotted as function of the ratio of sliding at this
frequency (see Figure 18). With increasing ratio of sliding, the maximum amplitude decreases.
Some more points with higher rates would be necessary to check if the curve goes through a
minimum as in the simulation of Section 4.2 or as was demonstrated by Al Sayed et al. [1].
The experimental curve and the simulated curve show however the same tendency for the low
to middle ratios of sliding. The unavoidable existence of clearance in the ball joints may be the
cause of the limited measured ratios of sliding during the tests.
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Fig. 18: Amplitude maximum as function of the ratio of sliding

5.3 Validity of the design based on the dissipated energy

In this section, the validity of the approach developed in Section 2.2 is assessed in light of
the experimental tests. The maximum amplitude of the relative displacement u0 between the
attachment points of the friction damper for the optimum pressure of 80 bar is 0.78mm. The
clearance of 0.15mm in the ball joints may be withdrawn: the amplitude of relative displacement
at the friction interface inside the friction damper is therefore 0.63mm, which gives a theoretical
optimal sliding force of 11.8 kN when using the actual stiffness of the damper in Equation 3.

The best damping of the scale model was achieved for a pressure in the damper of 80 bar:
this corresponds to a normal force Fn of 10.0 kN and an experimental optimal sliding force of
5.0 kN.

The design method that was used therefore gave the correct order of magnitude for the
estimation of the sliding force. The result proves to be quite satisfactory, considering that this
is a quick design method. Anyway, experimental tests are always needed to evaluate the real
performances of the devices.

6 Conclusion

In this study, a friction device for damping space launcher vibrations is designed and a prototype
is built. The friction damper is first characterised alone and its behaviour is described by a
spring in series with a friction element. The friction damper is then mounted inside a scale
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model of a launcher last stage; this scale model was made for the occasion. The tests show
that the friction damper provides an efficient mean of reducing vibration levels, provided that
the sliding force is correctly set. The adaptive friction damper prototype enables to adjust the
sliding force by controlling the normal force. If the sliding force is too important with regard
to the force passing through the damper, it will not dissipate energy since no sliding occur; on
the contrary, if the sliding force is too small, the friction damping will not be optimal.

The vibration levels at the base of the payload are reduced, thanks to the use of the friction
damper prototype, by a factor of 15. Indeed, the vibrations of engine mass are reduced by
a factor of 8. The simple design method, based on the equivalence between friction energy
dissipation and viscous energy dissipation, is used to dimension the friction damper prototype
and provides an estimation of the necessary sliding force.

Future work will concentrate on the technologies to make the friction damper semi-active
and on the modelling of the behaviour of a large structure equipped with a passive or semi-
active friction damper.
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