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Dynamic Modeling of Underplateform Damper
used in Turbomachinery
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Abstract—The present work deals with the structural analysis of
turbine blades and modeling of turbine blades. A common failure
mode for turbine machinesiis high cycle of fatigue of compressor and
turbine blades due to high dynamic stresses caused by blade vibration
and resonance within the operation range of the machinery. In this
work, proper damping system will be anayzed to reduce the
vibrating blade. The main focus of the work is the modeling of under
platform damper to evaluate the dynamic analysis of turbine-blade
vibrations. The system is analyzed using Bond graph technique. Bond
graph is one of the most convenient ways to represent a system from
the physical aspect in foreground. It has advantage of putting together
multi-energy domains of a system in a single representation in a
unified manner. The bond graph model of dry friction damper is
simulated on SYMBOL S-shakti® software. In this work, the blades
are modeled as Timoshenko beam. Blade Vibrations under different
working conditions are being analyzed numerically.

Keywords—Turbine blade vibrations, Friction
Timoshenko Beam, Bond graph modeling.
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|. INTRODUCTION

HE common failure mode of turbine blade is high cycle

fatigue of compressor and turbine blade due to high
dynamic  stresses caused by blades vibration and
resonances within the operation range of the machinery. Since
the advent of steam and gas turbines and compressors, and
their application in various industrial sectors, blade failures
(the majority of which are caused vibration related fatigue
stresses) have proven to be a major cause of breakdown; often
resulting in a catastrophic damage. The continuing industrial
trend in recent years is to generate more power/thrust per unit
mass per unit cost of equipment. In particular, the building of
larger steam and gas turbines, which operate with close
tolerances a higher speeds has become commonplace. The
reliability and service life of such equipment is of a great
economic importance, so that improvements in design
methods can be minimized failures. Blade vibration is aso an
important guide to preventative maintenance, scheduling,
which can be a mgor contributor to increased reliability and
service life. Dynamic loads, which generate blade vibration,
can arise from various sources. Rotor imbaances, non-
concentric casings causing circumferential rotor clearance to
vary and irregular intake geometry related pressure
distribution within the air flow produce excitation forces at
low integer engine ordersThe stators located up and
downstream of the rotor stage cause pressure fluctuations of
higher integral orders. Vibrations asynchronous with rotor
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speed are excited by rotating stall, compressor surging and
unfavorable interaction blades and flow, which may cause self
exciting flutter vibrations. The blades are very structural
members, particularly in the case of a compressor. Significant
number of their natural frequencies can be in the frequency
range of nozzle excitation forces. Though blades can be “de-
tuned” to avoid resonance at the machine steady operating
speed, they will often experience several resonances during
start- up, shut down, and possibly overrun. A large number of
failures and shut down can be explained by blade failure due
to case by the vibration or flutter. In such cases, it may be
possible to introduce damping either at the root, through dlip
at lower speeds, or through mechanical rubbing via shroud
bands, base platform and/or lacing wires at higher speeds,
where the root become interlocked. The severa methods to
reduce the dynamic stresses are namely (1) Decreasing the
force of excitation. (2) Changing resonance frequency. (3)
Increasing damping. Present paper investigates the proper
damping system to reduce the blade vibration.

Increasing damping is one of the feasible way as the other
methods effects the design conditions. This is a motivation for
use of friction damper under the platform of blades. These
dampers not only reduce vibration of the turbine greatly,
moreover, do not extract gas flow filled and stream flow filled.
The proposed research will explore the optimum use of
friction damper and its modeling. A very limited research has
been carried out for friction damper modeling through bond
graphs.

Generally, blades are subjected to forced vibration by the
variation of the flow of air. These stresses are produced by
resonant vibrations, which significantly affect the life of turbo
engine blades. A correct design of bladed disks required the
capability to obtain the different resonant frequencies and the
forced response of the turbine blade. The blade failures can be
effectively reduced by employing dry friction/under-plateform
damper. Dry friction damper dissipates energy in the form of
heat due to the rubbing motion of the contacting surfaces
resulting from the relative motion.

Turhine blade
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Fig. 1 Location of Friction damper
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The application of the dry fiction / under platfordamper is
loaded by centrifugal force against the undersidthe platforms of
two adjacent blades. The next subsection will fabesimportance of
friction damping used in turbomachinery.

A.Importance of Friction Damping Used in Turbo
Machinery

When a body moves or tends to moves over anothy, lao
force opposing the motion develops at the contadiases.
This force which opposes the movement or tendenfcy
movement is called frictional force. Friction hasceived
considerable attention by researchers for seveegladks.
While the most mechanical systems required to rediiction
and its effects. There are many applications whire
presence of friction is desirable. The friction gemnuses dry
friction to dissipate energy and thus reduce thesses. The
advantage of using dry friction is that it providegassive,
inexpensive and environmentally robust way to impro
turbine blade life. Friction damping takes placeevéver two
contact surfaces experience relative motion. Tharifegal
force arising from the rotation of the disc forcee damper
against the platform and energy is dissipated, wihene is
slip motion at the contact interfaces. Implementimg friction
effectively to damp the vibrations becomes a chalileg task
for the modelers. The main cause for this is the—tinear
relationship between the normal load and energsighsion.
Fig. 2 shows the typical nature of energy dissighdE versus
the damper normal load (N) plot.

/ optimum energy dissipation

nonlinear

~ 7

Pure slip Pure stick

N

Fig. 2 Energy V/S Normal load

When a normal load is absent,
experiences pure slip only. Since no work is reslito be
done against friction, no energy is dissipated. tBa other
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One method is to reduce the force of excitatiort, this
implies changing the configuration of the bladed #ms is not
feasible in most cases due to the other aero-desigstraints.
Another method is to change the forcing frequebey,this is
feasible only for applications that require constaervice
speed. Thus, for applications such as jet engimdsre
service speed varies, this method cannot be engloye
efficiently. The third method is to use a devictazha friction
gamper. This friction damper uses dry friction ogpicto

issipate energy and thus reduce the stressesadveantage
of using the dry friction is that it provides a pa®,
inexpensive and environmentally robust way to inprohe
turbine blade life.

The friction damping concept is frequently appliedurbo
machinery applications mostly at hot locations txluce
resonance stresses. Friction has received conbidera
attention by researchers for several hundreds afsyaVhile
most mechanical systems need to reduce frictiontaeftects,
there are many important applications, where fitctiis
desired. Dry friction is used in such cases asmping or
isolation technique. A brief literature review goptications of
dry friction dampers is presented here.

Friction has been considered as extremely actiekl fof
research, since its inception. Friction problenes monlinear,
and consequently, difficult to analyze exactly. dwting to
Griffin [1], one important result of the recent easch has
been observed that the response of a mistuned doldidé
assembly is minimized by damper of with the samepix
parameters that minimizes the resonant responge afystem
if it were tuned. The response of a tuned blade#f dan be
characterized in terms of the response of a sihglde and
disk segment.

Zubieta et al. [2] presented a new testing method a
analysis process to study the friction of a dampenich
enables the characterization of both the static dymhmic
behaviors in a single test. In this method, a nestién model
with two degree of freedom is proposed, where dnthem
refers to the static behavior and the other to digeamic
behavior. Rao et al. [3] reported in his reseahet the effect

the contact interfacd friction disappears with increasing speed anso athe

viscous damping ratio increased with strain in thede.
Lopez et al. [4] had shown that the maximum eneofy

hand, very large normal loads cause the whole contalissipation and corresponding optimum friction ®rof

interface to stick. This results in no energy giation again
since no relative motion is allowed at the integfa€or normal
loads that lie between these two extremities, gnegy
dissipated and the optimum value of energy dissipaies
within the range. However, the behavior of the aont
interface is highly nonlinear in this region. Thisn linearity
is due to the variation of friction parameters iace and time.
The main difficulty lies in capturing the behaviof these
parameters, which is the main difficulty of friaticdamper
design.

The various methods employed to reduce the dynsim@sses
are
Decreasing the force of excitation,
Changing resonance frequency, and
Increasing damping.

0
o
0
o
®
”

friction dampers with stiff localized contacts dadye relative
displacements within the contact can be determingth
sufficient accuracy using a dry friction model.

Firrone et al. [5] devised a novel method to coraptite
static balance of turbine blades with under platfatampers,
focusing on the influence of the static loads oa fystem
dynamics. Firrone [6] in their further study, presss a novel
approach based on LDV measurements and their dgmpin
capability has been explored to study the cyloadrand
wedge under platform damper, which was focused @n t
particular first bending modes of a two dummy bladgstem.

Different researchers have used various modelicigrigue
to analyze the dynamics of dry friction dampersduiseturbo
machinery. Friction problems are nonlinear and seguently
difficult to analyze. In order to design a fricti@amper, its
geometry and the geometry of the contact regiorgratit
contacts the blade must be accurately. To do théesdesign
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engineer must be able to calculate, how changiegigmper /
blade system will affect its resonant responsethad choose
a design which will further reduce the peak resposms much
as possible. The several modeling techniques ad tse
analyze the dynamics of dry friction dampers usedurbo
machinery. Sanliturk et al. [7] presented a thecaétmodel
for analyzing the dynamic characteristics of wedghaped
under platform damper for turbine blade. He hasashthat

semi active damper utilizing dry friction, with laalce logic,
for a class of sequential damping, which were used
minimize the force transmitted. Fischer et al. [iBjestigated
that the effect of nonlinearities on the amplitudefs the
turbine blade, which may be to internal dampindghaf beam
element. Whiteman et al. [19] presented analysis tioé
damping characteristics that indicated that the fiigtion
force is more effective in damping the fundamemate. The

wedge shaped damper are prone to rolling motiongrwhother observation was that damping contribution the

subjected to radial platform motion and this caduce the
damping in certain mode of vibration usually desed as the
lower nodal diameter bladed disk modes. Ramaiadl.dB8]
developed a mathematical model, which is used tmtcthe
micro-slip in the contact region. The importantgraeters,
which affect energy dissipation between dampertaedigid
surface are identified and studied by analyzing tmodel.
This model can be used in the design of frictiompgers for
aircraft application to reduce resonant responkkesrmann
[9] included the vibration of the Euler- Bernoutleam with
allowance for damping. The presence of energy pksisin
mechanisms is now greatly accepted in all modeéd dfer
simulation of mechanical vibrations in elastic syss.

Narasimha et al. [10] described that dry frictioancbe
efficiently used in such cases as a damping oratisoi
technique. Turbine blades, built up structures
transportation systems use friction
performance. They also investigated that the pedmice of
cottage roof damper affecting the vibrations obiue blade at
different loading conditions. Phadke [11] had foutltht
friction damping is an attractive technique becao$eits
inexpensive, robust and environmentally toleranturea
However, the inherent complexity involved with fiam poses
a challenge to develop friction models that candtethe rich
interface behavior. Researchers working in thiddfibave
studied both low order and high order models. Th#uorts
indicate that there is a great need to develoglantgque that
correctly captures interface shear tractions whitthmately
affect dissipation calculations. Keeping in vieve thcope of
the research, the dry-friction damping can be Hyodivided
into two categories: (1) research efforts underatce model
and analyze the nonlinear behavior of friction-dathpystems
and (2) studies that have principally focused anniodeling
of the friction dampers.

Durali et al. [12] studied that the Timoshenko bedement
may be used to model the turbine blade. Tsai [1&stigated
that failure of blades may have different causesuch as
corrosion from the environmental pollution, detesied
material properties, incorrect operation, resonémniation etc.
In the dynamic analysis, the resonant vibrationalver can
be analyzed and can be avoided based on the aahhgsults.
Majkut [14] described the method to drive a singtpiation
for free and forced vibrations of Timoshenko beamdsi,
which may be used as a blade for the turbines.ré\l[&5]
presented the hysteresis curves obtained with pezpmodel
may be suitable to implement in the numerical sehfer the
forced response calculation of turbine bladed disdth
friction interfaces such as blade roots,
underplatform dampers. Cheng
analytical method, which may be applied as an irngamper
reducing structure vibration. Stammers et al. [ifdsented a

shroudd an °
[16] presented a new

displacement dependant dry friction damper is dtilkar
structural like in nature, when multi modes aresidered and
relatively insensitive to changes in the amplitudke the
response. This results indicates that in the cégarbine or
compressor blades, this type of damper arrangement be
effective in the suppression or flutter. Kappagaetial [20]
studied the dynamics of an experimental beam ekditedry
friction. The response of the beam included pecdiatid non
periodic oscillations.

To analyze the turbine blade without the experimena
tedious task and time consuming. More over thereetiade
assembly required computation time. The bondgrag dn
advantage to represent a system keeping physigeram for
ground. It has advantage of putting together meitergy
domains of a system in a single representation imiéied

anchanner. Adding complexity extent to straight fordiaand
to enhance rthdahere is no burden of driving system equations. yan

researchers model the friction dampers using figiéenent or
other methods have certain limitations as dampees nat

modeled in transferring the energies or dissipatiegenergies
at the real contact. To investigate the optimumgimmass is
another issue, which required to be handled prpdeyl the

researchers

Il. FRICTION MODEL

Underplatform dampers are physically very simpleicks
yet their nonlinear behavior is quite complicatead aits
analysis can be extremely difficult if all the détaf dampers
characteristics are to be included in the analy3isese
difficulties arise due to many complicated factdike the
temperature, frequency, surface roughness efféscontact
locations and their variation during vibration eke.spite of
the physical simplicity of these dampers, the ¢ffein these
dampers and other factors have not been fully ezdldy
researchers. Based on engineering judgment, sonpdifying
assumptions, which are considered in the desigfrictfon
dampers, are as follows:

« Dampers flexibility are considered in the bondgraph

model.

« Damper mass/inertia effects are considered in the

model.

« Damper contact on left and
represented as a point contact with three traosiati
degrees of freedom.

e The turbine blade is identical from left and rigide.

¢ The blade is moving with constant velocity.

Damper and plateform surfaces remain in paralldl an

having point contact all the times.

¢ Centrifugal forces and gravitational
considered in the model.

right side can be

forces are
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The next section will present the aBle motion acros
damper surfaces.

A.Relative Motion acrosBamper Surface

The theoretical formulation of the cottage roof gens
motion as presented in this section is based oro@eh[7],
which is shown in Fig. 3This model will quite helpful in
meaking the damper model through bondgrap A local
coordinate system may la¢tached to one of the platform &
the instantaneous relative motion of the otherfgitat can be
obtained

Tz =il ]Iy +kr,
Where
= X| cos ¢t + @)
ry = |Y| cos ¢t + )
r, = |Z| cos ¢t + B)

@

@)

X=X, —Xg
Y=Y -1
Z=17Z,—1Zp (3)

Xi, Y, Zi, Xg, Yr, Zg in above E@s.-3) are complex
guantities representing both amplitude and phasptatorm
nodes. Likewisg X, Y and Z are the relative platfor
displacements with respect to somegal coordinate systel
3., B,, and @G the corresponding phase anglin addition to

that, w is the agular velocity and t is time. may also be
noted thaty, r,, 1, and other parameters which are function
them are not constant values but functions of thgukar

displacementswt. The damper formulation presented in 1
section requires calculatie of these displacements for at le
one vibrational cycle. Howevegquation does not consic

wt for simplicity and brevity.

Fig. 3 Platform motion in three-dimensionfli¢ the platform angle,
Node and Nodg are the platfornheft and rightmodes.)

The relative platform motion in Fig. i4 three dimensiona
having components in all three local directi depicting the
relative displacement at two noddde relative displacemer
of the underplatform surfaces shown in F5 are calculated
with assuming that theentrifugal force actir on the damper
mass is largethan the gravitational force, theref to keep
the damper in contact with the platform surfacesllatmes

Fig. 4Relative platform displacemel

No:1, 2012

Wy —iFc = jry
—
~ v
Noder qN\OL‘lE‘c Noder X
n / \

e

Fig. 5 Relative contact siblacements on damper surfe

A displacement triangle as shown in Figi5 can be drawn
relating the relative displacements of the platfanm-y plane

(ryy) and the relative contact displacem: r, and g since the

directions of all the vectors in Fi5 and if the magnitude of
the (x,) are known, the magnitudes of tr, and g may be

calculated as

_ |rxy|(sin(a)+cos(a) tan(B))

.| = 2 O]
_ Irxylcos(@)

IrRl - COS(ﬂ) |rL| (5)

Similarly, damping forcemay also be computed as given
in reference [7]This displacement vector and damping for
will be used in creating bondgraph ml of the friction
damper. The geometrical considerat and dynamic load
factor arealso considered for modeling through boraphs.

Fig. 6 Displacement triangle relati r,,to r_ and g

B.Equation ofLateral Vibration ofTimoshenko Beams

Timoshenko beam is considered in the model asne
blade elementLonsider the free body diagram of an elen
of a Timoshenko beam [224] as shown in Fig. 6, where
M(x, t) the bending moment V(x, t) is the shear force, and
f(x, t) is the external force per unit length of the beam.
inertia force acting on the element of the beanthes force
equation of motion in the z direction, whiprovided

z w(x,t)

Fig. 7A beam in bendir

*w

-V +dV) + f (x,t)dx +V = pA(x)dx P (x,t)

(6)
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ety

M(Y?' <\M(y, )+ dM(x, 1)
—I— Vix, t)]‘ J V(x, t) + dV(x,t)

e— dx—s|

w(x, )

M

Fig. 8 Shear force and bending force during bending
Where p isthe mass density and A (X) is the cross- sectional area of
the beam. The moment equation of motion about the y axis passing
through point O in Fig. 7 may be may be presented as
(M + dM) — (V + dV)dx +f(x,t)dxdz—x—M= 0 @
By writing

AV =Ydx and dM =Mdx
ox ox

and disregarding the other terms involving second powers in dx,
Egs. (6) and (7) can berewritten as

2
2ot + f (1) = pAG)dxr s (xt) ®)
~Z @) -V =0 ©
. _ oM
By using therdationV = I into Eq. (9)

a 9?2
- % (e t) + f (x,t) = pA(x)dx a_t\;v (x,t) (10)
From the elementary theory of bending of beams (also known as the
Euler-Bernoulli or thin beam theory), one may easily write
2
M(x, t) = EIxZTVZV(x, t) (11
Where E is Young's modulus and () is the moment of inertia

of the beam cross section about the Y axis. Insert Eq. (11) into Eq.
(12), one may obtain the equation of motion for the forced latera
vibration of a non uniform beam, which will reduce to

4 2
EIZS+ pAZE (x,t) = f(x,0) (12)
This equation is quite useful in determination of forces during
vibration of Timoshenko beams.

C.Effects of Shear Defor mation on Beams

The determination of shear deformation is very important for
modeling. When the cross- sectional dimensions are not very small,
compared to the length of the beam, one may require considering the
effects of rotary inertia and shearing deformation in the element of

the beam as shown in Fig.9. The angle ¥ between the tangent to the

deformed centre line (O’T) and normal to the face (O’N) denotes the
shear deformation of the element [ref. 22]. Since positive shear on the
right face Q'R" acts downward, one may obtain from Fig. 9

ow
y=0-- (14)
Where, @ denotes the slope of the deflection curve due to the
bending deformation alone. It may be noted that because of shear
alone, the dement undergoes distortion but no rotation. The bending
moment M and the shear force V are related to @ and w as per the
following relation.

_ g
M= EI P (15)

Fig. 9 An element of Timoshenko beam

V= kAGy = kAG (9 - 2%) (16)
Where G is the modulus of rigidity of the material of the beam and k
is a constant, also known as Timoshenko's shear coefficient [22, 24],
which mainly depends on the shape of the cross — section. Generally,
for a rectangular section the value of k is 5/6. For rotation about a
line passing through point D and paralle to y-axis, one may write the
following equations:

[M(x,t) + dM(x,t)] + [V (x,t) +dV (x,t)]dx +
2
f (x, t)dxdz—x— M(x,t) = pl(x)dx% = Rotary inertia of the
element
(17)
. . . av oM
Using the relations once again dV = de and dM = de

and adopting the procedure given in ref. [22, 24], one may obtain the
desired equation of motion for the forced vibration of a uniform
beam:

*w a%Zw E *w p?la%w EI 9%f
EISG+ pASE —pl (14 2) s+ 050+ e o
P12 f=0 (18)
kAG 9x2
For freevibration, f =0, and equation (18) reduces to

*w %w E *w p?19%w _
BTG+ pASy —pl (1+0) 550+ 255 =0 "
19

This Timoshenko beam theory is used to model turbine blade, which
incorporates effects of shear in the model.

IIl. BONDGRAPH MODELING

A.Modeling of Timoshenko Beam Element

The effect of shear is considered in this model as stated above.
However, incorporation of shear into the bondgraph model is aso
very significant. Initidly it may be treated as a Rayleigh beam as
given in ref. [23] considering additional deformation of the € ement
due to the shear force. From variationa principles, the Timoshenko
model may be written as

7]

2 F) _
S5y (0 — = pAs

02 F} F) 2
(Bl YI+kGAGLY () =} =pl 555 % (20)

Where 1/) is the angular deformation due to bending , G is the shear
modulus, k is a factor depending on the beam cross- sectiona shape
and is used for averaging the relation between the shear force and
shear angle for the cross- section. Timoshenko model of a beam

dement with bending deformation 1 and shear deformation 5 may

be easily shown in Fig. 10 (8) and Fig. 10 (b).The total angular
deflection at a section may be written as
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—y () =P+ p (21)

Figure 1@a): Bending effects in Timoshenko be

/
I
/

Ax

Figure 1@b): Shear effects in Timoshenko be

The shear force and bending moment eque can be written as

V(x) = kGAB (22)
M (x) = EI%l/) (23)
The unloaded static equatiomsy be written from Eq23) as

2 F) _

S5 KGA Ly (e t) =y =0 (24)
a a a _

S EI Y1 kGALy (x,0) — ¢} =0 (25)

In order to find a C-field relationship, Onemay introduce an
intermediate deformation variable z in sactvay that

z=vy(x,t) —BXx, (26)
d d

and——z = ay(x,t)—ﬁng @7)

It is also important that an unloaded beaem&nt has the same val

of shear force and thus the saffiall along.

V()= kGA {2y (o t) — Y} = ~EI 2 Z (28)
From Egs. (23) and (27), one may have

= g2y = g2
M (x) = Elal,l) = EI Py (29)

The expressions for shear forcexy(@and M ) in the variable z

(x) are similar to those of Eul&ernoulli beam displacement X).
From Egs. (28) and (29), the elements of di€d can be expressed
as the C- field provideshe relationship betweerhe forces and
moments to the corresponding deformation as

F; Zq
M L2
F, (=K1 7, (30)
M, Y2

,"j

. Ny
i -
T
ki
=

T
| I T

"

1
Yauoa =
)

.

| J_
Vit 2
Vaima = Vs Yor = Yoin

Fig. 11a C Element of a Timoshenko beam nel

1z,4 1z;,

. T .

Fig. 11b (— Element of a Timoshenko beam mc for 1 section

2,1

1z, 1z,;

\ 1

/ ................
1, /

2

Fig. 12 (— Element of a Timoshenko beam mc for i section

This C- field can be used to model individual elements ¢
reticulated beam as shown in F11(b). It may please be noted that
this  model must have
deformatiory (x, t) , whereasghe C- field is defined by Eq. (30).
The local coordinate' $or each element may be given
X — X :S(i)for xiS x < Xi+1

WhereX; is the distance of th&" element from the global origin. It
may be observed from Figuil2 that the shear compliance with
stiffness kGA is in differential causality. Thicausality may be
removed by considering inertia associated with stetormatiol.

1 c

b

Fig. 13Bond graph model of Timoshenko be

representation for ac
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The elements of the C- fieldrovided in Eqg. (0) may also be
computed from energy consideration. The potenti@rgy of the
element may be written as

1 1
V=01 Y1 2 YlK] (191 2, Yo} |+ kGAB?
(CHY)
The C- field equation in terms dfy; ¥; Y2 ¥} may be shown
in Fig.13 and written as

F1 Zl
M Yy
F, (= K1y g (32)
M, (2

The potential energy can be easibtained after following the ste
as given in ref. [23], which denotes

V=201 2 Y} (T IKIIT] (0 1 2 )
+% KGA{ by yy + by, + by y, + by )

= %b’l Y1 2, Yo} K] {31 Y1 2, I/)2}T (33)
1 0 0 O
Where [T] = 0 1.0 0
1 Gz Q3 Gy

0 0 0 1
The Eq. (33) will be useatcalculate the components of stiffn
matrix, which will be used to model the turbineds#eelement

B. Physical System of Turbine Blade with Dry foic Dampet
(Considering Timoshenko Beam Model)

The physical system of the turbine blade wcottage shaped
friction damper has been shown in Figure THe turbine blades ha
been considered as the cantilever beams and frictampers ar
placed in between the two blad@he cantilever beam considerec
this case is Timoshenko beam. In this warkilti-body approach is
applied to investigate the dynamic modeling oftioic dampers use
in turbo machinenusing bond graphs technique and simulation
been performed on SYMBOLS-shdktsoftware [21], which is a
modeling, simulation, and control sgsets software for a variety
scientific and engineering applications.

SE=0 SE=0 SE=0 SE=0

_ —— Centrifugal force
Timoshenko beam 3 s§ 3 ——— Gravitational force
element 2 2
1 1 /
SF=0 SF= (Asinwt) Sk= (Asinwt) SF=0

(Rotation motion = 0) (Translation motion) (Rotation motion = 0)

Where A is the amplitude, wis the natural frequency of excitation.

Fig. 14Physical system of turbine blade with friction dam
consideringTimoshenko beam moc

C. Modeling of Friction Damper

The friction damper is modeled in between two agljt blades. In
modeling the blade, three reticules of Timoshenkanh have bee
used and the friction damper is used aftéreticules of the beam.

The friction damper is fitted beneath the platfomhjch experience
centrifugal forces and gravitationarces. The beam also expresses
the shear deformation and rotary inertia. The betabond grapl
model is shown in Figure 15 In this bondgraph model, 162 is
modeling the mass of the damper. SE61 element idelimgy the
centrifugal force exerted on themper. Element SE49 and SE50 are
showing the modeling of gravitational force actimgdamper mas
Stiffness element C60 and C57 modeling the stiffradshe damper
The geometric considerations are also taken catieeinrmodeling o
friction dampers.

D. Integrated Model of Turbine Blade with Friction Dpar
(Considering Timoshenko Bee

The integrated model of Timoshenko beam as turblade with
friction damper is a vectorized bond graph modéérfacing su-
models with, Timoshenko beam by its resive icon. The blade is
modeled with three reticules (Beam elements). Tigeificance of
using more reticules improves the modeling accurawinly in the
higher modes. However, it alsequires high capacity computational
facility. The friction damper isnodeled by the resistive elemeR,
and disc is rotated by a constant spw as shown in Figure 15.

The nextsection will present the simulaticstudy of the bond
graph model shown in theédure 15

IV. SIMULATION RESULTS

The bond graph model of the turbine blade with makbe
boundary conditions of cantilever beam conditionsswimulated
using a Runga kutta fourth order method on the softwi
SYMBOLS Shakf? [21]. The bond graph model with obj-oriented
sub models of the turbine blade was shown in15.

A.Description of Simulation R

The bond graph model of the turbine blawith friction damper as
shown in Fig. 15vas simulated on the software SYMBOLS SI®.
The shaft is rotated by a constant speed source.sirhulation ric
consists of solid rotating bladed discs with bladegich is
discretized into six reticules with one end attache the discs
whereas another one is free like a cantilever k The dimensional
data are as follows:pea= 1.2 m, material and blade properties ar
follows: E =1.93 e11 N/mrf p =7850kg/n®

All the parameters presented in the T.1 are used for
simulation. The results of simulation are preseritethe nextsub-
section.

B.Frictional Forces

The frictional forces between the left beam andhtrigeam ari
present due to the frictodamper shown in Fil6 and Fig. 17 at 0.1
kg of damper mass. The friction force at right beamore than th
left beam.

=

B D T o

Frequency (Hz)

Fig. 16Magnitude of Friction force at left beam at 0.1dégnas:
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TABLE |

PARAMETERSAND VALUES USED FOR SIMULATION
Parameter Value
Length of each reticules 0.2m
Modulus of elasticity for the beam 2.11e11 N/mrh
material
Density of the material of beam 7850 kg/m
Radius of the turbine blade 0.4m
Moment of inertia of beam 6.69 e-7 fl
Internal damping co-efficient of the 2.50x10% Ns/m
beam materi
Frequency of excitation 50
Amplitude of excitation 0.2m
Mass of friction damper (Variable) 0.1t0 0.5Kg
Surface area of the damper .003n?
Damping coefficient of the friction 0.7 N.m.s.
Reynolds Number 10,000
Inertia distance of contact .01lm
Inertia of the damper 4.17 e-4 th
Frequency of turbine blade 200
Elasticity of the material of the damper 1.93 e11N/mrh
Second moment of area of damper | 1.25 e-8 rfy
Poisson ratio 0.3
Modulus of rigidity 8.1lel(
Shape factor 0.95
Damper mass 0.1-0.5 Kg
Thick ness of the damper 0.08m

Magnitude of Friction Force af Right

Fig. 17Magnitude of Friction force at right beam at 0.1dfgnas

C.Energy dissipation

The energy dissipated between the left beam ard hHgam is
shown in Fig. 18 and Fig. 19 at 0.¢ &f damper mass. This energ
dissipated in terms of heat or the other due toctrgact of blad
surface and the friction dampers. The energy disigip at right
beam is more than the left beam.

Energy Dissipated at Left Beann ()

T T

caquency (Hz)

Fig. 18 Energy Dissipated at |&feam at 0.1 kg cmass

ey st it D )

requency (Hz)

Fig. 19Energy Dissipated at right beam at 0.1 kg of 1

The Fig. 20shows the energy dissipation of right and left b
with mass of friction damper. It shows that whenssnancreases t
0.1 kg, but the energy dissipation at left beartess thn the right
beam this energy is dissipated in terms of heat or therdue to thi
contact of blade surface and the friction dan at variable masses
from 0.1 kg, to 0.5 kg. So it is clear from thisnggarison grap!
between left beam and right beame energy dissipation is always
more on right beam. So there is always possibifftfailures of right
beam. To avoid such kind of failure, one may use dbpropriat
damper mass between left and right beam. In thisk, it may be
seen from the plot 0.Rg damper mass is appropriao reduce the
energy dissipation as energy dissipation is maxinfor small
damper mass.
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Fig. 20Energy Dissipation between left and right be(0.1 to 0.5
kg.)
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Mass of Friction Damper (kg)

Fig. 21Frictional Force between left and rt beam (0.1 to 0.5 kg.)

The Fig. 21shows the friction force at left and right beamtv
friction damper masdt is clear from the plot that the friction fos
less on the left beam and more on the right beahgnwmass ¢
damper increases from 0.1 ko 0.5 kg. More over friction force
decrease with increase in damper n So, right beam is more prone
to failures. To avoid such kind of failure, one mese the appropria
dampermass, which can balance the effect of friction égron lef
and right bam. Simulation study suggs that one may use 0.2 kg
damper mass$o reduce the vibration and moreover to increase
effectiveness of the turbine blac

V.CONCLUSION
The structural analysis of the turbine blade witbtibn damper:
are shown in this wér The different ways of friction damping alo
with their mathematical analysis are alsaborated. The bondgraph
modeling of the turbine blade is presented considethe turbine
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blade as cantilever Timoshenko beam. It is alsg W@portant that [12]
the whole bladed disk is not required for the dyitaamalysis; two
blades with friction damper can show the dynamicavéour of the
blades. The unique model of dry friction dampepasposed may be
easily applied in power plants to increase the petidity and to [13]
reduce failures of blades. The effect of frictioantber on turbine
blade has been investigated using the variablefictamper mass. It
concluded that the optimum mass of the damper {goitant for [14]
reducing the resonant vibration of the turbine bladt is very
significant to note that dry friction damping is sh&ffective method

to reduce vibration, with increase in excitatiorrcto the damper[1S]
optimized to withstand must also be the increadedd which is also [16]
validated in the reference [7]. It is also very ormpnt that the
frictional force and energy damped are quite reduiteincrease
damper mass. However, an optimum mass of dampeqisred to [17)
reduce the vibration of the turbine blades.
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Fig. 15 Integrated bondgraph model of turbine bi@d@sidering Timoshenko beam) with friction damper
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