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Abstract. Rotating blades can present catastrophic failure due to excessive blade vibration. One way of adding damping
to a rotating blade, thus reducing vibration responses, is to adopt the so called particle dampers. Particle dampers are
passive attenuating mechanisms of vibration, where small to medium sized particles are introduced into the structure to
dissipate energy. In this work, the idea is to drill holes in the longitudinal direction of the turbine blades and fill them with
particles to increase structure damping and reduce blade vibration responses. We adopt bigger particles (steel spheres of
5 mm diameter) and the spheres are free to vibrate in the structure. Therefore, the particles will present shock inside the
blade as an energy dissipation mechanism. In addition, we include the effect of rotation to the blade, which will impose to
the spheres an increasing normal force due to centrifugal effects. The results show the effectiveness of reducing resonance
peaks in the response function of the structure.
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1. INTRODUCTION

Rotating systems can be found in the whole production chain, from raw material sourcing (prospection, extraction,
energy generation), through manufacturing processes in industry, up to finished products for customers. Considering the
broad application of rotating systems, one can infer its importance in the productive system and the economic conse-
quences of eventualities, malfunctioning or failure. For this reason, the design of large rotating systems, such as gas
turbines, steam turbines, and compressors, is subjected to requirements of high efficiency, low fuel consumption, low
weight (aeronautic applications) and, most importantly, high reliability and life of its components.

Despite the strict requirements and norms rotating system design is subjected to, components can eventually fail
under unpredicted, or off-the-norm, operating conditions. As a result, non programmed operation stops are necessary for
maintenance, resulting in serious economic losses, or even catastrophic losses. Specifically in the case of rotating blades,
numerous examples of catastrophic failure can be found in literature (Yu and Xu, 2009; Kubiak et al., 2009; Lourenco
et al., 2008), where they started by blade root cracking, leading to a fatigue process, finally resulting in blade loss and
overall damage (Fig. 1). In most of the cases, such failure process was caused by excessive blade vibration, which can
occur due to fluid induced vibration (flutter), non-symmetric assembling (localized modes), low aspect ratio blades, or
forced response from environmental and operating conditions. If blade vibration could be somehow controlled during
operation, or at least attenuated, maybe some of these failure cases could have been prevented.

(a) (b)
Figure 1. Gas turbine blades: (a) low pressure stage blade (slender blade), (b) catastrophic failure (Kubiak et al., 2009).
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Slender gas turbine blades are essentially rotating cantilever beams. One way of adding damping to a cantilever beam,
thus reducing vibration responses, is by using the so called particle dampers (Lu et al., 2018). Particle dampers are
passive attenuating mechanisms of vibration, where small to medium sized particles are introduced in the structure to
dissipate energy. Most of the examples in literature of particle dampers refer to particles that are free to move, shock
and rub inside the structure. For example, Koch et al. (2017) present experimental results of a honeycomb structure with
granular material, applied to the oil pan bottom of a combustion engine. The results show that higher dampening effects
are observed when the material is located in the areas of higher vibration amplitudes. In addition, damping increases with
the increase of the mass of granular material used. This later conclusion was theoretically predicted by Cui et al. (2011).

In the present work, the idea is to drill holes in the longitudinal direction of the turbine blades and fill them with
particles to increase structure damping and reduce blade vibration responses. Something in this direction was studied by
(Xu et al., 2004) (experimentally) and (Xu et al., 2005) (numerically) on beams and plates, using small tungsten carbide
particles. The results showed a strong rate of dissipation within a broadband range of frequencies. The difference here is
that we adopt bigger particles (steel spheres of 5 mm diameter) in a rotating structure. Therefore, the particles will present
no shock as an energy dissipation mechanism. In addition, we will include the effect of rotation, which will impose to the
spheres an increasing normal force due to centrifugal effects.

2. MATHEMATICAL MODELING OF THE ROTATING BEAM WITH PARTICLES

The geometry of the blade will be simplified to that of a cantilever beam, whose properties are listed in Table 1. Four
different beams are studied for comparison: beam without particles, beam with a hole of 50 mm length filled with 10
spheres, beam with a hole of 100 mm length filled with 20 spheres, and beam with a hole of 200 mm length filled with 40
spheres. The holes are drilled from the constrained end of the beam towards its center (Fig. 2). The material of the beam
is aluminum and the material of the spheres is steel.

Table 1. Properties of the cantilever beam and particles in study.

beam Young modulus 69 MPa length of the holes 50, 100, 200 mm
beam density 2,700 kg.m 3 diameter of the holes 5.2 mm
beam length 270 mm diameter of the spheres 5.0 mm

beam width 38 mm number of spheres per hole 10, 20, 40
beam height 12 mm
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Figure 2. Rotating cantilever beam: (a) rotating reference system of the mathematical model, (b) position of the hole in
the beam.

The beam is modeled via finite elements (Euler-Bernoulli beam theory), considering the presence of the hole in the
cross section area of the beam. The adopted finite beam element has four degrees-of-freedom in each node, according to
the reference system depicted in Fig. 2: axial displacement v in X direction, the derivative 8,, = du/dz, the tangential
(out-of-plane) displacement v in Y direction, and the derivative 6, = dv/dz. The resultant equations of motion of the
beam are:

Mg+ (D+G)q+ (K+Kg)q="f QY

where M is the inertia matrix, D is the structural damping matrix, G is the gyroscopic matrix, K is the elastic stiffness
matrix, K is the centrifugal stiffness matrix, f is the force vector, and q is the vector of degrees-of-freedom of the model.
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Figure 3. Contact area between the sphere and the wall Figure 4. Displacement of the sphere inside the hole
of the beam hole. of the beam.

The finite element matrices are listed in the Appendix, and are based on the model presented in Nicoletti and Liebich
(2018). We adopted damping ratios of 0.01 and 0.001 for the first and second mode shapes of the beam, respectively.

The spheres are modeled as lumped masses (steel spheres of 0,5 g), subjected to a contact force F,. between the sphere
and the surface of the hole in the beam. Therefore, the equation of motion of the i-th sphere is:

Mg Lgi = Fci (2)

where mg; is the mass of the i-th sphere, x; is the displacement of the i-th sphere, and F; is the contact force between
the i-th sphere and the beam.

The contact force is obtained from the deformation of the surface of the beam caused by the the sphere in contact,
which is considered rigid. Hence:

.Fm':Ezélm;E:.EAcii (3)
Ly

where F is the Young modulus of the beam, A.; is the contact area between the i-th sphere and the surface of the beam, ¢
is the strain of the beam, h is the deformation of the beam, and Ly is the thickness of the wall (Figs. 3 and 4). Considering
that:

Aei = 2mrsh “4)

where 7 is the radius of the sphere (Fig. 3), then:

2rs Eh? i >
_— 1 Vi — Tgi = S
Lg ’
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where h = v; — x4, v; is the out-of-plane displacement of the beam in the i-th node, x; is the displacement of the i-th
spehre, s is the nominal gap between the sphere and the hole in the beam (s = r;, — ry), and r, is the hole radius (see
Fig. 4). Equation (5) estates that the contact force acting on the sphere is positive if the displacement of the beam is greater
than the displacemnt of the sphere plus the gap; the contact force is negative if the displacement of the beam is smaller
than the displacement of the sphere minus the gap; and the contact force is null otherwise (when the sphere is in the hole
without any contact to the walls). Such contact force is applied to the respective node of the finite element model of the
beam, with counter sign as a reaction force.

3. NUMERICAL RESULTS

The system is numerically simulated for different rotating speeds. The first two natural frequencies of the beam under
null rotation are 135 Hz and 851 Hz. As the beam rotates, there is a shifting of the natural frequencies towards higher
values (Fig. 5a). This is caused by the centrifugal forces acting on the beam, thus resulting in a stiffening effect. As we
can see, the model is able to capture such effect, which is higher on the first natural frequency in comparison to effect
on the second natural frequency. By calculating the frequency response function (FRF) of the beam, this stiffening effect
becomes clearer, as the resonance peaks move towards higher frequencies (Fig. 5b)

To compare the behavior of the beam with the spheres, we calculate the resultant frequency response of the beam. For
that, the model is reduced by modal decoupling (Thomson and Dahleh, 1998), considering the first two natural frequencies
of the beam. A chirp signal force is applied to the tip of the beam in flapwise direction and the response of the beam is
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Figure 5. The stiffening effect due to rotation: (a) variation of the natural frequencies, (b) frequency response functions
at the tip of the rotating beam.

calculated by numerical integration of the equations of motion (Egs.(1) and (2)). We adopted the low order method for
nonstiff differential equations ode23 in MatLab to integrate the non-linear equations of motion.

Figure 6 presents the obtained results for the four different beams in study (no sphere, 10 spheres, 20 spheres, and 40
spheres) for the rotating speed of 3000 rpm. As we can see in Fig. 6b, the presence of 10 spheres in the beam reduces its
second resonance peak, and the beam presents a scattered vibration. Such scattered vibration comes from the interation
between the beam and the bouncing spheres inside the beam. By increasing the number of spheres to 20 (Fig. 6¢), we
see that the first resonance peak is also affected, and scattered vibration appears. By comparing these results to those of
obtained with 10 spheres (Fig. 6b), we note that the scattered vibration at the second resonance is also reduced with 20
spheres. By further increasing the number of spheres to 40 (Fig. 6d), we see no resonances in the system. In this last case,
the amount of spheres is big enough to dampen the response of the beam in its two first resonances.

It is important to note that, such behavior is strongly nonlinear. Therefore, the results obtained in Fig. 6 depend on the
level of excitation applied to the beam and on the size of the gap between the spheres and the beam hole. In this case, we
applied a chirp signal with amplitude of 10 N, and the gap was 0.1 mm. For example, by increasing the gap to 0.3 mm
and 0.5 mm for the 10 sphere case (Fig. 7), we see a decrease of the dampening effect on the second resonance of the
system. In fact, if the gap is big enough, the vibration response of the beam will be smaller than the gap, and there will
be no significative contact between the spheres and the beam. As a consequence, the damper system does not work and
the beam presents the behavior of a beam without spheres, which is the case of a 0.5 mm gap (Fig. 7b). Larger excitaton
forces will lead to larger vibrating amplitudes of the beam, thus increasing the chance of contact between the spheres and
the beam.

This relationship between beam vibration amplitude and the gap between the spheres and the beam explains why the
second resonance is affected by the particle damper with 10 spheres (50 mm hole length) and the frist resonance not. If
we look at the resonance amplitudes along the beam in Fig. 6a, we see that the second mode shape of the beam presents
higher amplitudes in the range of 0 to 50 mm of the beam than the first mode shape. For this reason, the damper with
10 spheres will only work in the second resonance, because in the first resonance, the vibration amplitude of the beam
between 0 and 50 mm is not as big as that of the gap. When we adopt longer dampers (100 mm and 200 mm), we reach
regions of the beam with higher amplitudes, and we start having contact between the spheres and the beam in the first
resonance of the system.

If we increase the rotating speed of the system, we note no significative difference in the results. Although the
centrifugal forces are higher at higher rotating speeds, we have to consider that the structure is also stiffer due to the
centrifugal stiffening effect as the beam rotates. It seems that one effect compensates the other in this case.

4. CONCLUSION

This work focuses on the application of particle damping to rotating cantilever beams (with possible application to
rotating blades). The main conclusions of this work are:

e the presence of particles (spheres) inside the beam does result in a significant attenuation of its resonance peaks.
As the damper works, resonance is substituted by scattered vibration due to the interaction between the spheres and
the beam;

e such attenuation depends on the level of vibration of the beam and on the gap between the spheres and the beam.
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Figure 6. Frequecy response of the the cantilever beam at the rotating speed of 3000 rpm: (a) no spheres, (b) 10 spheres
(50 mm hole), (c) 20 spheres (100 mm hole), (d) 40 spheres (200 mm hole).
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Figure 7. Frequency response of the cantilever beam (10 spheres, 3000 rpm): (a) s = 0.3 mm, (b) s = 0.5 mm.

In general, the bigger the gap is, the bigger the vibration amplitudes of the beam must be for an appropriated
performance of the damper;

o the length of the damper plays an important role in the attenuation of the resonance peaks, and different effects may
occur for different lengths of the damper. Such characteristics is related to vibration amplitudes of the beam as it
vibrates in different mode shapes;

o the rotating speed does not significantly change the obtained results.
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7. APPENDIX

The finite element matrices used in the model of the rotating beam are:

Me:[M“ 0 }; Gez[ 0 _G“U}; Kez[K“ O]; ng:[KQ“ 0 ] ©)
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and p is the material density, F is the material Young modulus, A is the beam cross section area, I is the cross section
second moment of inertia, L is the element length, €2 is the rotating speed, and r is a vector of the distances between the
nodes and the center of rotation.
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