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Abstract

So called under-platform dampers are widely usech asource of friction damping to mitigate
resonance in gas turbine blades and avoid sersilkceds.

Due to the high computational cost of performingawyic analysis of structures constrained through
frictional contacts, ad hoc numerical codes hawenlseveloped in the frequency domain. Whatever
the numerical model, it requires knowledge of confection parameters, which are established eithe
through single contact frictional measurements, bgr tuning the damper parameters though
comparison of the experimental response of damjatklagainst its computed response or, else, by
fine tuning the damper parameters by comparingrbasured v. the calculated hysteresis cycle. The
last one is these authors’ choice. Equipment arttiadeare described accordingly.

Keywords: friction damping; under-platform dampers; turboetmaes; hysteresis; experimental;
numerical

1. INTRODUCTION

The starting point in the forced response calantatif a mechanical system with friction contacts is
the development of the finite element (FE) modethef system (i.e. blade pairs). In order to reduce
the calculation time typical of numerical integoatiof non-linear systems, the harmonic balance
method (HBM) can be used to compute the steadg-staponse of the system [1-3]. In detail, due to
the periodicity of the external excitation, alsce tdisplacements and the non-linear forces are
periodical at steady-state, hence the displaceamahfriction forces can be approximated by thd firs
terms of their Fourier series.

When dealing with underplatform friction dampergedo the dual nature of the contact, two different
approaches can be found in technical literatureneSauthors [4-9], among which Yang and Menq,
have developed a separate routine in order to ctampantact forces as a function of input
displacements. This approach requires the detetimmmaf the damper contact kinematics and a
reasonable assumption such as the approximatidineofiamper as a rigid body with tangential and
normal contact stiffness. Others [10-12] have disttito include the damper in the FE model of the
bladed array, in order to avoid any assumption abither the damper kinematics or the influence of
UPD bulk stiffness on the damper dynamics. Inclgdine damper in the FE element model of the
system, however, increases the computational tinte dbes not solve the problem related to the
estimation of the contact areas.

In the authors’ opinion, the first approach is prable, since it is more effective in capturingsiéno
finer details which are essential to an approprisscription of damper behaviour. Moreover being
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able to investigate the damper behaviour offlingh@ut involving the FE model of the whole system)
considerably shortens any damper optimization @®ce
The dedicated routine developed by the AERMEC groambines numerical simulation with a
trustworthy experimental approach for these reasons

» the experimental observations can be used aséhibmark to draw the appropriate values of
contact parameters (local friction coefficients amhtact stiffness) to be used as input to a
numerical model which represents the dynamicseftifmper between the two platforms (i.e.
the dedicated routine),

» the validated routine becomes a design tool.

Experimental observations involve:

» atestrig capable of measuring the damper ratey@antities;

» error estimation on the measured and derivedtdigsto produce trustworthy results;

» results interpretation and estimation of frictmntact parameters.

The numerical model requires:

* modeling the damper : the non-conforming contactthe curved damper side is modelled
with one contact point, the conforming contact ba tlat damper side is modelled with two
contact points, whose position is determined adogrtb the wear traces on the damper used
in the test rig;

* modeling the test rig, in order to compare tmewated results with the experimental ones;

» identifying a suitable integration scheme andterration criteria;

» identifying a suitable contact model to repregbatnon-linear contact interface behaviour.
Once the validation of the numerical model has baemeved, the simulation of the platforms’
behaviour can be removed from the routine. Theimeuwill therefore be able to, given the relative
motion of two points (nodes) on the platforms’ agd, substitute the non-linear friction forces with
their HBM equivalent. In other words the presentehe damper will be substituted with a set of
estimated real and imaginary stiffness (as showhign 1), whose values depend on the platforms’
relative motion.

The results here presented were obtained fromticylar type of cylindrical-flat damper, shown in
Fig. 1, which is used in practice, slightly adaptethboratory conditions.

Figure 1 :Damper substitution with a set of complex springs

2. THE TEST RIG

The test rig, developed over the years by the AERM#boratory, focuses its attention on the UPD
kinematics and damping capability to the purposenefsuring the relationship between the blade
platforms relative displacements and the transthittitact forces.

In order to achieve this goal the test rig is cosgubof three main parts:
* amoving part representing the left blade platfonmich serves as input motion to the system;
» a fixed part representing the right blade platfooonnected, by means of a tripod, to two
force sensors which measure the contact forcesrigted between the platforms, through the
damper;
» the interposed underplatform damper, held in cantath the platforms by means of a set of
wires andpulleys, to reproduce the effect of the centrifuigate.
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In-plane periodic displacements are imposed toldfteplatform by means of two perpendicular
piezoelectric actuators; this configuration virtyallows the reproduction of any in-plane trajegto
however in this paper only In-Phase (I-P) and GiRlmase (O-0-P) motions (see Fig. 2) shall be
investigated.

A deeper understanding of the damper behavior iBeaed by investigating its kinematics. By
employing a differential laser vibrometer systenthwiPolytec OFV-3001 controller and OFV-512
sensor head, it is possible to record the dampkalrdisplacement and its rotation angle (the syste
output kinematical quantities).

Moreover the laser allows to precisely record tiput motion (left platform movement relative to the
right platform), a necessary precaution becausdattie of closed loop control of the piezoelectric
actuators, which have a non-negligible complianmakes displacements dependent on transmitted
forces. A complete description of the test rig comgnts and calibration procedures can be found in
Gola et. al [13,14].

PP

Piezo-actuators
motion transmission
mechanism

!

Figure 2 : Overview of the main functional blocKslee test rig. The platforms are red-contouredwit
dashed lines and the damper is green contouredsuiith lines

3. MEASURED AND DERIVED QUANTITIES

3.1 Measured force components

The readings of the load cells mentioned in tlewipus section give only the varying components of
the right contact force. The zero references of rijht contact force components are estimated
through a load removal procedure. The procedurglgimvolves hand lifting the weight connected to
the pulling wires through which the cell preloade applied, and measuring the signal drop as
described in [14].

3.2 Derived force components

Once the complete components of the right corfitece (N; and Tr) are known, the damper static
equilibrium is reconstructed by neglecting dampertia (at frequencies where this is correct) and
therefore assuming contact and centrifugal forogsass through one point, as described in [14] and
shown in Fig. 3a. In this way, INT, and their point of application on the damper at=nined.

3.3 Measured kinematical quantities
The in-plane kinematics of the damper is recoegtd from measured data:

» the damper rotatiofs is measured by means of a laser differential nreasent Woar
between points pand A (Fig. 4a);
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» damper displacement along radial directiofg wthis measurement is obtained by closing the
reference eye of the laser, while keeping the beamted on A open (Fig. 4b); it is
subsequently numerically corrected to make it nedato the right platform, whose load is
measured and the spring constant is known.

3.4 Derived kinematical quantities

The right damper contact point displacement wipeet to the right platform is decomposed, with
reference to Fig. 3b,

* in arolling component
~D.p D Whir
dr = 2 B 2 4AyAR
* in a purely translational component

~ WAy+400qsinf _b
ds = sinfg 2 B (2)

1)

This reconstruction, carefully described in [15]swzased on the assumption (justified by the force
signal) that the right surface of the damper néasgs contact with the right platform. The modeddis

in the kinematic reconstruction presents a simpigfyassumption: displacement is computed with
respect to physical points {Aand A) instead of the ones actually struck by the Ié8ér and A%) as
shown in Fig. 3b. As was proven in [15], this asptiom leads to errors whose magnitude is at least
10 times lower than the uncertainty coming from theasured quantities; therefore the simplified
model was used in order to easily perform the ditalyerror propagation.

Figure 3 : (a) Damper force equilibrium (b) Damp®tion reconstruction

4. MEASUREMENT UNCERTAINTIES

The experimental results have been assigned, ier dodbe correctly evaluated and significant, a
degree of trust expressed by the uncertainty ofrtbasured and calculated values. Conclusions are:
» the force signal has a linearity uncertainty gi\®y the load cells specifications of 1% of the
used range
* in the case of our load removal procedure, tiffierdince between the measured voltage drop
for the given force drop and the one predicted bhg talibration factor according to
specifications is below 2%
» the error on the position of the left contactctar obtained through an error propagation
procedure, is found to be at max 0.6 mm
» the error on the magnitude of the left contagtdohas been obtained through an error
propagation procedure, typical values @ie=0.7 No7.=0.9 (i.e. 3-5%)
» the uncertainty of laser measured displacemeith@dwt further processing) is given by the
laser resolution, 0.08m
» the uncertainty of kinematical quantities relateddamper motion which are processed and
manipulated through mathematical formulas starfiioqn experimental datg8( dr and ds) are
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obtained through an error propagation procedurethe maximum standard deviation on
damper rotation is 0.6 *10-4 rad vs. a total dampetion at 12 « 16rad, then 5 %, in the O-
0-P most unfavourable case. This corresponds t@mradard deviation of damper-platform
relative tangential motiors{) at max 0.5um against a total traveled distance ofy®@ in the
0O-0-P case i.e. again 5 %.

Recently, improvements on damper kinematics estimfzve been introduced. In details, an
improvement in the estimate of damper rotation ahdelative tangential motion at the contact
between the damper’s cylindrical side and the spoading platform has recently been obtained
thanks to a photographic method.

The main sources of uncertainty in the estimatiordio and ds come from the precision with which
the geometrical position of the laser projectionnm AO, and AAgr, on the damper surface is
known. The uncertainty was minimized by taking acroaunder-exposed (to avoid over-bright laser
points) high quality picture (see Fig. 4). The alstes are found in pixel coordinates through gragbhi
software and then converted using the damper de&rasta conversion key. The damper diameter can
be easily measured by means of a caliper. Givemitiie precision of the SW-based measuring tool,
the main source of uncertainty comes from the huoeracity of estimating the correct measuring
position. At high magnification the damper displdysrred edges and the laser dots are not perfectly
round (difficulty in locating their center). To taknto account these sources of uncertainty asstati
approach is used: for each set of tests, one picgtuchosen and 5 independent measurements are
carried out. The uncertainty on each quantity isreded through its standard deviation.

5. NUMERICAL MODEL

The interpretation of experimental results is qaibenplex because it requires relating the behaviour
of forces and motions in order to assess the wgrkiode in each part of the hysteresis cycle. A
numerical model is then necessary to analyze eachdf the hysteresis cycle by precisely identidyi
stick or slip conditions and the related excharigeckes.

[T1

Figure 5: Numerical model scheme

5.1 Modelling the damper and the test rig

The non-conforming contact on the curved dampee $sdmodelled with one contact point, the
conforming contact on the flat damper side is medeWwith two contact points, whose position is
determined by looking at the wear traces on thep#amsed in the test rig. Stiffness, damping and
mass distribution of the test rig are introduced ased to write its dynamic equilibrium equations.

A scheme of the simulated test rig is reportedign 5. The stiffness of structures such as thetrip
and the piezoelectric actuators system have beeeriexentally measured using the procedure
described in [14]: compressing a rubber spring betwthe platforms and thus generating a
measurable force, relative displacements have imeasured in order to determine all the constants of
the spring model. The damping factors of actuaystesn and tripod mechanisms have all been set
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equal and a wide range of values (0-100kg/s) has lea&plored under different working conditions.
The influence of the parameter ¢ was found to bgligible both on the experimental-numerical
matching of results and on the numerical stabiitfhe model. Therefore it was decided to set the
parameter c to O kg/s.

A rotational hysteretic damping source, not repmtesk in Fig. 5, is included to account for the
presence of the wires connected to the deadweigiuiating the centrifugal force. This damping is
produced by the bending of the wires together withcontact of the wires when passing through the
damper; a precise physical description is constlbeze not practical, hence the definition of eglo
rotational damping. It was found through an exgloraof experimental data collected at various
frequencies ([15]) that the most appropriate assiampvas hysteretic damping, and that the best fit

0.1N- . . . .
value Wan—ﬁ wheref, is the working frequency measured in Hz. This eajuarantees a close
c
match of experimental and numerical results foerdimined cases.

5.2 System equilibrium equations

Displacements y and w, are imposed to the left platform by the piezoelecictuators. Platform
rotations are negligible, and then only translalanotions are taken into account.

The damper has three degrees of freedom includitation. A general coordinate system (u-w)
centered at the damper mass center is used tothweitgystem equilibrium equations, while two local
coordinate systems {h, and k-ng) are used to describe the contact interfaces leehdamper surface
and corresponding platforms. By looking at Fig6jsi possible to write the system equilibrium
equations as follows:

[MI{U} + [C1{U} + [K]{U} = [BI{F:} + {F.} ®3)

Where{U} = {ug, wg, Ba, ULp, Wip, Urp, Wrp )T is the displacement vector aff,} = {0, CF,0,k,,

Upor, kwL * Wior, 0,07 is the vector of components of external forcesrel@F is the centrifugal force.

{F.} = {Tg,Ng,Ty1,Ny1,Ti2, Nip}T is the vector of components of all contact forees [B] is a

geometry matrix necessary to express the contacedovectors, aligned with the local coordinate

systems, in terms of the general one. The massxmafi, damping matri{C] and stiffness matrix

[K] are:

[M] = diag(mq, mg, lq, myp, Myp, Mgp, Mgp)

[C] = diag(0,0,crq4,c,c,c,C).
0 0 O

0 0 0 0 -
00 O 0 0 0
000 O 0 0 0

[K]=|0 0 0 Fkyy O 0 0
0 00 0 ky O 0
000 0 0 krir kriz
0 0 0 0 0 kra1 kga2z!

where kgiq = kpg - 0520 + ki - Sin?0, kgyy = kpay = (keg — kng) - Sinf - cos6,  kpyy = kng -
sin?0 + kg - cos?0 with 6 = 6, = 6.

The stiffness matrixK] is not diagonal because of the presence of thieggpconnected to the right
platform oriented along the right local coordinatestem’s axis. It should be noted that the springs
representing contact stiffness, that would couplmgers and platforms equations of motion, do not
directly enter the equilibrium equations, but rattney are enclosed in the contact model routine.

5.3 Contact model
The contact model is used to describe the intefi@beeen two non-conforming surfaces. The contact

can be simplified as a slider connected with bathmal and tangential springs (see Fig. 5). Its inpu
parameters are the relative displacement betwedacss, slider displacement and relevant contact



43° CONVEGNO NAZIONALE — RIMINI, 9-12 SeETTEMBRE 2014

parameters (contact stiffness and friction coeffit). The output variables are the contact forces a
the updated slider displacement.

5.4 Numerical solver

In this work the Newmark method is adopted to nucadly solve the system equilibrium equations
by assuming the initial state variables. The statgables are inter-dependent on friction force;
therefore an iteration scheme is necessary to tfiednonlinear equilibrium point. A displacement
based Newton-Raphson iteration scheme was chokercamplete formulation is reported in [15].

6. RESULTS INTERPRETATION AND ESTIMATION OF FRICTION CONTACT
PARAMETERS

The diagrams representing the experimental regagether with their numerical match are:

Hysteresis Loop (Fig. 6a): i.e. the force transfer between platfarIn the Out-of-Phase case
here shown the horizontal component of the corfiaie is plotted as a function of the
measured horizontal relative displacement betweéatfopms (axis x, Fig. 2). The
superimposed dotted cycles are the results ofuhwerical. Reference points on the hysteresis
loop have been marked by a symbol and a humbegateg on the corresponding points on
other diagrams: they are useful to guide the aisabfghe cycle by cross-comparison.

The force represented in these hysteresis looplseione obtained after the load-removal
process described in Sect. Ill, i.e., they arettital force values. On the contrary, relative
displacement between platforms is given directlyressured by the laser, i.e. relative to the
mean displacement.

T/N force ratios (Fig.6b): it represents the ratio of the totalgamtial and normal force
components on the left and right contact surfadetteg as a function of time. The flat
portions of each line may indicate a slip phaseubjext to cross-confirmation by the
numerical model - on an interface: in such caserdi® T/N will represent a friction
coefficient.

Contact forces diagram (Fig. 6c): it represents -) the vectors of forag@sns$mitted between the
platforms -) the damper surfaces and -) their gooitapplication. The vectors coming from
the measured quantities are calculated as illestrah Sect. 1ll. The contact forces’
trajectories of numerical counterpart are showresused, in black.

Kinematic reconstruction (Fig.7): it represents the damper motion recoesddl from
experimental data by combining laser measuremeA and wAOAR as described in Sect.
[ll. This operation yields multiple outputs:
» the graph of the tangential translation (ds, nbr@) of the right damper-to-
platform contact point, relative to the platformaatst time (Fig. 7a);
» the graph of damper rotation against time (Fig; 7b)
« an example of reconstructed damper motfag. (7c).
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5
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(a) horizontal relative displacement (;.m) (b) time (s) (c)

Figure 6: Experimental (solid lines) and numer{cished lines) for (a) O-0-P hysteresis cycle (b)
T/N force ratio. (c) Experimental contact forceagtam and (in black) simulated contact forces’
trajectories.

200 um
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Figure 7: Experimental (solid lines) and numerickshed lines) kinematical reconstruction: (a) Righ
contact point translational movement with respedhe right platform (b) damper rotation. (c)
Example of reconstructed damper motion

6.1 Estimate of contact parameters

a) Spring stiffness and position: the tangential and normal stiffness at all conpants is here
obtained from the experimental evidence.
It has been observed (see [3]) that the slope@ftfo-P hysteresis cycle is equal in all investidat
cases and constant in time when the platform sthrtsng, due to the fact that, in this tract,calhtact
points are in stick condition, e.g. in the 5-6 ®-atage of Fig.6a):

» the position of the resultant left contact forcénithe middle of the flat surface, therefore
it is assumed that both contact points are in @br{this implies a reduced rotation, Fig.
7b);

* Fig. 6b signals a stick state for both interfaceem the varying Tangential/Normal force
ratios;

» the slope used keeps substantially constant thoauighe duration of a test (see [3]).

This interpretation of experimental evidence islatonfirmed by the numerical simulation.

The cycle slope now under investigation is a contp@dfect of normal and tangential stiffness value
at all contacts. The assumption made here, acaptdif3], is that all contact points have the same
normal and tangential stiffness values. The prapork,=3/2k is initially assumed referring to [13].
The same slope for tract 5-6 can be obtained fgrpmoportion, provided Kkis given an appropriate
value, i.e. it is the linear combination value whicounts. However it has been observed that the
rotation signal (Fig. 7b) is better approximated thg initial assumption, which is therefore here
employed. The contact stiffness values thus obdaare k =84 N/mm and k=56 N/mm, and have
been used for the I-P cases as well.

Secondly the position and number of the contaattpdias to be set. In this case the right sidespose
no problem since the number and position of thetaminpoints can be determined through the
geometry of the damper. The two contact pointstjposbn the left surface were instead derived by
looking at the wear traces on the damper flat serfthe final position was then fine-tuned in ortber
obtain a rotation magnitude as similar as possibthe experimental one. The rotation is partidular
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sensitive to this parameter, especially in the P-case, given its low magnitude. The final position
was set to 0.5 mm away from the edges for bothaobpivints. This choice was later confirmed by the
comparison between the numerical and experiment#hct forces distribution diagrams. During the
upper left contact point lift-off state, the lefirdact force is, in the numerical counterpart, cisiant
with the lower left contact point. The differencetlween experimental and numerical positions was
less than 0.1 mm.

b) Friction Coefficient Values. The friction coefficients can be estimated by lowkat the ratio
of tangential and normal component of the contawtds in the experimental diagrams (Fig. 6b). The
right T/N ratio poses no problem since there is/@mle contact point on that side of the damper. The
ratio referring to the left surface is, on the othand, the result of the combination of the twataot
points. When having to estimate the left frictimefficients the following procedure is carried out.

» A stage during which only one of the left contagings is actually in contact and slipping
is singled out. The position of the left contaatcecan be estimated by looking at Fig 6c:
when the resultant left contact force is markedfyse to one of the edges of the flat
surface, the opposite side is probably in lift-efate. In the example hereby presented
stages 2-3 was used.

* The ratio TL/NL relative to that stage is used stireate the lower left contact point
friction coefficienty,,.

o Initially p=p» is assumed. The result thus obtained is then tupnednatch the
experimental one.

After the tuning process, the friction coefficiemt&re set, for the case shown in Fig. 6 and 7, to
IJ,R:O.450,IJ|_1=O.18,|J,|_2=0.199.

6.2 Complex springs

Once the validated numerical model of the dampabls, given the relative motion of two points
(nodes) on the platforms’ surface, to produce ttamsimitted platform forces, it is numerically
convenient to substitute the damper with its HBMieaglent, i.e., with the real and imaginary stiffse
of a complex spring.

By way of example Fig. 8 shows diagrams of thesepgtex spring values for the O-o-P case tuned
according to data of Fig. 7.

Finally, it was suggested that accurate hystemgites are the reliable basis to obtain the redl an
imaginary parts of the complex spring which canrieoduced, according to the Harmonic Balance
Method, between all the couples of opposite undfgrm points in the context of a dynamic FEM
model of a blade array.

=)
Horizontal Force (N)

5
0 5 10 15 20 25 30
(b) [orizontal relative displacement (um)

Horizontal Force (N)

10° \
0 0 5 10 15 20 25 30
(a) Horizontal relative displacement (.m)

2 20

20 30

10 10
Honizontal relatve displacement (.m)

Figure 8: (a) Real and (b) Imaginary horizontaffreéss values as a function of the relative
displacement between platforms. Hysteresis cyalessabstituted with ellipses with the same area.
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Two examples are reported: (above) horizontal ikegahotion of magnitude ##n (below) horizontal
relative motion of magnitude +aH.

7. CONCLUSIONS

This paper presents a test rig for the direct nreasent of damper motion against turbine blade
under-platforms and of forces transmitted by theagler. It presents also a numerical dynamic model
for the reconstruction of damper motion and danfipees.

The experimental method and the test rig capadslivhich allow the measurement of contact forces
on one side, and the full reconstruction of alcés transmitted between damper and platforms have
been illustrated. The accuracy of the method vessamhstrated for on a cylindrical-flat damper used
in practice slightly adapted to laboratory condiio Results make these authors confident that the
reconstruction of damper forces and motion fromeeixpental data is quite reliable and can be safely
used for cross-comparison with numerical results.

A trustworthy comparison between numerical and erpental results has a double function. On one
side the numerical simulation offers a deeper htsigto the damper behaviour in all those details
which are not experimentally detectable (e.g. tatigetranslation ds decomposed in its sliding and
spring loading contributions, contact conditionstloa flat side of the damper, the fine reasongHer
hysteresis cycle shape). On the other side theriexgatal results allow to fine tune the contact
parameters. A sample of results is discussed iardodshow, in practice, the procedure to estmat
the contact parameters of the numerical model (tatgential and normal contact stiffness and local
friction coefficients) starting from the experimahtesults: the slope of the hysteresis line duang
generalized stick state is used to estimate theéacbstiffness, while the T/N force ratios graphs,
combined with the contact force distribution diagsaare used to determine the friction coefficients.

It is believed that only an accurate experimentatedure integrated with a numerical prediction too

offers concrete prospects of success when optimiaidamper within the complex set of phenomena
highlighted in this paper. At AERMEC we believettlaath this approach the optimization of damper

mass and geometry will be less a matter of trial aror development and more a matter of
knowledge of damper dynamics, allowing establisliagign criteria.

Finally, it was suggested that accurate hyster@gites are the reliable basis to obtain the redl an
imaginary parts of the complex spring which canrisduced, according to the Harmonic Balance
Method, between all the couples of opposite undetfgym points in the context of a dynamic FEM
model of a blade array.
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