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Direct measurement of the damping and stiffening capabilities of cylindrical
underplatform dampers

C. Gastaldi**, Teresa M. Berruti®

4 Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129, Torino, Italy

Abstract

The paper focuses on the cylindrical underplatform damper, a friction damping device widely used in power gen-
eration turbines. The first goal of the paper is to estimate the stiffness and damping contribution of cylindrical dampers
interposed between adjacent blades vibrating along a typical in-phase mode. For the first time, the damper character-
ization is performed through the direct measurement of contact forces and platform displacements.

Measurements show that the damper does not introduce damping or stiffness if the two platforms, with which the
damper is in contact, share the same angles (i.e. blade with symmetrical platform) and are vibrating in-phase. This is
an adequate design choice if only the damper sealing function is required, while changes to the disk dynamics are not
desired. The damper produces a small stiffening effect only if the two adjacent platforms have different angles. These
findings are confirmed by an analytical derivation performed on the basis of a simple yet effective damper model.
The damper numerical model requires parameters which may be calibrated, i.e. the cylinder-on-flat tangential contact
stiffness. The second goal of the paper is to use the experimental evidence on contact forces and platform displace-
ments to estimate these parameters for different centrifugal loads using a purposely developed technique. These values
are compared with those obtained at an identically designed contact interface on a curved flat damper (i.e. cylindri-
cal damper with a flattened side). The differences found in the calibration parameters show that the local stiffnesses
depends not only on the local geometry of the contact but also on the damper kinematics.

Keywords: friction, damping, turbine, contact stiffness, cylindrical damper

1. Introduction

The dynamic design of turbine stages has improved over the years by introducing, in numerical models, the con-
tribution of friction present between the contact interfaces of the different components. Friction contacts can occur
between parts integral to the blades such as shrouds or interlocked tip platforms [1, 2, 3, 4, 5, 6, 7, 8, 9], or, between
blades and separate devices such as underplatform dampers (UPDs) [10, 11, 12, 13, 14, 15, 16, 17, 18, 19].
Underplatform dampers are small prismatic bodies inserted between the base/ platforms supporting the blades, kept
in contact with the blades’ platforms by centrifugal force. The dynamic design of blades with UPDs has been deeply
studied over the past 15 years. The UPDs have been designed both as ”solid dampers” of various shapes, (cylin-
drical, curved-flat, wedge) [20, 21, 22, 23, 24, 25, 26, 27, 28], and as thin and highly deformable dampers, namely
strip dampers or sealing strips [29, 30, 31, 32]. One of the main objectives in this field is to characterize the damper
behaviour, either numerically or experimentally, in terms of its stiffening and damping effect on the blades’ dynamic
response [33, 34, 35, 36, 17, 19, 27]. An alternative approach to this characterization represents the damper effect in
terms of blade platform-to-platform hysteresis cycles [37, 51].

In the literature, the experimental activity on UPDs focuses on two main lines of research: 1) the determination of
contact parameters and 2) the measurement of the forced response of blades with UPDs. The test rigs of the first line
of research measure the quantities of interest (forces and displacements related to the contact) on one single contact
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[33, 38, 39,40, 41, 42, 43]. The limit of this test rigs is that, focusing on a single contact, they usually apply a constant
preload (simplified assumption) and they might not reproduce the real relative displacement conditions at the contact.
The second line of research test rigs may include one to two blades([19, 11, 44, 45, 46, 47, 48], or a non-rotating
bladed disk [15], or even rotating bladed disks [49, 16].

The research group to which the authors of this paper refer, has introduced since 2010 [44] a third research line,
namely the measurement of contact parameters directly on the UPD itself, thus taking into account the component
kinematics and its complex loading conditions. The first test rig, which carries out this type of measurement, the so
called first Piezo Damper test rig, is described in [50] and more in detail in [37]. This test rig is based on the principle
that the relative displacement of the moving blade platforms imposes kinematics to the UPD. Thus, giving as input
the real relative displacement of the platforms, it is possible to obtain and measure realistic UPD kinematics. Further-
more, the measurement of forces and displacements at the damper-platform interface allows the contact parameters
and the overall dissipated energy to be determined. In this kind of test rig a laser head measures damper displacements
and rotation, relating them to platform displacements and contact forces. This dedicated experimental evidence was,
and still is, believed to be the most accurate way to determine contact parameters (tangential contact stiffness, friction
coefficients) for the UPDs. The same concept has been used more recently in [19] and [26].

The experimental results obtained with this type of test rigs focus on the damper kinematics, allowed the authors of
this paper to develop a technique to optimize the damper shape and the angles of the blade platforms [37, 51, 52].

In this paper the authors put to good use the experience accumulated in the past to characterize a particular form of
UPD: the cylindrical UPD. Cylindrical UPDs are in fact still of great interest since they are widely used particularly
in power generation turbines. Their simple shape can in fact easily be manufactured with relatively low costs. Fur-
thermore, the cylindrical damper has the advantage of adapting to all blade platform angles.

A new version of the previous test rig is used here. In this new experimental setup, as in the previous ones [37], contact
forces, local displacements and damper rotation are directly measured by imposing a relative displacement at the two
platforms. Unlike its predecessor it is now possible to reach frequencies and contact force per length of contact of
the same order of magnitude of those of real UPDs working conditions[53]. Furthermore, unlike single contact test
arrangements, the test rig is able to unveil the influence of contact interface kinematics, normal load variation during
the cycle, etc.

In detail, the paper is organized in sections divided as follows. Section 2 describes the relative displacement of the
blade platforms, particularly in the case considered here where the blades vibrate in-phase. Section 3 gives a descrip-
tion of the new test rig and its experimental capabilities. Section 4 describes the typical measurement output in terms
of hysteresis cycles and damper rotation in the case of a cylindrical damper in contact with symmetrical platforms.
The negligible contribution in terms of stiffness and damping introduced by the damper are discussed. Section 5
proposes a simple yet effective cylindrical damper model capable of reproducing the negligible effect of the damper
detailed in Sect. 4. The model is then used to predict which changes in the experimental set-up are needed in order
to improve the damper stiffening effect. In detail, the platform angles are changed in order to ensure that the left and
right damper-platform contact points lie at a different distance from the damper center of mass. The predictions of
the model are then verified experimentally in Section 6. Section 7 presents an ad-hoc procedure for the determination
of contact stiffness values for cylindrical dampers. The values from the experimental campaign exploring increasing
centrifugal loads are shown as a function of the normal load at the contact. These values are compared with those
obtained on a damper with the same radius but with a flattened side (i.e. curved-flat damper).

2. The kinematics of the blade platforms

The UPD can be seen as a rigid body placed between the platforms of the blades, which, in turn, drive its motion.
The relative motion of the platforms drives the damper to move with a certain kinematics. This kinematics is important
since it influences the dissipative capability of the damper. Once the relative motion of the platforms has been set,
each damper of different geometry will have a different kinematics and therefore a different dissipative capability.

To reproduce the UPD kinematics in a laboratory setting, a test rig is necessary to simulate the relative displacement
of the platforms in contact with the damper. In the case of blades vibrating in-phase along a bending mode (one of
the most common occurrences), the relative motion of the platforms is vertical as shown in Fig.1. The test rig should
then impose a vertical displacement between the two platforms. Since it is the relative displacement that counts, the
right platform can be kept fixed while the vertical displacement is entirely imposed on the left platform as shown in
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the scheme of Fig. 2. The test rig briefly described in the next section is designed to impose this relative displacement
to two rigid bodies acting as platforms. At the same time the rig measures displacements and rotation of the damper
together with displacements and forces at the damper-platform contact. All measured and derived quantities shown in
the present work come with uncertainty bands <2%. The reader is referred to [54] for a thorough description of the
rig, the design choices and a thorough error analysis.

Figure 1: Absolute kinematics of two adjacent blades vibrating in-phase along a bending mode and resulting relative blade platform displacement
wrp — wgp, parallel to the direction of the centrifugal force on the damper

Aol AR
Wp -Wp

T
Wrp-WRrp

Figure 2: Scheme representing the relative platform motion wyp —wgp in vertical direction (radial, parallel to the centrifugal force) during a typical

in-phase bending mode. The red lines represent the differential laser head position used to measure different kinematic quantities: wyp — wgp is the

platform relative vertical displacement signal, while w?)o - w’gR is the signal used to estimate damper rotation.

3. The test rig

The test rig shown in Fig.3a-b is composed of three main parts:

1. Left platform: a moving part connected to the P-216 PICA Power piezo actuator which imposes a sinusoidal
motion parallel to the piezo axis';

2. Right platform: a fixed part which is connected to the two force sensors measuring the contact forces between
the damper and the platform on the right side;

3. Underplatform damper: the prismatic body kept in contact with the two platforms wires connected to dead
weights simulating the centrifugal force.

A parallel mechanism composed of two flexural hinges is chosen to guide the motion of the piezoactuator due to its adequate resolution, low
level of parasitic forces, motion smoothness and zero backslash. The inevitable coupling between degrees of freedom is proportional to the ratio
between the amplitude of imposed displacement and the length of the flexural hinge, as demonstrated in [50]. In the present case the error due to
coupling is at most ~ 0.1% (imposed displacement < 30 ym and 25 mm long flexural hinge).
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In the case described here the test rig is mounted so that the actuator imposes a displacement in the vertical direction,
as in Fig. 2, so as to reproduce a typical in-phase bending mode. It is worth noting that in a real turbine stage the
relative motion will still be parallel to the centrifugal force on the damper (i.e. radial orientation centered at the damper
center of mass) provided that the damper-platform contacts share the same distance with respect to the blade neck axis.
The assembly of the rig can be modified to investigate the out of phase bending mode (i.e. circumferential/horizontal
platform relative motion), should it be of interest [54].

Figure 3: a. Top view of the test rig. b. Close-up top view of the test rig. c. Front view of the test rig, focus on the damper and surrounding
platforms.The top portion of the damper has been machined to produce a flat surface used to point the differential laser (points Ay and Ag) and
measure the damper rotation as shown in Fig. 2.

3.1. The force measurement

As shown in Fig. 3a, the force is measured through a measuring device with two arms, each consisting of two
parallel plates, connected to the right platform. The two arms, perpendicular to each other, transmit the force to two
Kistler 9323 AA force sensors. Each of the two sensors measures a component of the total force exchanged between
the damper and the right platform. The geometry of the arms is designed as a parallelogram to allow for high rigidity
along the axis of the arm and high flexibility in the transverse direction (axial to transverse stiffness ratio >100). This
solution allows the force measurement to be decoupled. Each sensor receives the force component along the direction
of the axis of the arm to which it is connected. The proposed geometry was chosen after an accurate analysis to be able
to reach sufficiently high frequencies and, at the same time, to decouple the force on the two sensors. More details
about this matter can be found in [26].

3.2. The displacement and rotation measurement

The sinusoidal relative displacement in vertical direction of the left platform LP with respect to the right one RP
(wrp — wgp) is measured by a Polytec OFV-512 differential laser head pointing to the bottom of the two platforms as
shown in Fig. 2. The damper rotation is obtained by pointing the differential laser at two points, here termed A, and
Ag, as shown in Fig. 2. To this purpose the upper portion of the damper is purposely machined as shown in Fig. 3c
to produce a flat surface necessary to reflect the laser signals. Being A and Ay the two points and w’g‘] and wg’* the

corresponding displacements measured by the laser ( Fig. 2), the damper rotation is obtained as § =

3.3. A typical measured hysteresis cycle

A typical diagram that can be obtained from the measurements of the test rig is the Platform-to-platform hysteresis
cycle. Three examples of such a diagram obtained from an optimized curved-flat damper[25] for increasing relative
platform displacements are shown in Fig.4. The x axis of the hysteresis cycle shows the relative platform displacement
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Figure 4: Typical curved-flat damper hysteresis cycles and corresponding HBM equivalents for different amplitudes of imposed platform displace-
ment w€: 30 um (blue), 5 um (black) and 0.3 um (green).

(wrp-wgp) over one period of vibration (mono-harmonic sinusoidal signal w;p — wgp = wC - cos(wt) ). The y axis
of the diagram shows the component of the contact forces on the right platform (the platform connected to the force
sensors) aligned with the relative platform displacement during one period of vibration. In fact, only the component of
the force parallel to the displacement, will account for dissipated energy and stiffening. In case of in-phase vibration
the force component is the vertical one, here termed V.

In Fig.4 the hysteresis cycles are shown together with their Harmonic Balance (HB) equivalent ellipses [55]. The
ellipses are obtained simply by substituting the force signal V¢ with its first harmonic component Vg - cos(wt) + ng .
sin(wt). One interesting property of the HB ellipse is that it shares the same area (i.e. dissipated energy) as the original
cycle. If fact, due to the orthogonality of the exponential functions representing the different harmonic contributions
(e7imt . e7int = () if m # n), it can be demonstrated that, if the platforms imposed displacement is assumed to be
mono-harmonic, then only the first harmonic component of the contact force will contribute to energy dissipation.
Furthermore the global stiffening effect introduced by the damper between the platforms can be computed as follows:

Vi

Ky =-5 ey
and is represented graphically using dashed lines in Fig. 4.
The platform-to-platform hysteresis cycle has the advantage of showing simultaneously, the damping effect (i.e. area
inside the cycle) and the stiffening effect (Ky) introduced by the damper between the platforms, regardless of the num-
ber and geometry of the contact interfaces. Furthermore its shape gives an indication on the damper behaviour[52].
The shape of the 30 um cycle shown in blue in Fig. 4 is regular and typical of a highly efficient stick-slip pattern,
usually found with considerable imposed relative platform motion (i.e. w€ > 20 um). As the imposed platform motion
decreases the dissipated energy (cycle area) decreases while the global stiffness Ky increases. If the platform imposed
motion decreases below a limit level (0.3 um cycle in Fig. 4), the damper is fully stuck between the platforms (no
sliding), then Ky is at its maximum.

4. The Platform-to-platform hysteresis cycle for a cylindrical damper

In Fig.5a the hysteresis cycle obtained for a cylindrical damper between two symmetric (45°- 45°) platforms is
compared to an hysteresis cycle of a high performing curved-flat damper [53]. Both damper cross section shapes are
depicted in Fig. 5c. It can be noticed that, compared to the curved-flat damper cycle, the cylindrical damper cycle
is compressed on a line and therefore displays a negligible inner area, i.e. no dissipated energy. Furthermore the
cycle/line appears almost horizontal. This indicates that the cylindrical damper’s contribution to stiffness (i.e. Ky)
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Figure 5: a Platform-to-platform hysteresis cycles b Damper rotation ¢ Damper cross section shape: a comparison between curved-flat and cylin-
drical dampers. Signals recorded at f= 100 Hz, centrifugal load CF= 15 kg.

is also negligible, as also observed in the lower blade response level in [35]. The cause of this poor contribution
to stiffness and damping, is to be found in the damper-platform kinematics. In fact the cylindrical damper in Fig.
Sc does not slide, rather it rotates around its center of mass between the platforms. This statement is proven by the
measurement of the damper rotation depicted in Fig.5b. The rotation of the curved-flat damper is lower than 1 mrad,
while the rotation of the cylindrical damper is more than one order of magnitude larger, up to 20-30 mrad. The damper
contact points at

By zooming in on the cylindrical damper hysteresis cycle (lower portion of Fig. 5a ), the reader may notice that the
left-most portion of the hysteresis cycle exhibits a minor slope (still two orders of magnitude lower than Ky values
typically associated with curved-flat dampers). This minor slope should however be disregarded as it is most likely
caused by the presence of the cables used to apply the centrifugal load which prevent the damper from rotating freely.
This hypothesis is corroborated by the fact that this slope changes slightly if cables are re-arranged.

4.1. The influence of experimental boundary conditions

The low-dissipation low-stiffening trend of the cylindrical damper is consistent for a variety of experimental
boundary conditions. The shape of the platform-to-platform hysteresis cycles does not vary for different values of
centrifugal load, as shown in Fig.6a>. As depicted in Fig.6b, the rotation signal remains unchanged as well. In fact the
four different rotation measurement signals, obtained for increasing values of centrifugal load, are overlapped. This
means that the amount of rotation does not depend on the centrifugal load. The influence of the excitation frequency
and that of the amplitude of imposed displacement are also explored. As shown in Fig.6¢ the shape of the cycle does
not change for different frequencies or different displacement amplitude. The 250 Hz loop is displaying the same
Ky =~ 0 slope and the same influence of the cables as the 100 Hz loop. The high frequency oscillations visible on the
250 Hz loop are produced by the force measurement mechanism which is drawing closer to its internal resonance. It
is worth noting that these oscillations would be unnoticeable on a hysteresis cycle of a typical curved flat damper (i.e.
force amplitude excursion > 10 N).

2The reader will notice that the mean value of Vx understandably changes with increasing values of CF. It should be noted that in the following

figures the mean component of Vg may have been removed in order to perform more straightforward comparisons between different platform-to-
platform hysteresis cycles
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in green forces at time ¢ = % where T is the period of vibration. (Right) Equivalent stiffness in vertical direction.

4.2. Platform-damper kinematics influence the damper performance

The results of the experimental campaign on the cylindrical damper supported by two symmetrical 45°- 45° plat-
forms confirms that the damping and stiffening effects usually expected of a damper are here not present. This is
caused by a combination of factors. The purely vertical motion of the platforms and the symmetrical position of the
damper-platforms contact points with respect to the damper center of mass cause the damper to undergo a pure rotation
without sliding. The lack of sliding is further confirmed by the ratio between the tangential and normal component
of the contact forces (here not shown for brevity), which never reaches the gross slip limit. Another indication of the
damper “pure” rotation around its center of mass is the lack of relative motion between the damper center of mass and
the left platform, i.e. the signal measured with the differential laser has an amplitude <0.5 ym for a platform motion
of w& = 30 um.

The “’pure” rotation of the damper around its center of mass has consequences on the local kinematics at the contact.
With reference to Fig. 8, it can be observed that, in the case of a rotating cylindrical damper, the physical point on the
damper initially in contact with the platform does move out of the contact area, however the contact point does not
move along the platform, i.e. no gross sliding. On the other hand, if one considers a curved flat damper (with negli-
gible rotation), it can be seen the physical point on the damper initially in contact with the platform never moves out
of the contact area, and the damper-platform contact point move along the platform (i.e. gross sliding). The pure and
unrestrained rotation the damper undergoes affects the direction of the platform-damper contact forces represented
in Fig.7. The force vectors depicted on the right contact represent the resulting measured contact force in amplitude
and direction. The vectors on the left are derived from those on the right by equilibrium with the centrifugal force,
as further explained in [37]. Even if the resultant contact force on each side varies its direction during a cycle, it
can be observed that the vertical component of the contact force (Vg) does not change (AVyz = 0). Only the force
components aligned (parallel) to the platform relative motion can contribute to stiffness (see Eq. 1) and dissipate
energy (the work of a force is the scalar product of the force and the corresponding displacement, i.e. the product of
the displacement and the force component parallel to it). Therefore, the damper will have negligible effect on the disk
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Figure 8: Kinematics at the contact in case of a rotating cylindrical damper and of a non-rotating curved-flat damper.

frequency response function both in terms of dissipation and frequency shift (stiffening) (i.e. inter-platform stiffness
and damping = 0).

It can therefore be concluded that, in case of pure in-phase blade vibration, cylindrical dampers supported by sym-
metric platforms will provide only a sealing function but will not affect the dynamic response of the surrounding
disk. A similar set of observations holds for cases close to the ideal one considered here, e.g. blades vibrating with
a phase shift not null but fairly close to zero (i.e. < 10°). In those cases, a small circumferential (horizontal) relative
displacement will be present (typically one order of magnitude lower than the vertical motion) and the influence of
the cylindrical damper will still be low enough as to be considered negligible.

5. An effective and simple damper model

As shown in Fig. 8 and confirmed by the experimental evidence, the damper rotates about its center of mass and
remains in full stick condition (i.e. no relative tangential motion between damper and platform contact points). In
this case, if one wishes to represent the damper-platform contact elasticity using springs[56], similarly to the model
shown in Fig. 9, Ky can be expressed as a function of the contact springs k, and k; and of the platform angles 6; and
QRI

Ky = f(kn, ki, 0, 0r) @)

The procedure used to derive the Ky is full recounted in Appendix A. With reference to the analytical expression of
Ky in Eq. A.9, if 6, = 6, then Ky = O regardless of the numerical value of platform angles and contact stiffness. This
constitutes an analytical proof of the un-effectiveness of a cylindrical damper with symmetrical platforms in case of
pure in-phase vibration.

A further proof of the soundness of the model presented here is given by considering the experimental evidence shown
in [26]. In it, a non-zero equivalent stiffness is obtained for a cylindrical damper in contact with two asymmetrical
platforms whose relative displacement is far from the pure vertical displacement encountered in case of in-phase
vibration. The model described fully confirms these findings.

It should be noted that the Ky expression holds in the case of full stick condition and is used in this paper to estimate
contact stiffness values (see Sect. 7.3) starting from experimental evidence coherent with the full stick assumption.
However the model shown in Fig. 9 takes into account gross sliding and can therefore be used without limitations.

6. Cylindrical damper with different platform angles

According to the damper model described in Sect. 5, the stiffening effect introduced by the damper, negligible if
adjacent platforms vibrating in-phase have the same inclination 8; = 6g, should become non-negligible if platforms
with different angles are used. To verify this hypothesis a similar set of measurements is performed on the same

8



Figure 9: Model of a cylindrical damper between two adjacent platforms. The damper is here considered as a rigid body and the contact elasticity
is modeled using simple springs.

ORIGINAL MODIFIED

45° 45° 45°

Figure 10: Platform angles in original and modified configuration

damper between platforms with two different angles 8;, = 45° - g = 65°.

It can be seen from Fig.11 that the hysteresis cycle obtained for the damper in contact with the platforms 45°- 65° is
inclined with respect to the cycle obtained with the symmetrical platforms (45°- 45°) which is almost horizontal. The
average inclination of the cycle (Ky in Fig.11), as previously seen, is a measure of the stiffening effect introduced by
the damper in the direction of the relative motion of the platforms (in this case the vertical direction).

This means that a cylindrical damper is capable of introducing stiffness between adjacent blades vibrating in-phase
only if the corresponding platforms have different inclination angles.

The measurement is repeated imposing a greater relative displacement to the platforms, the resulting hysteresis cycle
is visible in Fig.12. It can be noted that:

o despite the increased platform motion the damper does not reach gross slip condition, the area inside the cycle
is limited and compatible with a microslip regime;

o the slope of the cycle remains unchanged, i.e. the stiffening effect does not vary significantly;

e the cycle appears more irregular, i.e.the force signal disturbed, due to the increased rotation of the damper in
the event of greater displacement of the platforms.

In order to have cleaner signals, it was decided to perform the measurements for limited values of imposed platform
relative displacement (+5-6um). Furthermore, it is possible to filter the force signal and retain only its first harmonic
component, as discussed in Sect. 3.3.

The effect of the centrifugal load on the platform-to-platform hysteresis cycle and resulting Ky value is shown in
Fig.13. The Ky slope increases with the centrifugal force. With reference to Eq. 2, since the experimental evidence
comes from a unique damper-platforms configuration (8, = 45° - 6g = 65°), it can be concluded that the contact
stiffness values k, and k; are affected by the centrifugal load, i.e. contact pressure.

7. Estimation of contact parameters

According to the state of the art model shown in Fig. 9, each flat-cylinder (damper-platform) contact is character-
ized by a friction coefficient y, a stiffness normal to the platform contact surface &, and by k;, stiffness tangent to the
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Figure 11: Platform-to-platform hysteresis cycles for cylindrical damper in contact with 45°- 45° platforms and 45°- 65° platforms, centrifugal
load CF= 15 kg, f= 100 Hz.

platform. In order to build a model capable of trustworthy predictions, it is necessary to correctly estimate the value
of the contact parameters[57].

7.1. Friction coefficient

Friction coefficients are typically estimated through the tangential/normal contact force ratio measured for one
period of vibration [37]. If the ratio keeps constant in time and is equal to a maximum, than the ratio is set equal to
w. In the present case gross slip is never reached and, consequently, the tangential/normal force ratio is continuously
varying over the period of vibration and never reaches values larger than 0.2. It is therefore impossible to estimate y,
one can only confirm that 4 will be larger than 0.25.

7.2. Normal contact stiffness

The normal contact stiffness kn of a steel cylinder on flat contact can be easily obtained from interpolations of
experimental data on rolling bearings [58], later confirmed by Brindlein’s theoretical investigations based on Hertz
theory [59]. Both formulas express k, as a function of the elastic characteristics of the material, the contact length and
the normal contact load. It is worth noting that, in the present case, the contact length is tightly controlled thanks to
the shape of the platform inserts (two 4 mm long contact pads) shown in Fig. 3c.

7.3. Tangential contact stiffness

In the case of curved flat-dampers, the tangential contact stiffness &, has been successfully measured by relating

the tangential contact force to the corresponding tangential relative displacement at the contact measured using the
differential laser head. This procedure cannot be carried out in the present case, as the large rotation undergone by the
damper would pollute the laser reading of the relative tangential displacement, as fully explained in [53]. Providing a
successful estimate of the contact stiffness values is still possible. As discussed in Sect. 5, the global stiffness Ky is a
function of the local contact stiffness k,, and &, and of the inclination of the platforms ; and 6.
The tangential contact stiffness k; is derived by combining the information on the platform angles, the k, value derived
as described above and the measured Ky value. The full algorithm can be found in Appendix A. It is worth noting that
this procedure would be ineffective if the only experimental evidence available were the one obtained on a cylindrical
damper in contact with symmetric platforms.
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Figure 12: Platform-to-platform hysteresis cycles for a cylindrical damper in contact with 45°- 65° platforms, centrifugal load CF= 15 kg, different
input motion amplitude.

7.4. A summary of results

Table 1 shows the stiffness values obtained for different centrifugal force values on the damper. The second column
of the table shows the corresponding interval of variation of the normal contact load per unit length during the cycle.
As expected, the total stiffness, but also the tangential and normal stiffness, increase with the increase of the normal
load at the contact. It should be noted that the set of values shown in Table 1, unlike those in [26] where an equivalent
oscillator is used in place of the damper, is exportable to other cases with different platform kinematics.

It can be observed that the normal contact stiffness values are orders of magnitude higher than the tangential ones,
therefore they have negligible contribution to the global stiffening effect introduced by the damper. Figure 14 shows
an experimental-numerical comparison. The numerical results have been obtained using the model shown in Fig. 9,
fed with the contact parameters estimated as described in Sect. 7. The global stiffness Ky is captured correctly as it
was used as a tuning parameter. The (negligible) damping contribution detected in the measured hysteresis loop may
be due to microslip and partly to the presence of the centrifugal load wire. Microslip may be included by changing
the contact model [60, 61], while the presence of the wire may be modeled by adding a rotational viscous damper.
The most conservative choice (i.e. no damper and no microslip contribution) was here adopted as it was deemed more
suitable for design purposes.

It is also interesting to compare the values of the tangential contact stiffness obtained for the cylinder-on-flat contact
of two different dampers shown in Fig. 5:

o the cylindrical damper;
o the curved-flat damper analyzed in [54];

Both dampers are manufactured using the same material and share the same radius. In both cases the tangential
contact stiffness at the cylinder-on-flat side is estimated starting from experimental evidence gathered using the test
rig in Fig.3. The values of the tangential contact stiffness for the two dampers (versus the contact normal load per
unit of length) are compared in Fig.15. The values pertaining to the cylindrical damper are those of Table 1, while the
values referring to the curved-flat damper can be found in [54].

From Fig.15 it can be seen how the tangential contact stiffness for the same cylinder-plane contact is lower in the
cylindrical damper case than in the curved-flat damper case. This difference is explained by analyzing the different
kinematics at the contact during a cycle. The cylindrical damper tends to rotate, therefore the kinematics of the
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Figure 13: Platform-to-platform hysteresis cycles for a cylindrical damper in asymmetrical (45°- 65°) platforms, different centrifugal load values,
f= 100 Hz.

Table 1: Contact stiffness values
CF (kg) N/mm Ky (N/um) | ky (N/um) | k; (N/um)
5 5.6-17.5 0.0055+0.002 227 0.1
8 8.8-11.3 0.011+0.002 237 0.25
10 10-12.5 0.015+0.002 239 0.35
15 13.8-17.5 | 0.031+0.002 247 0.7

cylinder-plane contact is characterized by micro rotations of the cylindrical part. The curved-flat damper on the other
hand, is "guided” by the its flat portion in contact with the left platform and the relative motion at the cylinder-on-flat
contact is a translation without any rotation. This difference in kinematics for the two types of damper can be observed
from the rotation measurement shown in Fig.5b The rotation of the curved-flat is negligible compared to the rotation
of the cylindrical damper.

The results of Fig. 15 therefore prove that, for the same local geometry of the contact (cylinder-on-flat), the tangential
contact stiffness can be different depending on the local contact kinematics. In the event that the tangential relative
displacement at the contact is also affected by rotation, the tangential contact stiffness is one order of magnitude lower
than in a case of pure relative tangential translation.

8. Conclusions

Cylindrical dampers are still widely used especially in turbines mounted on turbo machines for power generation.
The cylindrical shape in fact is cost-effective, easily manufactured and adaptable to any set of platform angles.
This paper presents the results of a thorough experimental campaign aiming at evaluating the cylindrical damper
contribution to blade vibration in terms of stiffness and damping. In detail, the paper focuses on the case where blades
vibrate in-phase with each other according to a bending mode. This is in fact a typical mode of vibration of the blades
excited by the gases during the turbine operation. Thanks to a test rig that allows for the simultaneous measurement
of contact forces, relative platforms’ displacement and damper rotation, the following main results have been reached.
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Figure 14: Experimental-numerical comparison of platform-to-platform hysteresis cycles for a cylindrical damper in contact with asymmetrical
(45°- 65°) platforms, centrifugal load CF= 5 kg and 15 kg.

o The cylindrical damper, in contact with two symmetrical platforms, does not introduce any stiffening or damping
effects. In this case, in fact, the damper rotates freely and the blades can move as if no damper were present.

e The cylindrical damper introduces a stiffening effect only if the angles of the two surrounding platforms are
different from each other. In this case, in fact, the damper rotation is partially impaired and the damper partially
constrains the relative movement of the platforms introducing a moderate platform-to-platform stiffness. The
damping effect is still, similarly to previous case, negligible. In fact, the damper tends to rotate rather than slide
on the platforms, and therefore does not generate an appreciable friction damping.

e In the case of cylindrical dampers in contact with two platforms with different angles, the local tangential
stiffness of the cylinder-plane contact can be derived from the overall stiffness measurements. This stiffness
proves to be much lower (about an order of magnitude) than that of the same cylinder-plane contact but with a
damper that has the other side flattened.

These findings should help the designer in choosing the damper shape and the platform angles. If no additional

stiffening and/or damping effect is needed, than a cylindrical damper with symmetric platforms will provide the re-
quired sealing function without introducing changes in the disk dynamics. On the other hand a cylindrical damper
and two platforms with different angles will introduce a moderate stiffening effect. Finally, if stiffening and damping
effects are needed, a curved-flat damper should be the preferred choice.
The damper theoretical model presented here evidences the analytical link, supported by experimental data, between
turbine blade platform angles, mode of vibration and damper dynamic contribution. Furthermore the analytical deriva-
tion is used to estimate the tangential contact stiffness values starting from the experimental data. The contact stiffness
values for different normal contact loads per unit length are here provided to be compared with other literature values
but also to be directly used by designers. Contact stiffness values are in fact required by state-of-the-art non-linear
codes as input values to compute the forced response of the blades with cylindrical dampers. In this paper the contact
stiffness values are fed to a numerical model of the damper between a set of platforms. This model, whose adequacy
is verified against the in-phase case, can be used to explore other modes of vibration.
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Appendix A. Derivation of the global platform-to-platform contact stiffness

With reference to Fig. 9a, let us consider the in-plane equilibrium equations of a damper between a set of platforms

with angles 6, and 6.
Mp - Qp(t) = Fep(t) + Fep (A.1)

where Qp = (up, wp,Bp)’ is the vector of damper displacements, Frp = (0, CF,0)’ is the vector of external forces
and F¢p is the vector of contact forces transported at the damper center of mass. In case of full stick condition Eq.

A.1 can be re-written as:
Mp - Op(®) + Kp - Op(t) = Kp- Qp(t) + Fgp (A2)

where Qp = (urp, wrp, ugp, wgp)' is the vector of platforms displacements(considered as an external information at
this stage), and [Kp] and [Kp] are the contact stiffness matrices connected to damper and platforms respectively. The
contact stiffness matrices can be expressed as:

Kp = T - Kiocar - T

(A.3)
Kp = T - Kipcar - R

where matrix Kj,, is diagonal and function of the contact stiffness values Kj,..; = diag (k;, ky,, ks, k). The reader will
notice that the contact springs are oriented along the normal and tangential directions to each contact interface. For
this reason, a local reference system has been defined for each interface (left and right). T is a transformation matrix
of forces and displacements from the global (damper center of mass) to the local (i.e. damper contact points) reference
system and viceversa. Similarly R is a rotation matrix from global to local reference system, used for the platforms
DOFs. Both matrices are a function of the platform angles 6, and 6.
If variation of forces and displacements are considered, Eq. A.2 becomes:

Kp-AQp = Kp-AQp (A4)
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where the inertial terms can be neglected as demonstrated in [54] and AFgp = O since the centrifugal force is a
constant term. The damper displacement variation AQp is expressed as:

AQp = Kp' - Kp - AQp (A.5)
Then the vector of contact forces in global coordinate system at the platform contact points can be expressed as:
AF =R’ Kipeat(R=T - K" - Kp) - AQp (A.6)

Where AF = (AHy, AV, AHg, AVg)' is the vector of contact forces on the two blade platforms. It is then possible to
write:
AF = Kj - AQp (A7)

where K has the following structure:

KH KHV _KH _KHV

. K, -K; Kyuv Ky —-Kyv —Ky
K; = = A.8
[_KI Kl] -Ky  —Knwvy  Ku  Kpv (4-8)

* =
-Kpy  —-Ky  Kpgy Ky

The matrix Kj is here termed the global platform-to-platform stiffness matrix and can be used to link a blade to a
neighboring structure, be it an adjacent blade (real working conditions) or a ground platform (test rig condition). In
case of pure in-phase motion only the vertical relative platform displacement is present and therefore only the Ky
entry is of interest. Its analytical expression is:

KV =
—k,k; (2 cos(Og + 6;) — cos(20g) — cos(26;) + 2 cos(6r — 61)) (A.9)

[3k, + 5k, — 2k, cos(6;, + Og) — 6k, cos(6; + Or) + (k, — k,,)-
(cos(46;) + cos(20; — 20g) + cos(20;, + 20z) — 2 cos(36; — 6))]

Appendix A.1. Algorithm to identify the tangential contact stiffness
The procedure to estimate k; is iterative.

1. Set the k, value corresponding to CF under investigation (see Sect. 7.2 for further details):
2. Define an initial guess on the k; value, k;
3. Compute Ky, (according to Eq. A.9) and compare it to Ky, ,eqs (see Fig. 13)

o If Kvuum = Kvmeas, then k, = k|

o If Kyvyum # Kvimeas, then update the initial guess k; accordingly. In this paper the new value of k] is obtained

Vmeas

by multiplying the initial guess on k; from point 2. by the factor Iliv—m Other criteria are possible. Go
back to Step 3.
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