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Abstract

This paper is the completion of a previous work in which an algorithm was developed for direct calculation of
the hysteresis cycle of Underplatform Dampers (UDs) used for vibration damping of turbine blades.

While the previous paper examined the scalability of a given damper shape as a function of its size, platform
size and contact parameters, this paper instead shows how the method can be used to evaluate the
advantages and disadvantages of different damper shapes.

Only the asymmetric contact damper is studied, in its simplest version with three pad-located contacts, and its
merits are discussed in comparison with the wedge or cottage-roof type dampers, whose crucial difficulties
are pointed out.

A family of five dampers obtained by distortion of an isosceles damper of 60° vertex aperture is studied as an
example of application of the method. A criterion is defined for positioning the single contact to avoid lifting
when the coefficient of friction is maximum at u=0.7, then performance is studied for two values in the range
expected for normal operation, n =0.5 and p=0.3.

For each of the five dampers, the different problems that arise in calculating the hysteresis cycle at the onset
of the total full-slip, called Base-Cycle, are examined, first on the damper in terms of the “force Base-Cycle,”
otherwise known as the “equilibrium trace diagram,” then of the “moment Base-Cycle” on the platform.

The “moment Base-Cycle” is employed in the context of the Platform Centered Reduction (PCR) technique,
and diagrams of the real and imaginary components of the complex moment-rotation stiffness of the platform
representing the mutual damper-platform actions are defined.

Finally, the values of the energies dissipated on the contact pads of the dampers are determined, the sum of
which is checked against the total energy dissipated by the moment of the contact forces acting on the
platform, consistent with the Platform Centered Reduction.

The parameters and diagrams that characterize the shape of a damper, regardless of its subsequent coupling
with a specific turbine blade, are useful tools for characterizing its performance with greater insight than can
be obtained from the usual purely numerical approach.
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1 Introduction

Turbine blades are subjected to vibrations that cause high cycle fatigue and can trigger cracks in highly stressed areas,
leading to failure. To minimize vibrations, devices known as Underplatform Dampers (UDs), are placed between
platforms of adjacent turbine blades. They are positioned so that, during turbine operation, centrifugal forces draw their
lateral inclined friction faces into contact with the complementary inclined faces of platforms. These, placed
circumferentially on the blades between the airfoil and the neck, are intended to create a continuity wall that separates
the flow path acting on the airfoils from the cooling flow path on the neck. Circumferential gaps between the platforms
are sealed by the dampers themselves. Vibrations of the blades cause relative motion between the damper-platform
contact surfaces under compressive load. The energy dissipated by the resulting frictional forces reduces the vibration
amplitude.
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Paper [1] of 1988 states that over the decade before its publication date research on turbine blade friction dampers
had resulted in new methods to optimize damper design, while before blade damper design was a more a matter of
“experience and very simple mathematical models”. Paper [2] can be considered seminal for a systematic engineering
approach to UDs.

Complementary lines have then been followed by other groups. In the impossibility of reviewing the overwhelming
amount of activity, a historical summary can be made by examining in a selection of papers [3-16], the topics covered,
their lines of development and their references.

Papers [1, 2], as well as their synthesis [17], deal with a flat damper, acting on parallel adjacent platforms, of the
BG (Blade-to-Ground) type; damping capabilities are investigated by comparing a numerical model of a blade-damper
system with their experimental counterpart. For a range of damper compressive normal load (N) and blade excitation
(E) levels the resonance frequency (f) is found with associated response (R) amplitude; the damper-blade system is
characterized by representing either the R/E vs. N/E or the R/N vs. E/N curves (in both cases loci of response maxima),
the last being the damper performance curve. The key to this curve is to determine the normal load N such that the
resonant response in terms of a local stress is less than an allowable value (e.g. fatigue endurance stress) for as large
an excitation as possible, a concept insightfully commented by [8] in a broader context of concurring damping
techniques.

After that initial stage numerical and experimental procedures were extended to blade-to-blade, self-centering,
wedge dampers, as they provided more design flexibility to meet operating conditions [4, 5]. These papers have in
common:

e platforms and damper are treated as rigid bodies,

e blade and platform motion is harmonic,

e damper and platform surfaces remain in parallel and in contact at all times,

e relative contact kinematics is calculated,

e tangential contact stiffness is considered, not normal stiffness

e vibration inertia forces of the damper are negligible,

e contact resultant forces are considered, acting on fixed “nodes” representing the platforms,

e in-plane damper equilibrium is represented by two translational equilibrium equations

e equilibrium of damper to rotation is missing.

Paper [5] claims to add 3-dimensional platforms, 2-dimensional contact motions and microslip.

Although these works had the merit of pursuing the essential characteristics of the damper-platform interaction, in
the light of subsequent experience it is now all too easy to observe that the lack of rotational equilibrium leads to
difficulties both on the stick-slip transition criteria [4] and on the determination of contact forces [5].

In [6] a “contact asymmetric” damper is first introduced, with a cylindrical contact on one platform and a flat contact
on the opposite platform. The wedge damper is reported to be unsuitable in practical applications (as opposed, of
course, to idealized numerical simulations) because of the practical impossibility of accurately aligning it within the
platforms and having complete, controllable contact between the flat surfaces. Resulting in unpredictable damper
positions due to a multiplicity of possible edge contacts and likely cyclic impacts on the damper edges during each
vibration cycle.

In [6] contact forces are represented by a line-force on the cylindrical contact, and by means of a surface discretized
into a large number of contact elements on the opposite flat-to-flat contact. At each contact element, a Coulomb slider
is introduced with both tangential and normal stiffness, the latter non-linear to take into account the roughness
according to an Abbott model.

A common feature of most of the papers from the initial stages up to today is that of developing and proposing
their own calculation method of a complete blade-dampers or disk-blade-dampers system in the form of a dedicated
[7, 9] or proprietary software, as DATAR [6,12], FORSE [14], NOVA, the last used in papers as [15] that demonstrate
the capability of simulating nonlinear responses of bladed disks with mistuning.

Paper [7] proposes a general method for nonlinear forced response analysis for bladed discs with friction dampers
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of different designs. This contribution represents a departure from the approaches previously examined. It is based on
the explicit modelling of friction dampers in the analysis of the nonlinear forced response of bladed discs, utilising large-
scale high-fidelity finite element (FE) models. This paper presents numerical studies of realistic bladed discs with three
different types of UDs: a "cottage roof" (wedge) damper, a seal wire damper, and a ribbon damper.

The increasing complexity of geometry and parameters has led to an objective need to keep computational time
below values that tend to become prohibitive. This occurs in the computationally intensive problems encountered in
practical applications to turbine blades equipped with damping devices, when it is necessary to systematically explore
a design space [9, 13, 14].

In [9] the robustness of the optimal blade-damper coupling is treated through a probabilistic approach. It takes into
account uncertainties in the friction coefficient, excitation level and linear damping, applied to a rotationally periodic
assembly of a bladed disk with UDs. The computational efficiency of nonlinear dynamic analysis is achieved by
employing a reduced-order parametric model (ROM) based on nonlinear vibration modes. This proof-of-concept study
uses an academic geometry with beams in pure bending integral with a perfectly tuned disk, and rigid body UDs of the
cottage-roof type.

The analysis of the blade-damper coupling performed in [13] is deployed in design space defined by ten geometric
parameters of damper, neck and airfoil. An asymmetric contact damper is modeled by FEA but maintaining only rigid
body DOFs. In order to keep the calculation time within reasonable limits, the exploration of the parameter space and
the subsequent calculation of the performance (in terms of high cycle fatigue) is carried out via a three-level DOE
sampling producing a response surface for the first bending mode.

In [14] the issues of damping performance, resonant frequency stability and robustness are addressed for a
symmetric wedge damper coupled to the blade pair of an academic "two blades" test-rig, all modeled using FEM. The
search for the optimal design is done via a surrogate model. The design space includes three variables, one of which
(the platform groove angle) has simulated uncertainties due to manufacturing tolerances, which implies the recognized
possibility of edge contacts. Similar to [12], only the first bending mode is studied.

In the meantime, POLITO's AERMEC Lab. pursued the development of experimental and numerical methods to
deal with nonlinear problems related to bladed disks with any kind of dry friction damping. In UD application it is used
to tune contact parameters, develop criteria for damper optimization and for damper-blade matching.

This agenda was developed at AERMEC Lab., during the last 15 years or so, along the following lines:

1. development of a first non-resonant test-rig measure simultaneously the resultant forces exchanged between
a damper and the two simulated adjacent platforms, together with their absolute and relative kinematics

2. determination of contact parameters (coefficient of friction, stiffness) based on the shape of the measured
hysteresis loop, as opposed to parameter tuning techniques based on numerical-experimental comparison of
FRFs deemed insufficient,

3. development of a second improved test-rig towards the simultaneous measurement of tangential force and
sliding directly at the damper-platform contact surfaces, to achieve highest reliability on values for tangential
contact stiffness and friction coefficient,

4. adoption of an asymmetric-contact damper (flat to flat and cylindrical), evolved into a three-point damper, as
opposed to the “cottage-roof” or wedge damper, to ensure full control of the position of the resultant contact
forces on both sides of the damper.

Line 1 was approached with the first non-resonant test-rig, [10], which allowed us to determine the forces exchanged
at the damper-platform contacts simultaneously with the absolute movements of the damper and simulated platforms.

Line 2 was addressed first in [10] by manual tuning, later in [19] with a Latin Hypercube sampling technique, in
both cases for a laboratory three contact damper and with some limitation on the number of independent contact
parameters. This required either hypotheses on the ratio of normal to tangential stiffness, or independent
measurements of friction and stiffness made on purposely dedicated test-rigs [20, 21]. A special application is found in
[22], where a special laboratory crossed curve-flat damper subjected to In-Phase vibrations was used to extract from
the hysteresis cycle the two friction coefficients and two pairs of contact stiffness values, normal and tangential, on
either contact surface. Contrary to other methods available at that time, the values of contact parameters were derived
solely from experimental data, without support from other analytical or numerical sources.

107| doi: 10.25518/2684-6500.239 M.M Gola



Journal of Structural Dynamics, Special issue on Tribomechadynamics, (pp. 105-138) 2024
On comparing behavior and performance of underplatform dampers according to shape

Line 3 was addressed in [23], where an extension to [10] was applied by introducing new sets of experimental
evidence (hysteresis cycles at the contacts and moment vs rotation diagram) to uniquely estimate the contact stiffness
values on a Siemens type contact-asymmetric damper. Paper [24] presented a new test-rig with several advanced
features, probably the most sophisticated collection of normal and tangential stiffness measurements for the time, for
both cylindrical and flat-to-flat contacts. With these tools the problem of erratic behaviors due to machining
imperfections on the plane contact surfaces of the damper was addressed [24].

Line 4 represents a significant divergence from other schools of thought, encompassing two distinct issues.

e whether it is more appropriate to introduce the plane-on-plane discretized contact surface into the numerical

model, or whether it would be more rational to treat the resultant force directly.

e whether a simpler wedge geometry of the damper or an asymmetric contact geometry is preferable.
Regarding the first issue, the determination of plane-on-plane contact forces by full FEM discretization of the contact
surface is a most often preferred practice, for instance [7, 9, 12, 14, 25, 26]. However, it should be observed that in the
case of a contact-asymmetric damper, [6, 18], the line contact on one side implies that the position of the resultant
force on the opposite flat-on-flat contact is automatically determined independently of the pressure distribution. Based
on this, the position at AERMEC has always been to pre-determine the position of resultant forces on a rigid body
model of a contact-asymmetric damper, both experimentally and numerically, as in [10, 13, 16, 27, 28, 29].

This opens up the second issue, for which [18] is exemplary in stating that:

e for dampers to be effective, a sliding full contact between the damper and platform surfaces must be
maintained for any combination of tangential and radial relative platform motions,

e inorder to avoid a rocking motion, that would significantly reduce the effectiveness of the damper in dissipating
the vibrational energy, the damper should have raised bearing surfaces (pads) around the points where contact
is precisely desired,

It was observed [24], that these pads or reliefs are highly suggested on the plane extended contact (left side of Fig. 2)
even in the case of In-Phase vibrations for an additional reason: the lack of flatness due to machining, even within
tolerances, may be the origin of extremely erratic force-displacement cycles, as stressed in [6, 24] but anticipated
already in [1].

In the case of Out-of-Phase vibrations, as well as in the case of In-Phase vibrations with a non-zero interblade
phase-angle, a wedge damper suffers edge contacts and liftoff, while instead an asymmetric-contact damper is always
self-aligning within platforms in all possible cases [16, Appendix 2].

Other laboratories however follow different lines to investigate the effect of the contact surface area on the damping
capacity. For instance, the two-blade test-rig is revived by [12], while a three-blade scheme is used in [25]. Paper [12]
adopts an explicit model of the damper, equipped on the contact surfaces with a dense grid of 3D contact friction
elements, in combination with multi-harmonic balance solvers, and validates the numerical solutions with the test-rig.
It is found that the results are strongly dependent on the pressure distribution on the contact surfaces, and therefore
detects the shape of those of the damper which in fact turn out to be slightly convex due to the manufacturing process.
Using pressure distribution results from a pressure film, [12] finds a better agreement between numerical predictions
of the FRF and experimental results.

An observation regarding the contact surface: for method validation it makes sense to detect the shape of the
actual surfaces, but from a practical engineering point of view it seems more appropriate to avoid the problem (e. g.,
with raised pads) rather than reproduce it numerically.

Furthermore, in the case of [12] the angle at the vertex of the damper, although not indicated, seems to be around
120°, which combined with a declared friction coefficient of 0.6 guarantees, to this author’s experience, damper rocking
in IP vibration.

The Platform Centred Reduction [27] has recently been proposed, with the Base-Cycle concept [28] supplementing
it. The latter refers to the cycle with the smallest amplitude of platform oscillation in which all contact forces travel a
complete oscillation between the two friction limit angles, that is to say, they reach at least the onset of slip at both
ends. In [16], it was demonstrated that the Base-Cycle is a unique characterization of a given damper shape. Once
produced for a convenient reference case, it can be scaled linearly without recalculation according to size, radial force,
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platform proportions, and proportional variation of contact stiffness.

In [28,29], the damper is represented by a complex spring, function of the relative rotation between platforms, and
disappears as a physical body. The final achievement is the Amplitude Layered (Excitation) Force Mapping [29], which
reduces the amount of computation by up to three orders of magnitude in comparison to standard techniques, thus
making it a suitable competitor in the case of optimisations that are numerically intensive.

2 Background

This paper is the completion of a previous work [16] in which a piecewise-linear algorithm was developed for direct
calculation of the hysteresis cycle of UDs. The reader should refer to [16] for the complete set of kinematic and
equilibrium equations, for the treatment of the contact model and for the solution procedure.

Aim of the “parent” paper [16] were the concepts of “force Base-Cycle” that uniquely characterizes a given damper
shape, and of “moment Base-Cycle” characterizing the damper coupled to a given platform.

The algorithm was applied to an example damper shape. It was demonstrated in that once produced for a
convenient Reference Case, Base-Cycles can be scaled without recalculation according to damper size, radial force
intensity, platform proportions, and proportional variation of contact stiffness values.

The goal of this paper is now to fill in the missing part, that is, to study how the basic cycles change with the shape
of the damper, to present the different computational problems that different shapes entail, and finally to address the
evaluation of shape-related damping effectiveness through appropriate indicators.

As in [16], object of this study is the contact-asymmetric UD, Fig. 1 and 2.

Fig. 1: SIEMENS type damper [6], represented with Fig. 2: From UNITED STATES PATENT N. 5,156,528,
Jenkins discrete contact elements, dotted lines added Oct. 20 1992 [15]; 48 and 50: radial motions of respect.
[16] to suggest raised pads. right and left platforms

In both cases, contacts are localized by means of raised pads, each accommodating a Jenkins contact element,
one on the right and two at the flat-on-flat surface on the left.

All dampers of the types of Fig. 1 and 2 belong to the same family of geometries and therefore are best described
[16] according to Fig. 3. In brief:

e the vertical reference line passes through the center of mass (not shown) of the damper, on which its radial
centrifugal force F;, acts
the line through point L, the midpoint of segment L1 - L2, is the main horizontal reference line
these two reference lines cross at a point D, named the “damper reference point”
point L (in section) has the role of “left surface reference point”
the intersection of the horizontal reference line with the line tangent to the right contact in R1 is named R, the
“right surface reference point”
the three reference points (L, D, R) are then aligned horizontally
¢ the Jenkins contact elements act on points L1, L2, R1
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e inorder to precisely locate the contacts, it is possible either to adequately limit the pad width or, in addition, to
locally impart a (large) radius of curvature thus realizing a cylindrical Hertzian contact.
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Fig. 3: Geometry preferred in [1] to describe the contact-asymmetric damper

An advantage of the solution of Fig. 2 over that of Fig. 1 is the free adjustment of the position of R1 with respect to
R, i.e., freedom to choose the value of b,. This paper shows how to take maximum advantage of this freedom.

In [16] it was first demonstrated that the relative motion of damper and adjacent blade platforms can be reduced to
a kinematically equivalent system of parallel blades: Fig. 4 shows schematically the damper type of Fig. 2 between the
adjacent platforms that rotate about their “instantaneous velocity center” C about which the platform has a pure rigid
rotation. On the right the position of maximum clockwise rotation, corresponding to what will be named the cycle’s point
0, and on the left the maximum counterclockwise rotation, corresponding to the cycle’s point C. Note that the relative
motion represented in Fig. 4b is the same indicated by vertical platform displacements 48, 50 of Fig. 2, where the
corresponding relative sliding motions between damper and platforms are indicated as 52.

C C C C
a) b)

Fig. 4: In-Phase vibration, platforms rigidly rotating about their “instantaneous velocity center” C; a): max counter-clockwise
rotation; b): max clockwise rotation.

As shown in [16], the number of linear tracts of the piecewise solution is equal, for each half-cycle, to the number
of the contact points where the contact Jenkins elements are applied. They correspond to the number of stick-slip
transitions. However, this paper will show that there are exceptions to this simple rule.

The equilibrium equations of the damper give origin [16] to a damper “force” cycle, i.e. the cycle of contact forces

applied to the damper during the motion of platforms. Once the damper “force” cycle is known, a platform “moment”
cycle is calculated, i.e., the moment produced by contact forces on the platform versus the angle of rotation of the
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platform.

In [27], the concept of Platform Centered Reduction was introduced, in which the number of non-linear DOFs was
reduced to those of a rigid body for both platform and damper, followed in [28] by that of "Base-Cycle," defined as
follows:

“Base-Cycle: the cycle established at the smallest platform oscillation amplitude at which all contacts reach the slip
condition at both ends of the oscillation”

The concept of Base-Cycle holds for both the damper “force” cycle and for the platform “moment” cycle. In this
case, the DOFs of the damper are eliminated from the dynamic equations of the damper-blade system, and replaced
by the platform “moment” cycle, in [16] a function of the In-Phase oscillation amplitude of the platform in Mode 1, Fig.

In [16] it is demonstrated that the damper “force” Base-Cycle, during In-Phase vibration, is a function uniquely of
the difference (v,, — vpg) oOf the radial, i.e. vertical displacements (Fig. 6) vy, , vpr Of respectively a left point Dp.
and a right point Der , both placed in the same geometric position as the damper reference point D, but belonging to,
and moving with, the left (L) and right (R) platform. Distance q* is the “virtual” pitch, defined in [16], of parallel blades
kinematically equivalent to the real blades that have a relative angular pitch 23, Fig. 5.

\ B B
JiL

<

Fig. 5: Moment M, applied to the platform by the two adjacent dampers, function of the damper rotation ¥,

A final concept imported here from [16] is that from the platform “moment Base-Cycle”, any other cycle having
higher amplitude of platform rotation can be deduced by means of a simple “constant moment” stretch, or amplitude
elongation, in full-slip. Then, the diagram of the real and imaginary parts (HBM) of the complex stiffness applied to the
platform, dynamically equivalent to the friction contact forces, is trivially calculated for any platform vibration
amplitude. Then, there is no need to iterate the cycle calculation as in the customary HBM-AFT procedure [28, 29].

L.,
oL p R pa PR’_
Dp, !
[ |_2
> 9 Vg A
Dy, Dy,
C 7t C

Fig. 6: Hemi-platforms displacements of their fictitious ends Dp. and Dpr in D due to a clockwise In-Phase platform rotation,
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when vpp moves upwards and vp,, is specularly opposite

3 The Method lllustrated on the Shape-Case 60sym

The main purpose of this section is to acquaint the reader with all the graphs representing the behavior of the dampers,
commenting on them extensively to facilitate the reader's understanding. It concludes by stating-in summary-the
minimum set of data that, once the method is acquired, is necessary and sufficient to fully characterize a damper-
platform coupling.

This section deals with the symmetrical (however, contact asymmetrical) damper with input parameters (Fig. 3):

9,=60°, 9,=60° (1.a)
2b,=0.8 h (1.b)
by /h=0.14 (1.c)

The friction coefficient at three levels (1 = 0.3 ; 0.5 ; 0.7) the lowest being the most likely at the highest temperatures
while the highest being possible in cold start conditions.

Assumption (1.b) means that the centers of the left pads, L1 and L., are the ends of an Li-L> segment that
represents 80% of the total available left flank. The extension of each pad in cross section is then 20% of the left flank.
This assumption is common to all dampers considered in this study.

r [—---- fimit friction angles 15 = limit friction angles| 4 1.5
T |- — - contact normal = = = contact normal r
—_—3 contact force Fy, ——> contact force Fp
———> contact force Fj, ——3 contact force F;,
=3 contact force F, —3 contact force F,,
——> left resultant F;, 1.0 —> left resultant F, 1.0
\ ; 0.5 = 0.5
oy B
/a0 A, /! : A
R \ B B
PN v
,’7_,,' ‘; \\ Y
1’ \; ;" I’ ¢
Ld D J A"’ \hR C 0 Lﬁ' 5 0
\ ’ / \Y 8 ’ ;
v ’I :I \ ' ,l 7
\ ’ ’ A \ ’
\ ’ 7 N \ ’ ;
| ; ]S
\ e § ! -
“% """" SR St
- & -0.5 ﬂ‘ b 05
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0
Fig. 7a: 60sym cycle-start, u = 0.7 : full-slip at the end of Fig. 7b: 60sym mid-cycle, u = 0.7 : full-slip at the end of
clockwise platform rotation, i.e., relative motion as in Fig. 2 counter-clockwise platform rotation, , relative motion
and Fig. 4 right opposite to that of Fig. 2 and Fig. 4 left

Assumption (1.c) for the positioning of point Ry, i.e., for the choice of the value of b /h =0.14 (discretization to
second decimal place), comes from imposing that with the highest possible coefficient of friction (1 = 0.7) the left
resultant force at the two extreme positions, at the beginning of the cycle and at mid-cycle respectively, falls at the
same distance from the nearest contact point and inside the Li-L. segment. In this case the distance of the resultant
force from L1 is 6.6% of Ly-L, and that of L> 6.5%. So as to ensure no liftoff, or, as said in [18]: "such as to preclude
rotating or rocking ... ... for conditions of maximum coefficient of friction”.

Figures 7a,b show the case for 4 = 0.7, cycle-start and mid-cycle. Geometric dimensions are normalized to the
value of h, i.e., h = 1. Forces normalized to the centrifugal force F, =1 . Radial and circumferential directions
respectively r and c . Figures 7a,b represent full-slip conditions, i.e, all contact forces are at their limit friction angles,
indicated by the dashed lines on either side of the contact normal. Dotted lines represent the lines of action of the
resultant forces that cross on the line of action of the centrifugal force.
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1 1.5
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0.5

A = mit ction angies]| > [[----- limit friction angles| 4
T | = = == contact normal = = == contact normal r
—3 contact force Fi, —3 contact force Fg,
—3 contact force Fy; —3 contact force F;,
—> contact force F;, —3 contact force Fj,
> left resultant 7, 1.0 —> left resultant F;
action lines of right action lines of right
and left resultant and left resultant
forces at cycle-start forces at cycle-start
1 0.5 =
0
\| action lines of right 5 J \"‘-‘. action lines of right
| and left resultant —e AL N | and left resultant
forces at mid-cycle T - ~——__| forces at mid-cycle
I 05 AT
0.5 1.0 -1.0 -0.5 0 0.5

Fig. 8a: 60sym cycle-start, full-slip, u = 0.5

Fig. 8b: 60sym cycle-start, full-slip, 4 = 0.3

1.0

Figures 8a,b show the equivalent of Fig. 7a for, respectively, u = 0.5 and u = 0.3, keeping by /h =0.14. Although
only the cycle-start condition is represented, lines of action of the right and left resultant forces are represented by
dotted lines for both cycle-start and mid-cycle. Table 1 collects the distances of the left resultant force to the nearest
left contact (L1 or L2, Fig. 3) in % of L4-L, during the cycle, consequence of the design decision to adopt the value of
bg /h that guarantees equal distance for the highest predicted friction angle u = 0.7.

Table 1: 60sym distances of resultant left force from nearest contact, in % of L4-L, .

Friction coeff. u dist. from L1 dist. from L2
0.7* 6.6% 6.5%
0.5* 12.3% 31.0%
0.3* 19.2% 48.7%
* bp /h=0.14

Fig. 9a displays the equilibrium polygon of centrifugal force and contact forces at the cycle-start of Fig. 7a. Fig. 9b
displays the force increments between cycle-start (point 0, corresponding to Fig. 4 right) and the end of the first tract
(point A), covered during the counter-clockwise (reverse motion) platform rotation with all contacts still in stick.
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Dotted vectors are the force increments AFg; o4 ,AF; 104 ,AF5 04 that summed to the contact forces Fgy o, Fr10, Fr20
give the final contact forces Fy, 4, F11.4, F12 4, hence also the left resultant F; ,.

Notice that the final force F,, , is parallel to the friction boundary line a-a, i.e., in the contact L. the transition for
stick-to-slip is realized: consistent with the fact that, [16], the cycle is calculated by succession of linear tracts, each of
which ends with a stick-to-slip transition at one of the contact points.

The complete collection of figures following 0-A to E-F (F=0) is summarized as an “equilibrium track” by Fig. 10a,
named also “force Base-Cycle” of the damper, where the blue thick-line closed loop indicates the path of the tip of the
vector Fr,; as well as the tail of the vector F, . The secondary loop, thin red dashed line, indicating the path of the tail
of the vector F,; can also (if necessary) be represented. The “force Base-Cycle” is represented normalized to F,=1.

The value of this figure lies in the fact that it contains all the information about the positions of the contact forces
during the Base-Cycle as they travel through the space between the friction boundary angles. In addition, this polygonal
figure is uniquely related to the damper shape and friction coefficient, and contains all the information necessary for
the subsequent calculation of the Base-Cycle moment.

Fig. 10b collects the three equilibrium tracks for 4 = 0.7; 0.5; 0.3. To be remarked that in for all friction coefficients
the cycle closes at the end of the first sequence of tracts, i.e., FE0 exactly at the end of the last tract. At the and of tract
E-F the last contact in stick, here R1, becomes slip when the backward half-cycle is completed and the initial position
reached.

Complementary to this figure, Table 2 tracks the succession of transitions that take place in the tracts. For instance,
for the 60sym damper, at the end of tract 0-A contact L. reaches full-slip, then it is maintained during the following tract
A-B, and so on. At point C there is full-slip on all contacts and motion reversal. Point F coincides with point 0. Note
that tract D-E does not have the same transitions for all values of u.

Comparing rows B-C and E-F of Table 2 with Fig. 10b one can check that tracts B-C and E-F are effectively on the
left friction angle, as contacts L1 and Lz are in slip.

Table 2: Shape-case 60sym: Transitions Chart, stick or slip condition at contacts in cycle tracts

n=0.7 un=05 un=0.3

tract in stick in slip in stick in slip in stick in slip
0-A Ril: L2 Ril: L2 Ril: L2

A-B RilL: L2 RiL1 L2 Ri1lL: Lo
B-C R1 Lilz R1 Lilz R1 Lilz
C-D Rililz Rilil2 Rilil2

D-E Ri1 L2 L1 Ri L1 L2 R1 L1 Lo
E-F R1 Lil2 R1 Lil2 R1 LiLl2

4=10.3

Fig. 10a: 60sym, u = 0.7: equilibrium track, or normalized Fig. 10b: 60sym, u = 0.7, 0.5, 0.3: equilibrium tracks or
“force Base-Cycle” (solid blue: equilibrium track; thin dashed normalized “force Base-Cycles” (solid blue: equilibrium tracks;
red: secondary loop) thin dashed red: secondary loops)
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The “moment Base-Cycle” is then defined as the cycle of the moment M, applied to the platform by the damper-to-
platform forces versus the platform rotation angle . , Figs. 5, 6. The moment is calculated point by point (0, A ... to
F) according to the general schemes of Figs. 11, 11 (details in [16]), its value being:

Mp = (FL,v - FR,v)( q°/2+7 sinp) 2

Data from the “force” Base-Cycle, Fig. 10a,b , are transformed into the “moment Base-Cycle”, that in Fig. 12 is
represented as moment M, vs. platform relative displacement (vp;z — vp,, ) and platforms’ rotation angle ¢, , related
by:

Yp = (Wpr—VpL) /4" (3

Unlike the normalized “force Base-Cycle” of Fig. 10a,b exclusively connected to the damper’s shape and the friction
coefficient, the “moment Base-Cycle” will be here expressed for a Reference Case where damper radial force and
virtual blade pitch are assumed as:

Fp, =1000 N (4.8)
q* =100 mm (4.b)

Fig. 13 shows the “moment Base-Cycles” for u = 0.7; 0.5; 0.3 . Any other case is obtained from a “Reference Case”
by proportional scaling. The rules for scaling according to geometry and proportional change of all contact stiffness
values from the “Reference Case” to any other case are given in [16].

e

Fig. 11: Geometric scheme for the calculation of platform moment about point P, according to [16], in terms of resultant forces

0.2
. 0.1
i RWP /’ Yp, Mp / Lie
| : : : —0 -8 : : : : - | :
\\ P/ . /K
Fpq . Lop F
/

-0.7 06 05 -04 03 02 -01 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fig. 12: Platform non-dimensionalized for g*=1, scheme of contact forces producing moment about P
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Fig. 13: Case 60sym, u = 0.7, 0.5, 0.3: “moment Base-Cycle”: moment M, on platform vs. platforms’ relative vertical
displacement (vp, — vpgr) and, by way of example, platform rotation angle i, for g*=100 mm

Once the “moment Base-Cycle” is known, larger oscillation amplitudes stretch it horizontally as Fig. 14, where an
increasingly larger portion of the platform rotation in both directions is spent in full-slip at all contact points. In the
diagram, point 0-F and point C of Fig. 13 are now split into pairs 0-F and pairs C-C' in Fig. 14, respectively, the
ascending and descending half-cycles shifted to the left and right, respectively, so as to obtain the desired amplitude
of rotation ¥, larger than that of the Base-Cycle. Fig. 14 shows the cases ¥, = 3, 4 and 6 mrad, and splitted points
are given names, for clarity, only on the cycle ¥, , = 6 mrad.

In Fig. 14 each cycle is accompanied by its Fourier representation that to the purpose of damping the first bending
mode can limited to the first order [27, 28].

Finally, from this representation the function M, (1,) is written as a complex number:
ﬂZ;;': E-wpa (%)
where the complex stiffness:
k= kpe +ikpm (6)

has the real and imaginary parts (kg,, k;,,,), represented in Fig. 15 for all amplitudes: p, larger than the Base-Cycle
amplitude Yp 4 pase-cyce that in this case is found at the value 2.56 mrad.

In Fig. 15 are also indicated the amplitude of the largest cycle in full-stick, amounting here at 1), , = 0.60 mrad, and
the value of the corresponding real rotational stiffness on the platform due to the constraint of the adjacent dampers,
here at 28741 (Nm /mrad). In this range the value of the imaginary component, related to damping, is obviously zero.

The interval between the end of the full-stick, ¥, = 0.60 mrad, and the onset of full-slip, ¥, = 2.56 mrad, is a
zone of multiple solutions that depends on the initial equilibrium of the damper between the two adjacent platforms,
and is not an objective pursued in this paper whose purpose is the determination of the maximum damping
characteristic of a damper shape.

The Base-Cycle is represented by the amplitude p, = 2.56 mrad, the associated real and imaginary stiffness
coefficients, 21679 and 4583 N mm / mrad respectively, that are the basis to calculate the values for larger amplitudes
[16].

In conclusion, it should be emphasized that in order to construct the curves in Fig. 15 - which are used to calculate

the best match of a given damper to the given blade - it is sufficient to have five numbers (values for the present
example provided for easy recognition):
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1. the “Base-Cycle” oscillation amplitude (here at 1y, , = 2.56 mrad)

2. the corresponding values of kg.and k;, (here at 21679 and 4583 N mm / mrad)
3. the “full-stick” maximum oscillation amplitude (here at 1, , = 0.60 mrad)

4. the corresponding value of the initial kg, (here at 28741 N mm / mrad)

75000
Mp
(N mm)
50000
piecewise linear
1° order Fourier
25000
0
-25000
-50000
-0-6‘.9...0"0.
-75000
-6 -4 2 0 2 4 YPp (mrad)

Fig. 14: Case 60sym, u = 0.7: M, vs. p. Moment Base-Cycle, y¥p,= 2.56 mrad (blue) and examples of stretched BCs (.= 3, 4, 6)
mrad (respectively: violet, red, green). Solid lines: Base-Cycles. Dotted lines: their first-order Fourier representations. On the
largest, 0-F = C-C’ is the full-slip stretching.

30000
P 428741
x L Fp = 1000 N
(N mm/mrad) N 21679 q" =100 mm
1 ‘{
20000 ,
| [}
| I\ kRe
15000 : :
| [}
10000 : ' K
| | kim
| [} (
| )
5000 1 l'\- \-.‘ ‘——'-—-____'i______—_——.
: l’l : 4583 \F-_-————_‘:
0 e+~ !
o 0,60 2,56 5 10 15 Ypq (mrad)

Fig. 15: Case 60sym, u = 0.7, real, kg, , and imaginary, k;, (N mm/mrad) components of platform rotational stiffness vs. amplitude
of alternating platform rotation yp , (mrad)

The microslip range 0.60 < ¥, < 2.56 is briefly commented. Whenever the damper is unable to reach generalized
gross slip at all contacts, different initial states at contacts give rise to great variability in vibration amplitudes and
resonance frequencies, as confirmed experimentally by [30, 31]. In [32], a numerical method for calculating the
response limits of systems with friction contacts is proposed, based on a constrained optimization to search for a
configuration that maximizes or minimizes the system's loss factor.

Whatever the approach, in the microslip range the values of real or imaginary stiffness depend on the non-unique
initial state. In [30] it is observed that the “... inability of a damper to reach generalized gross slip for the expected
forcing levels is doubly harmful: not only its damping capability is reduced but the range of possible dynamic responses
increases. Therefore, one of the UD design priorities should be to tailor the damper shape and mass to the blade mode
shape in order to ensure that generalized gross slip is easily reached.”
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It therefore seems logical to pursue the lowest possible value of the rotation 1, , at which Base-Cycle (i.e., onset
of full slip at both cycle ends), together with the highest possible value of the corresponding k;,,, .

Damping in the microslip field is not the subject of this paper, the purpose of which is to determine the maximum
damping performance. As commented above on Fig. 15, calculation of such cycles starting with loading history
dependent initial state is the object of a specific approach, as in [32]. In the present context, linear interpolation (dashed
line) can be considered an indication of the achievable complex stiffness.

4 Case Shape-Case 45sym

In the case of the 45sym shape this is impossible to obtain a valid solution (no liftoff, no damper rolling) for x = 0.7,
as shown in Fig. 16 for the position of point R1 (points Ru, L1, L2: Fig. 3). If (by way of example) we choose by /h = -
0.20 so that the position of the resultant force on the left at cycle-start is slightly below L; (distance to L12.94% of L4-L,,
the left resultant at mid-cycle is completely out of segment Li-L> , over 3,8 times L4-L, . In this case the strategy of
setting bg /h for u = 0.7 must be abandoned.

Fig. 17a shows the optimal position of R1 for u = 0.5, with b, /h = 0.20. However, should the contact move slightly
above or below this optimum position, for y = 0.5 the damper is at high risk of rolling and liftoff, see Table 3. When u =
0.3, bg /h=0.20, Fig. 17b, the damper is obviously at no risk of liftoff.

Overall, considering the marginal safety conditions against rolling, this damper geometry is not recommended and
will not be analyzed further. The rest of the paper examines the family of damper shapes derived from the 60sym.

Table 3: case 45sym, distances of resultant left force from nearest contact, in % of L4-L, .
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Fig. 16: 45sym cycle-start, u = 0.7, bg /h = - 0.20.

M.M Gola



Journal of Structural Dynamics, Special issue on Tribomechadynamics, (pp. 105-138) 2024

On comparing behavior and performance of underplatform dampers according to shape

15 A 15
fr r
\\ 1.0 \ \\ 1.0
- \ ; 0.05 — \ : 0.05
AN A
K (N / S A Y
X ~<y 1 _ 4 q. N I/
v \ﬁp My o g F "
o \‘,ﬂ D . i 1fp -
P P Y, ’ L0 s
L, 2* pt 7/ ‘ T
- o~ o ‘QRE% 0 L;_,-" D -+ \ﬁR 0
\ ’ 0 e \ Y ., 7 b
\ / ! \ y) - [I 7
\ [, 2 0 5 \ ’ 0
\ II : ~o \ ’f ) -
~mig. &) /| 0 TAN s el
\%\ 0 % 1
A fe. @ -0.05 L é -0.05
-1.025 -0.075 -0.025 0.025 0.075 -1.025 -0.075 -0.025 0.025 0.075

Fig. 17a: 45sym, cycle-start, full-slip, © = 0.5, by /h = +0.20 Fig. 17b: 45sym, cycle-start, full-slip, u = 0.3, bg /h=+0.20

5 The 60sym Family of Shapes, Comparison Criteria

The family of shapes compared in this paper is presented in Fig. 17. Shape named “60sym” is the symmetrical shape
with base angles 9,=60°, 9,=60° already presented in Section 3. The other members of the family are obtained by
moving the vertex of the triangle in steps of ¥ the base length.

90L 74L 90R

Ya

Fig. 18: The 60sym family of shapes

Shapes 90L (9,=90.0°, 9,=40.9°), 74L (9,=90.00°, 9,=49.1°), 74R (9,=49.1°, 95,=73.9°), 90R (9,=40.9°, 9,=90°)
are examined comparatively together with the “parent shape” 60sym.

Sections 6 to 9 illustrate the main features of this family, except the case 60sym already presented in the “guide”
Section 3. For each shape the following fundamentals are presented:

e 2b,/h=0.8Iin all cases, with one small exception in Case 90L
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value of by /h chosen for the best left resultant force placement at u = 0.7
cycle-start analogue of Fig. 7a

“force” Base-Cycles or equilibrium tracks for 4 = 0.7, 0.5, 0.3, analogue of Fig. 10b
“moment Base-Cycle”, analogue of Fig. 13

chart of transitions, analogue of Table 2, for u = 0.7, 0.5, 0.3

plus, when necessary, illustration of special features on transitions and special features on cycle convergence.
Section 10 compares the performance characteristics of all shapes on the basis of:

e complex stiffness curves for u = 0.7, 0.5, 0.3
e indicators of energy dissipation on contacts

6 The Shape-Case 90L

Table 4 shows the values of distances of the left resultant force from the contacts L1 and L2. The choice of by /h =
0.15 does not give, for u = 0.7 , a position strictly equidistant from contact limits, however it is the best value available
by rounding-off to the tenth of a millimeter.

Table 4: Shape-case 90L, distances of resultant left force from nearest contact, in % of Lq-L, .

Friction coeff. u dist. from L1 dist. from L2
0.7*° 1.2% 14,1%
0.5* 8.2% 35.3%
0.3* 18.3% 49.0%

*by/h =015, °2b,/h=0.85

For u = 0.7 the vertical distance between model contact points (L1 , L2) was set at 2b, = 0.85 h (ref. Fig. 3), to
overcome a marginal difficulty in keeping the resultant left force inside the Li-L> segment. This is reasonable because
the contact pad can extend on both sides of the model contact up to 10% of the total available length of the left side of
the platform.

Fig. 19a indicates the position of forces at cycle-start, and their predicted at mid-cycle (dotted lines) in the
hypothesis of full slip. However, in this case, as shown in Fig. 19b, the right contact force does not reach full slip, i.e.
the dotted (*) position predicted in Fig. 19a - and remains in stick during the whole cycle. Compared with previous
similar figures, here the scale of the forces has been reduced to contain the vectors within the figure.

Fig. 20 shows the normalized “force” Base-Cycles or equilibrium tracks for the three friction coefficients, while Fig.
21 shows the “moment Base-Cycle”. Table 5 shows the stick-slip or slip-stick transitions.
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Fig. 19a: Shape-case 90L, cycle-start, 4 = 0.7, force lines of Fig. 19b: Shape-case 90L, mid-cycle, u = 0.7, effective mid-
action at start (up) and at predicted in full slip,mid-cycle (*) cycle forces: the right force does not reach full slip
for full slip
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Fig. 20: Shape-case 90L, u = 0.7, 0.5, 0.3: equilibrium tracks or normalized “force” Base-Cycles
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Fig. 21: Shape-case 90L, 4 = 0.7, 0.5, 0.3: “moment Base-Cycle”: moment M, on platform vs. platforms relative vertical
displacement (vp, — vpgr) and, by way of example, platform rotation angle ¥, for g*=100 mm

Table 5: Shape-case 90L Transitions Chart: stick or slip condition at contacts in cycle tracts

Special features

As seen in Table 5, this case exhibits two special behaviors, consequence of the missing stick-slip transition of

force in R1.

n=0.7 ©w=0.5 ©n=0.3
tract in stick in slip in stick in slip in stick in slip
0-A Rililz Rilil2 Rilil2
A-B-C Ri1 L1 L2 Rili L2 Rili L2
C-D Rililz Rilil2 Rilil2
D-E-F Ri1 L1 L2 Rili L2 Rili L2
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The first occurs at the end of the A-B tract, when the forces in L1 and L2 reach the limiting angle. Any further rotation
of the platform cannot change this equilibrium, since the left contact force slips without changing value, so the right
contact force, in R1, also remains fixed and does not reach full slip, see Fig. 19b. Tract B-C, retained to preserve the
cycle pattern in 3 forward tract, is not activated and corresponds to a zero platform rotation angle.

The second occurs in the same way when the return half-cycle is covered in two tracts, as already at the end of
tract D-E all contact forces reach the limit angle. Tract E-F, retained to preserve the 3 backward tracts pattern, again

is not activated and corresponds to a zero angle of platform rotation.

7 The Shape-Case 74L

Table 6 shows the values of distances of the left resultant force from the contacts L1 and L.. The choice of b, /h = 1.6

determines, for u = 0.7, the % distances in the first row of Table 6.

Table 6: Shape-case 74L, distances in % of L¢-L,

Friction coeff. u dist. from L1 dist. from L2
0.7*° 0.9% 2.9%
0.5* 6.1% 30.5%
0.3* 15.1% 49.5%
*bp/h =0.16, °2b,/h=0.85
1.5
T
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Fig. 22: Shape-case 74L, cycle-start, u = 0.7, force lines of action at start (up) and at mid-cycle (down)

122| doi: 10.25518/2684-6500.239

M.M Gola



Journal of Structural Dynamics, Special issue on Tribomechadynamics, (pp. 105-138) 2024

On comparing behavior and performance of underplatform dampers according to shape

Fig. 23: Shape-case 74L, u = 0.7, 0.5, 0.3: equilibrium tracks or normalized “force” Base-Cycles
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Fig. 24: Shape-case 74L, u = 0.7, 0.5, 0.3: “moment Base-Cycle”: moment M, on platform vs. platforms relative vertical
displacement (vp, — vpgr) and, by way of example, platform rotation angle ¥, for g*=100 mm

Table 7: Shape-case 74L Transitions Chart: stick or slip condition at contacts in cycle tracts

u=0.7*** u = 0.5%** u=0.3
tract in stick in slip in stick in slip in stick in slip
0-A Rilil2 Rililz Rililz
A-B Ri L1 L2 Ri1 L1 L2 Ri L1 L2
B-C R1 Lilo R1 Lil2 R1 Lilo
C-D Lil2 Ry** Lilz Ry** Lilz R1**
D-E L2 R1** L1 Ri L1 Lo Ri L1 Lo
E-F R1 Lilo R1 Lilo R1 Lilo

*%

back-slide spring release, example in Appendix 1

*** for u = 0.7 and 0.5 full slip is reached before completion of the backward cycle
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Comparing rows B-C and E-F of Table 7 with Fig. 23 one can check that tracts B-C and E-F are effectively on the
left friction angle, as contacts L1 and L2 are in slip.

Special features

In Table 7 the symbol in red italics with double asterisk, R1**, indicates that if during its tract, C-D or D-E in the
reverse half cycle, the contact is set in “stick”, as expected, and the tangential spring releases reducing the tangential
force component, in this case the normal component decreases more than proportionally. The effect is to move the
resultant contact force outside the limit friction angle. To avoid this, it is necessary to keep the contact in the “slide”
mode along the whole tract.

For u = 0.3 the cycle closes, i.e. F=0, at the end of the succession of tracts. For u = 0.7 and 0.5 point F, identified

with full slip at all contacts, is reached prematurely, as seen in Fig. 24. Then, the cycle closing requires one more tract,
a tract F-0 having all contacts in slip and all contact forces at constant value.

8 The Shape-Case 74R

Table 8 shows the values of distances of the left resultant force from the contacts L1 and L2. The choice of bg /h = 0.8
determines, for u = 0.7 , the distances in the first row of the table.

Table 8: Shape-case 74R, distances in % of L¢-L,

Friction coeff. u dist. from L1 dist. from L2
0.7* 17.8% 17.4%
0.5* 21.0% 34.9%
0.3* 29.8% 40.2%
* bg /h =0.08
1.5
1.0

0.5

}"\-_ é

-1.0 0.5 0 0.5 1.0

-0.5

Fig. 25: Shape-case 74R, cycle-start, u = 0.7, force lines of action at start (up) and at mid-cycle (down)
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Fig. 26: Shape-case 74R, u = 0.7, 0.5, 0.3: equilibrium tracks or normalized “force” Base-Cycle
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Table 8: Shape-case 74R Transitions Chart: stick or slip condition at contacts in cycle tracts
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Fig. 27: Shape-case 74R, u = 0.7, 0.5, 0.3: “moment Base-Cycle”

u=0.7* u=0.5* 1w=0.3
tract in stick in slip in stick in slip in stick in slip
0-A Ril2 La** Ril2 La** Rilil2
A-B Lilz R1 Lilz R1 Ri1 L1 L2
B-C L1 Ri1 L2 L1 Ri L2 R1 Lil2
C-C, RiLil2 Rililz / /
Cy-D*** Rililz RiL1 L2 Rilil2
D-E Lilz R1 Lilz R1 Ri1 L1 L2
E-F* L1 Ri1 L2 L1 Ri1 L2 R1 LiL>

* 1 =0.7, 0.5 : convergence in two iterations, the second is represented
**  back-slide spring release, example in Appendix 1

Kk

Special features

additional tract in full slip, only for 4 = 0.7,0.5

For 1 = 0.7 and 0.5 the cycle stabilizes after two iterations.
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In Table 8 the symbol in red italics with double asterisk, for L1**, indicates that if during its tract 0-A, the contact is
set in “stick”, as expected, and the tangential spring releases reducing the tangential force component, in this case the
normal component decreases more than proportionally. The effect is to move the resultant contact force outside the
limit friction angle. To avoid this, it is necessary to keep the contact in the “slide” mode along the whole tract.

Similar to the 74L case, where it was necessary to extend the cycle for a stretch at constant contact forces in full
slip from point F to point O at the end of the cycle, in this 74R it is necessary to split point C at mid-cycle by reaching
an auxiliary point Cz in full slip, so that at the end of the cycle point F coincides with the initial point 0. This is necessary
for u = 0.7 and, to a much lesser extent, for u = 0.5, and implies seven tracts instead of six. The cycle for u = 0.3 closes
with the “normal” six tracts.

9 The Shape-Case 90R

Table 9 shows the values of distances of the left resultant force from the contacts L1 and L2. The choice of b, /h =
0.0 determines, for u = 0.7 , the distances in the first row of the table.

Table 9: Shape-case 90R, distances in % of L¢-L,

Friction coeff. u dist. from L1 dist. from L2
0.7 28.1% 28.6%
0.5 28.6% 40.5%
0.3 31.0% 50.5%
* by /h=0.0
3 1.5
r

0.5

-0.5
-1.0 -0.5

o
o
o

1.0

Fig. 28: Shape-case 90R, cycle-start, u = 0.7, force lines of action at start (up) and at mid-cycle (down)
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Fig. 30: Shape-case 90R, u = 0.7, 0.5, 0.3: “moment Base-Cycle”

Table 10: Shape-case 90R Transitions Chart: stick or slip condition at contacts in cycle tracts

Special features

un=0.7* u=0.5* u=0.3*
tract in stick in slip in stick in slip in stick in slip
0-A RiLilz Ril2 La** Rilil2
A-B Ril2 La** Ril2 La** Ril2 La**
B-C L2 Ri1 Li** Lo Ri1 Li** Ril2 La**
C-D Rililz Rililz Rilil2
D-E Ri1 L1 L Ri L1 Lo Rili L2
E-F** L1 Ri L2 L1 Ri L2 L1 Ri L

* all converge in two iterations, the second is represented
** back-slide spring release, as in Appendix 1

In Table 10 the symbol in red italics with double asterisk, for L1**, indicates that during the tract this contact cannot
be set in “stick”, as expected, because the normal force component decreases more than proportionally the tangential
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spring releases reducing the tangential force component, in this case. The effect is to move the resultant contact force
outside the limit friction angle. To avoid this, it is necessary to keep the contact in the “slide” mode along the whole
tract.

10 Comparison of Shape Efficiencies

Complex stiffness components (kg, , k1) are represented for all the shape-cases of Fig. 18 in Appendix B, subSections
from B.1 to B.5 that show the curves in the range 0< ), , < 20 mrad, together with their companion Tables of parameters
of full stick and Base-Cycle.

Appendix B collects, for each shape, also a Table “full-sliding energy dissipation indicators” that shows the work
shape factors, defined in Appendix C, that represent the amount of dissipated energy at the three contacts.

10.1 - Comparative synthesis

Data of concluding interest from the Tables of Appendix B are summarized in Table 11, for the © = 0.3 and u = 0.5
only, however not for 4 = 0.7, a friction angle that was considered to ensure regular working without liftoff throughout
the whole possible friction range, hence the corresponding choice of by /h. The following values are commented through
scores:

*  Yp.rs: platform angle at the end of full-slip, not evaluated, variability limited
ke mie - initial stiffness, best @ if value is highest
Ypqpc - Platform angle at Base-Cycle, best @ if value is lowest
krepc :real stiffness component at Base-Cycle, best @ if value is highest
ki e : imaginary stiffness component at Base-Cycle, not evaluated
wy - work shape factor for platform moment: best @ if value is highest

Case 90L collects the highest number of positive evaluations, case 74L the highest number of negative ones.

Case 90R has the critical defect of a lowest 1w, , i.e., the lowest damping capability in the event of full slip. Moreover,
sliding takes place only on the single contact pad in R1, Tab. B5.2, while, on the contrary, case 90L shares dissipation
work on pads in L1 and L2 in a quite balanced manner, Tab. B1.2.

A curious result holds for case 60sym, Tab.B3.2 dissipation on contact R1 is always 50% of the total the rest is
shared by about two thirds on L1 and one third on L2, independently of the friction coefficient. This proportion holds as
well for L1 and L2 in case 90L with u = 0.3 , where, however, these two contacts dissipate the whole amount of energy.

Table 11: Principal performance indicators of dampers of the 60sym family, and scores according to friction and shape: @ best
choice, ® second best, ® worst
90L 74L 60sym 74R 90R
Yp.afs 0,49 0,36 0,53 0,84 0,52
Keenie [@20851] 33549] 28741 25849 27805
Vpoed@® 1,128 305) 150 2,000 0,54
ke o JO35202fD 8331] 21630 14245@@27676
Kim 8¢ 4490 6513] 5057] 7168 168
wy, W@o,780] 0,598 0,636 0,596k5) 0,299
Ypafs 0,71 0,33 0,67 1,02 0,58
kee e MA0851] 33549 28741 25983] 27805
llJp,a,Bcb 2,138 443 218 2,944 061
kee sc W370728)® s672| 21634]  14908)@27779
Kimac 3185] 6957 4921 7020 33

wy M@ 1552 o0s66/@0,524] 03866[5) 0,337

u=0.3

=05

Attention is drawn to the fact that both in the case pair 90L and 90R, as well as in the case pair 74L and 74R, the
two members of the pair have markedly different results. This is because on the same geometric shape, simply flipped
horizontally, the two contacts representing the flat surface and the single contact on the opposite side always remain
on the left or right respectively. This completely changes the shape of the “equilibrium tracks”. An additional cause of
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difference is due to the different choice of the position of the single contact R1 to “center” the resultant on the flat
contact in the case of maximum coefficient of friction. These differences would not exist if the same shapes were used
with perfectly ideal plane contacts, evenly distributed on both surfaces, as in the case of ideal wedge dampers.

As has been demonstrated experimentally [24], the inevitable machining imperfections on the flat contact surfaces
of a Siemens-type damper result in erratic behaviour due to the lack of precise control over the position of the contacts.
It is relatively straightforward to envisage the potential consequences of the aforementioned issues in a real-world
context, as opposed to idealised numerical models. This is particularly pertinent in the case of a wedge damper, where
the challenge of machining imperfections (as duly acknowledged in reference [12]) is compounded by the possibility of
misalignment between adjacent blade platforms (which, it must be noted, does not appear to be a primary focus within
the extant literature). In contrast to the contact-asymmetric contact damper [16], the wedge damper is unable to adapt
to such circumstances.

11 Conclusions

The algorithm developed in a previous paper for direct calculation of the hysteresis “Base-Cycle” of contact-
asymmetric UDs was here used as a method of comparing the effectiveness of damper shapes. Scaling according to
either damper or platform size was the subject of the previous paper, and can be applied separately.

It was discussed how to adjust the position of the single contact on its damper side to avoid liftoff when the damper-
platform friction coefficient is highest, at 0.7, a value at cold start. The hysteresis cycles for rotations of blade
platforms during In-Phase vibrations equal to - and higher than — that of the Base-Cycle were then examined for
friction coefficients 0.5 and 0.3, i.e. at the limits of the range expected in operating conditions at temperature. On this
basis, the isosceles 45°/45° damper was examined, concluding that at the highest operational friction coefficient 0.5 it
would work in marginal conditions not guaranteeing absence of liftoff.

For this reason, the method was applied to a family of dampers with a smaller vertex angle. This family is composed
of five dampers obtained by distortion of an isosceles of 60° aperture at the vertex. The five study cases include two
dampers with 90° inclination of either the left or the right side, named 90L and 90R, and two intermediate dampers
having the left or the right side inclines by 74°, named 74L and 74R. In all cases the left surface accommodates a
couple of contact pads, while the right surface contains the single contact.

For each of the five dampers, and for the three friction coefficients, the different problems were examined that arise in
calculating the hysteresis cycle at the onset of the total full-slip, called Base-Cycle, described first in a “force” form,
otherwise named “equilibrium track diagram”, then as a platform “moment” diagram. Moreover, for each damper a
Transitions Chart is given, that serves to elucidate the variety of special problems that are encountered in calculating
the fundamental “equilibrium track” diagram.Shapes for both types of Base-Cycles are provided for the whole damper
family and the three friction coefficients, thus covering a variety of cases that give a deep insight into the damper
behavior.

Applying the “moment Base-Cycle” concept to the Platform Centered Reduction technique, the dampers of the studied
family are described by their characteristic diagrams of the real and imaginary components of the complex stiffness on
the platform rotation.

Finally, the values of the dissipated energies at the damper contact pads are determined, the sum of which is checked
against the total energy dissipated by the moment of contact forces acting on the platform, consistent with Platform
Centered Reduction.
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Appendix

A  The Back-Slide Spring Release

At any of the contacts, L1 or L2 or R1, is represented in Fig. A.1 a), where the contact surface D of the damper slides
relative to the platform P until the onset of sliding is reached, i.e., T = u N . The normal contact force N on damper is
due to compression of the normal spring k,, and the tangential force T is due to the elongation t,, of the tangential
spring k.

Fig. A.1 b) shows a backward damper-to-platform motion At,p, a tangential force release AT and a normal
compression release AN due to normal release Anpp, with AT < p AN then the resultant force falling inside the friction
angle. In this case the contact model is “stick”.

Fig. A.lc) represents an impossible situation when the stick model would be adopted while the normal spring
release Anjp produces a normal force reduction AN*, what would bring the resultant contact force outside the friction
angle. To overcome the problem, a slip contact model must be adopted as in Fig. A.1 d), where the sliding contact
condition is imposed AT = u AN* corresponding to let the contact back-slide by an amount As compatible with such
tangential force variation.

For equations, please refer to [16] at “Appendix 4 — The local contact matrices”.
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Fig. A.1: P: platform; D damper; t,p: damper-to-platform tangential motion, ; a): onset of contact slip, max elongation t,p of
tangential spring; b) backward relative motion Aty , spring release in stick; c) impossible stick solution; d) contact slides back by As
, increased spring release to AT = u AN*

Figs A.2 show by way of example the case 90L, where the tract 0-A requires setting the contact L1 in “back-slip”
instead of “stick”. Fig. A.2a shows force F;; , on the limit friction angle as the initial force F;, , . Were the contact in L1
set in stick, then, Fig. A.2b, the force F;, 4, (w: for “wrong”) would fall outside the limit friction angle. All other forces
would be wrong as well.

0.5

FR],O

‘ -1.0

-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0

Fig. A.2: (Left) case 90L, u = 0.7, contact forces at initial point 0 and at final point A of the first tract 0-A, contact in L; set “back-
slip”, Ry and L; “stick”. (Right) case 90L, u = 0.7, contact forces at initial point O and at final point A of the first tract 0-A, all contacts
onRy, L1, Ly set “stick”

B Complex Stiffness Components and Energy Dissipation Indicators for
the Family of Cases

Complex stiffness components (kg , k;,,) are represented in this Appendix for all shape-cases of Fig. 18, in subSections
from B.1 to B.5 that show the curves in the range 0< 1, , <20 mrad, together with their companion Tables of parameters
of full stick and Base-Cycle.

Companion tables collect the values of:

*  Pp,rs: value of p, atthe end of full-stick

o kgess - realrotational stiffness of platform in initial full-stick

e Yp,pc - value of ¥, , at Base-Cycle

o kg pc : real rotational stiffness of platform at Base-Cycle

e ki pc - imaginary rotational stiffness of platform at Base-Cycle

Then, for each shape, work shape factors, defined in Appendix C, are collected in a Table “full-sliding energy dissipation
indicators” that represent the amount of relative dissipated energy at the three contacts. Note that the sum of the
indicators of dissipated energy on the three contacts (rows 2, 3, 4) equals the corresponding value calculated in row 5

for the moment on the platform.
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B.1 — Shape-case 90L
For this case 2b, = 0.85 h, as explained in Section 6

Table B1.1: Parameters of full stick (fs) and Base-Cycle (BC) of Fig. B1.1

Hu IpP,a,fs kRe,fs wp a,BC kRe BC klm BC
0.7 0.64 41150* 3.14 40191 1077
0.5 0.71 40851 2.13 37078 3185
0.3 0.49 40851 1.12 35244 4490
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wy E L S S n=03
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no T 35244
30000 )
(LI * \
25000 r—it—t \
Y I \
[ (Y
20000 o . |
(|} r o1
15000 T |" T
g
10000 H1--l ,‘:.,
W o T
11,4490 1 3
5000 gy |
1 (P | 3
0 @gba--a" '
0., Yragc s 10 15
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Fig. B1.1: Shape-case 90L, u = 0.7, 0.5, 0.3: real, kg, , and imaginary, k;,,, (N mm/mrad) components of platform complex
rotational stiffness vs. amplitude of alternating platform rotation ¥ , (mrad)
Table B1.2: Full-slip energy dissipation of shape-case 90L
Work shape factors u=0.7 u=0.5 uw=0.3

1 | wrp, : work shape factor on contact R 0.000 0% 0.000 0% 0,000 0%

2 | w, :work shape factor on contact L1 1.317 53% 0.927 60% 0.501 64%

3 | w, : work shape factor on contact L2 1.182 47% 0.625 40% 0.279 36%

4 | Sum wp, +wy, +wy, 2.499 100% 1.552 100% 0.780 100%

5 | wy : work shape factor of moment 2.499 / 1.552 / 0.780 /

Note the percentage of the total energy dissipated on each contact. With this shape the right contact does not
dissipate, then it does not wear, conforming to the fact that it always remains in stick (see Fig.19a, 19b, 20).

B.2 — Shape-case 74L
Table B2.1: Parameters of full stick (fs) and Base-Cycle (BC) of Fig. B2.1

u wp,a,fs kRe,fs Ypanc kresc Kim.se
0.7 0.092 33788 5.159 9243 7517
0.5 0.333 33549 4.429 8672 6957
0.3 0.360 33549 3.047 8332 6513
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Fig. B3.1: Shape-case 60sym - u = 0.7, 0.5, 0.3: complex stiffness components
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Fig. B2.1: Shape-case 74L, u = 0.7, 0.5, 0.3: real, kg, , and imaginary, k;,, (N mm/mrad) components of platform complex
rotational stiffness vs. amplitude of alternating platform rotation ¥ , (mrad)
Table B2.2: Full-slip energy dissipation of shape-case 74L
Work shape factors u=0.7 u=0.5 uw=0.3
1 | wrg,: work shape factor on contact R1 0.356 35% 0.303 35% 0.209 35%
2 | w, :work shape factor on contact L1 0.530 52% 0.427 49% 0.278 47%
3 | w,,: work shape factor on contact L2 0.131 13% 0.136 16% 0.109 18%
4 | Sum wp, +wy +wy, 1.017 100% 0.866 100% 0.596 100%
5 | wy : work shape factor of moment 1.017 / 0.866 / 0.596 /
B.3 — Shape-case 60sym
Table B2.1: Parameters of full stick (fs) and Base-Cycle (BC) of Fig. B3.1
U Ypars kre,fs Ypanc krec Kimsc
0.7 0.60 28741 2.56 21679 4583
0.5 0.67 28741 2.18 21634 4921
0.3 0.53 28741 1.50 21634 5057
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Table B3.2: Full-slip energy dissipation of shape-case 60sym

Work shape factors u=0.7 u=0.5 uw=0.3
1 | wp,: work shape factor on contact R 0.542 50% 0.462 50% 0.318 50%
2 | w,: work shape factor on contact L1 0.366 34% 0.312 34% 0.215 34%
3 | w,: work shape factor on contact L2 0.176 16% 0.150 16% 0.103 16%
4 | Sum wy, +wyy +wy, 1.085 100% 0.924 100% 0.636 100%
5 | wy : work shape factor of moment 1.085 / 0.924 / 0.636 /

B.4 — Shape-case 74R

Table B4.1: Parameters of full stick (fs) and Base-Cycle (BC) of Fig. B4.1

u IpP,a,fs kRe,fs Ypapc Krepc Kimsc
0.7 1.030 27426 3.270 16194 7452
0.5 1.023 25983 2.935 14908 7020
0.3 0.841 25849 2.089 14245 7168
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Fig. B4.1: Shape-case 74R, u = 0.7, 0.5, 0.3: real, kg, , and imaginary, k;,, (N mm/mrad) components of platform complex
rotational stiffness vs. amplitude of alternating platform rotation ¥ , (mrad)

Table B4.2: Full-slip energy dissipation of shape-case 74R

Work shape factors w=20.7 uw=0.5 uw=0.3
1 | wp,: work shape factor on contact R1 0.661 65% 0.563 65% 0.387 65%
2 | w,: work shape factor on contact L1 0.201 20% 0.182 21% 0.131 22%
3 | w,, : work shape factor on contact L2 0.155 15% 0.121 14% 0.078 13%
4 | Sum wy, +wy +wy, 1.017 100% 0.866 100% 0.596 100%
5 | wy : work shape factor of moment 1.017 / 0.866 / 0.596 /

B.5 — Shape-case 90R

Table B5.1: Parameters of full stick (fs) and Base-Cycle (BC) of Fig. B5.1

H Ypass Kre s Yp.asc Kresc Kimpc
0.7 0.434 27799 0.436 27797 79
0.5 0.580 27805 0.608 27779 33
0.3 0.519 27805 0.543 27676 168
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Fig. B5.1: Shape-case 90R, 4 = 0.7, 0.5, 0.3: real, kg, , and imaginary, k;,, (N mm/mrad) components of platform complex
rotational stiffness vs. amplitude of alternating platform rotation ¥ , (mrad)

Table B5.2: Full-slip energy dissipation of shape-case 90R

Work shape factors w=0.7 uw=0.5 uw=0.3
1 | wp,: work shape factor on contact R1 0.242 100% 0.338 100% 0.301 100%
2 | w,: work shape factor on contact L1 0.000 0% 0.000 0% 0.000 0.000%
3 | w,: work shape factor on contact L2 0.000 0% 0.000 0% 0.000 0.000%
4 | Sum wy, +wy, +wy, 0.242 100% 0.338* 100% 0.301 100%
5 | wy : work shape factor of moment 0.242 / 0.337* / 0.299* /

* differences due to cycle convergence approximation

C Definition of Work Shape Factors in Full Sliding
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Fig. C.1: Relative sliding velocities in full sliding

Since the sliding damper-platform velocities depend on the relative motion between platforms, Fig. C.1 most
conveniently represents the case where the right platform is fixed and the left platform of moves vertically by the amount
Av = vp, — Vg , Fig. 6. Segment AC represents the vector Av,, of sliding motion of the damper against the right
platform, Rp against Rp. A point belonging to the left platform, on L, moves together with a point Rp on the damper
and in addition has a relative sliding motion Av,;, represented by segment BC, the sum being the absolute motion of
left platform.
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This trivial gives:

Avyg = Av ! (C.1)

cos IR (tan{9R+tan19L )

Av, = Av (C.2)

cosVIy (tan9g+tan Iy, )

With:

F#,: contact force in Ry during the forward half cycle
Fg, : contact force in Ry during the backward cycle
F/: contact force in Ly during the forward half cycle
F7; : contact force in Ly during the backward cycle
F: contact force in L, during the forward half cycle
F, : contact force in L, during the backward cycle

During sliding the respective tangential components are:
Fy, sin gy (C.3)
Since all forces are proportional to the damper radial force Fj, , the following factors fy;, are defined so that:

Fi, = fi Fp (C.4)

Work dissipated on a contact during the forward and the backward half-cycle are:

Wiy = Fp Avig [singr (fg; + fra)] (C.5)
Wi = Fp Avy [sing, (ff + fi1) ] (C.6)
Wy, = Fp Avy, [sing, (fiy + fi2) ] (C.7)

The dissipated energy can be calculated as well from the cycle of the moment M, applied to the platform. It was
demonstrated in [16] that aside the more standard method of directly using the contact force components on the
platform, a more synthetic formula holds as well, that neglecting the angular pitch between blades, i.e, adopting the
“parallel blade” model of Fig. 6:

M, = (Foo = Frip) qj (C.8)
where:

F., =F, f,,, : total resultant contact force on the damper’s left side
Fri» = Fp fr1, : cOntact force on the damper’s right side, i.e., force on R:
q* :the distance between platforms, Fig. 6.

Then with:

M7 : moment in the forward half-cycle
My : moment in the backward half-cycle
the moment difference:

AMp = Mf — My =Fp q;* [(fL+v - fR+1,v) - (fLTv _fR_l,v)] (C.9)

Note that thanks to (B.9) all the necessary information is contained in in the “equilibrium track” diagram, or “force’
Base-Cycle. In fact, all factors f* involved in these equations are seen as in the example of Fig. C.2, cycle for u =0.5
in the case 90L, Fig. 19.

y
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Fig. C.2: Left and right resultant forces on damper on “equilibrium track”, cycle-start and half-cycle, case 90L, u = 0.5 of Fig. 19

For a rotation range Ay, such that, Fig. 15:

A= A, L (C.10)

Then, a sliding forward and backward motion of angular range Ay, produce on contacts, (C.1), (C.2) into (C.5),
(C.6), (C.7) with (C.10):

Wg1 = Fp Av [Sin oR il (fdh + fR_l)] = Fp AYp q;* Wry (C.11)

sindg (tanIg +tandIy )

) P ~ .
Wy = Fp Av [Smm R0l (fit + le)] = Fp AyYp q? Wiy (C.12)

sind¥y, (tan9g +tandIy )

) P ~ .
Wy, = Fp Av [Smm R0l (fis + sz)] = Fp AyYp q? ) (C.13)

sin9; (tandg +tandy )
and the work of the platform moment, from (B.9):
Wa = Fy 8 L [(fiy = i) = (fin = fiaw)] = Fo Bp & awry (C.14)
The non-dimensional factors:

WR1, W1, Wi Wy

are here named “work shape factors”. Fig. C.3 represents an example dissipated work of contact forces due to Base-
Cycle, hatched area, and the part due to full sliding, parallelogram of area AM, Ay, .

The value of w,, is proportional to the full-slip moment difference M,, eq. (A9). The values calculated in row 4, 5 of
Tables B1.2, B2.2, B3.2, B4.2, B5.2 are a final check of the correctness of the calculations, as it always found:

wM: WR1+wL1+WL2 (C15)
A
\Mp

AMP N >

Yp

e AP, ——

Fig. C.3: Dissipative frictional work, hatched from Base-Cycle, void parallelogram from full sliding
M.M Gola
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