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ABSTRACT
This paper presents a methodology to quantify equivalent viscous damping in a turbine blade Material and friction
dampings are included. The damping is quantified as a function of strain amplitude at a reference point in the blade for
each mode at different frequencies.Damping is a phenomenon by which mechanical energy is dissipated, usually converted
as a thermal energy in dynamic systems. The damping caused by friction between the internal planes that slip or slide as the
material deforms is called hysteresis damping or material damping. This paper deals with determining hysteresis damping
of a typical turbine blade. The damping is quantified as a function of strain amplitude.ANSYS and Hyper Mesh are adopted
for necessary calculations. First the natural frequencies and orthonormal mode shapes are obtained at the desired speed.
Lazan’s damping law is used to determine the specific damping energy in each element of the blade. Total damping energy
and strain energy are calculated by integrating them over the entire volume. With the help of these the loss factor is
obtained. From the loss factor, the equivalent viscous damping ratio is determined.
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INTRODUCTION
Blade fatigue failures are common in turbo machinery. They are excited by flow path interference between the
stator and rotor stages at nozzle passing frequency and its harmonics. When the frequency of any of these harmonics
coincide with any one of the natural frequencies, resonance occurs. The high stresses at resonance l e a d to fatigue
problems. The only way by which the resonant stresses can be controlled is by dissipation of the vibratory energy. Thus
damping becomes an important aspect of the blade design. For a turbine blade the means by which this vibratory
energy could be dissipated is by material damping, Coulomb damping at the interfaces, gas dynamic damping and
possibly impactive damping. All these damping mechanisms are complex and nonlinear in nature. Generally the
aerodynamic damping is very low, and when there is no impact damping, the material and Coulomb damping between
interfacial slipping surfaces are the main sources of dissipation of energy. A designer usually depends on past
experience and test results to estimate the available damping in limiting the resonant stresses. Attempts have been made
to quantify the material damping using Lazan’s damping law or by contact elements using 2D models, see Rao [1].
However, an application of these procedures to determine the equivalent viscous damping values in turbine blades are not
successfully implemented.Based on experimental work, Rao, Vyas and Gupta [2] qualified blade damping as a function of
strain amplitude in each mode of vibration for different speeds. This nonlinear model of damping has been successfully
used in evaluating the resonant stresses, see Rao, Vyas [3]. However, it is very expensive to conduct such tests for
each blade stage. Here a method is illustrated to estimate material damping, friction damping as well as combined
material and friction damping using a finite element code, ANSYS.
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MATERIAL DAMPING
Rowett [4] investigated the torsional damping properties of certain grades of steel shafting and suggested an early
form of stress damping law
EH=Jn
Where EH energy loss per unit volume, J is is a constant of proportionality,  is the local stress and n is a damping
exponent the total energy dissipated by material hysteresis is obtained by integrating the above stress relationship
through out structure. Lazan [5] conducted comprehensive studies into the general nature of material damping and
presented damping results data for almost 2000 materials and test conditions. Lazan’s results show that the
logarithmic decrement values increase with dynamic stress, i.e., with vibration amplitude, where material damping is
the dominant mechanism.To determine the resonant stress of a turbine blade passing through a critical speed, the most
practical approach is to use a viable commercial code such as ANSYS. Damping plays an important role in
determining this stress value accurately and experimentally, Rao, Vyas and Gupta [2] demonstrated a method of
quantifying the equivalent viscous damping in each mode at different rotational speeds. Rao et. al., [6] used such a
model to obtain the resonant stresses. A procedure to determine the equivalent viscous damping by computational
means is demonstrated below.

TURBINE BLADE
A turbine blade is the individual component which makes up the turbine section of a turbine. The blades are
responsible for extracting energy from the high temperature, high pressure gas produced by the combustor. The turbine
blades are often the limiting component of gas turbines. To survive in this difficult environment, turbine blades often use
exotic materials like super alloys and many different methods of cooling, such as internal air channels, boundary layer
cooling and thermal barrier coating. The commonly used materials for turbine blades are 12% chromium steels. Turbine
blade alloys are chosen for their ability to provide properties particular to mechanical and environmental service which they
must endure. Blades are the heart of a steam turbine, as they are the principal elements that convert the thermal energy into
kinetic energy. The efficiency and reliability of a turbine depend on the proper design of the blades. It is therefore
necessary for all engineers involved in the steam turbines engineering to have an overview of the importance and the basic
design aspects of the steam turbine blades Blade design is a multi-disciplinary task. It involves the thermodynamic,
Aerodynamic, mechanical and material science disciplines. A total development of a new blade is therefore possible only
when experts of all these fields come together as a team.The development process of a new profile took years of
development and testing in the earlier years. But with the advent of CFD and FEM packages, there is a significant reduction
in design and testing times. The feasibility of 3-D designs also has improved because of the advances in these software
packages.

TURBINE BLADE FAILURE
Turbine blades are subjected to very strenuous environments inside a gas turbine. They face high temperatures,
high stresses, and a potentially high vibration environment. All three of these factors can lead to blade failures, which can
destroy the engine, and turbine blades are carefully designed to resist those conditions. Turbine blades are subjected to
stress from centrifugal force (turbine stages can rotate at tens of thousands of revolutions per minute (RPM)) and fluid
forces that can cause fracture, yielding, or creep failures. Additionally, the first stage (the stage directly following the
combustor) of a modern turbine faces temperatures around 2,500 °F (1,370 °C) up from temperatures around 1,500°F (820
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°C) in early gas turbines. Modern military jet engines, like the Snecma M88, can see turbine temperatures of 2,900 °F
(1,590 °C).Those high temperatures weaken the blades and make them more susceptible to creep failures. The high
temperatures can also make the blades susceptible to corrosion failures. Finally, vibrations from the engine and the turbine
itself (see blade pass frequency) can cause fatigue failures.
The major factors associated with a failure are Resonance occurs at Blade Critical Speeds, Large dynamic stresses
at resonance coupled with mean stresses cause damage, Surface damage produces blades/nozzles dimensional Changes
which result in operational stress increase and turbine efficiency deterioration. In service, blade material deterioration is
related to the high gas temperature, high steady state load levels (centrifugal load) and high thermal transients loads (trips,
start -ups and slowing downs). However, the degree of deterioration in individual blades differs due to Several factors
such as:


Total service time and operation history (number of start-ups, shut-downs and trips),



Engine operational conditions (temperature, rotational speed, mode of operation (base load, cyclic duty)



Manufacturing difference (grain size, porosity, alloy composition, heat treatment).

HYSTERESIS DAMPING
The stress–strain diagram for a typical linearly elastic material is shown in figure below.Ideally, if the material is
stressed below its yield point and then unloaded, the stress- strain curves for the unloading follows the same curve for the
loading. However, in a real engineering material, internal planes slide relative to one another and molecular bonds are
broken, causing conversion of strain energy into thermal energy and causing the process tobe irreversible. A more realistic
stress-strain curve for the loading-unloading process is shown in figure(1) below. The area enclosed by the hysteresis loop
from a force–displacement curve is the total strain energy dissipated during a loading–unloading cycle. In general, the area
under a hysteresis curve is independent of the rate of the loading-unloading cycle. In a vibrating mechanical system an
elastic member undergoes a cyclic load-displacement relationship as shown in above figure. The loading is repeated over
each cycle. The existence of the hysteresis loop leads to energy dissipation from the system during each cycle, which
causes natural damping, called hysteretic. damping. It has been shown experimentally that the energy dissipated per cycle
of motion is independent of the frequency and proportional to the square of the amplitude. The hysteresis loop for elastic
material shown in fig(4). The area under the above loop gives the amount of energy lost or dissipated in the form of heat or
sound in the vibrating system for one cycle of vibration. Hysteresis damping is called as material damping or solid
damping. The hysteretic damping coefficient cannot be simply specified for a given material. It is dependent upon other
considerations such as how the material is prepared and the geometry of the structure under consideration. Existing data
cannot be extended to apply to every situation.

Figure 1: Hysteresis Damping Curve

LAZAN’S LAW
There will be a lot of energy dissipation in the blade while vibrating due to the damping. Now this energy lost
must be related to a function of the vibration. The damping has a great influence in this energy lost. Due to this energy loss
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there will be failures in the system which will ruin the process to be performed using this system, in this case turbine blade.
Therefore for a Good Blade design, we should consider interfacial friction and material damping. Here we are dealing with
the material damping. As we have mentioned earlier, we have to relate the hysteresis damping with the strain amplitude in
order to do that we have to use ANSYS and some theoretical calculations to calculate the loss factor and damping ratio and
strain energies using lazan’s law. This law turns out to be the main concept behind this project. According to this law, the
specific damping energy is directly proportional to the stress applied on it and inversely proportional to the fatigue
strength. The above statement can be given by the below equation
D =J(/e) Where
D = Specific damping energy kN.m/m3/cycle
e = Fatigue strength J=16, n=2.3.

DESCRIPTION OF MODEL
The model which we designed and analysed is described below. The dimensions are taken from the “NTPC”
Ramagundam (2600 MW) .The below dimensions is the last stage of the “LOW PRESSURE TURBINE BLADE” of 500
MW.
1.

Dimensions at the top of the low pressure turbine blade:
Horizontal Length of the blade= 200mm
Vertical length of the blade=7mm

2.

Dimensions at the middle of the blade:
Length of the arc at the front=224.5mm
Length of the arc at the rear =235.89mm
Angle=47, Thicknessofthearc=294.4mm.
Radius of the arc=268.13mm.

Figure 2: Top View
3.

Dimensions at the bottom of the blade:
Length of the arc at the front=349.31mm
Length of the arc at the rear side=386.3mm
Angle=60, Thickness of the arc=39.214mm
Radius of the arc294.443mm
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Figure 3: Sectional View

PROCEDURE
Modal analysis is a technique used to determine a structure’s vibration characteristics like: Natural frequencies,
Mode shapes, Mode participation factors (how much a given mode participates in a given direction). It is the most
fundamental of all the dynamic analysis types.Allows the design to avoid resonant vibrations or to vibrate at a specified
frequency (speakers, for example). Gives engineers an idea of how the design will respond to different

types of dynamic

loads. Helps in calculating solution controls (time steps, etc.) for other dynamic analyses. Several mode extraction methods
are available in ANSYS: Block Lanczos (default), Subspace, Power Dynamics, Reduced, Unsymmetrical, Damped
(full),QR Dam. The natural frequencies and orthonormal mode shape have been determined for the turbine blade. The
orthonormal mode shape determined is shown below.

Figure 4: FEM Model Prepared in Hypermesh
Then as per Lazan’s law following calculations have been performed. To obtain the equivalent viscous damping at
other strain amplitudes a program is written in Microsoft Excel taking advantage of the proportionality of stress and strain
energy with the strain amplitude. For increased strain amplitudes, the orthonormal reference strain amplitudes, stress and
strain energy are multiplied by a factor F to obtain the equivalent viscous damping Ce at various strain amplitudes. The
procedure is best illustrated by the following numerical calculations.
The total damping energy Do (Nm):
𝐷𝑂 =∫𝐷𝑑𝑣
Loss factor 𝜂=𝐷𝑂 /2𝜋𝑊𝑂
Equivalent Viscous Damping(C): 𝐶=𝜂𝐾/𝑊

Damping ratio(ζ) =𝐶𝑒 /2√𝑘𝑚

If strain is multiplied by factor F=0.1 then the strain amplitude and other values are:


Total damping energy 𝐷𝑂′= 𝐷𝑂∗𝐹2.3



Total strain energy 𝑊𝑜′=𝑊𝑜∗𝐹2



Loss factor 𝜂′=𝐷𝑂′/2𝜋𝑊𝑂′
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Equivalent viscous damping 𝐶𝑒′= 𝜂′𝑘𝐹2/𝜔𝑛
Where 𝑘=𝜔𝑛2



Damping Ratio 𝜉=𝐶𝑒′/2√𝑘𝑚 𝐹2
Where m=1
Thus the above mentioned factors have to be calculated by using the above mentioned formulae.
In the above formulae,D=Damping energy, WO=total strain energy,K=modal stiffness (N/M),V= volume of the

model.
The three mode shapes obtained are shown below. Orthonormal mode shapes are obtained at third natural
frequency.

Figure 5: Fundamental Mode Shape

Load Step 2,
Second
Natural
Frequency

Figure 6: Second Mode Shape

Figure 7: Third Mode Shape
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Table 1: Natural Frequencies of the Blade
Set
1.
2.
3.

Time/Freq
43.82
128.79
203.81

Load Step
1
1
1

4.
5.

281.81
290.2

1
1

Sub Step Cummulative
1
1
2
2
3
3
4
4
5
5

Table 2: Parameters Calculated as Per Lazan’s Law If Strain is Multiplied by Factor F=0.1, the Values are
PARAMETER
NATURAL FREQUENCY
TOTAL DAMPING ENERGY
TOTAL STRAIN ENERGY
LOSS FACTOR
EQUIVALENT VISCOS DAMPING
DAMPING RATIO

VALUE
1279.92
1.208 Nm
307.156Nm
0.000623
0.0003
0.000311

Table 3: Strain Amplitude Values
PARAMETER
TOTAL DAMPING ENERGY
TOTAL STRAIN ENERGY
LOSS FACTOR
EQUIVALENT VISCOUS DAMPING
DAMPING RATIO

VALUE
6.023*10^-3 Nm
3.07156 Nm
3.12*10^(-4)
3.995*10^(-5)
1.56*10^(-6)

Now the quantified results of equivalent viscous damping with strain amplitude are:

CONCLUSIONS
A method of determining equivalent viscous damping ratio for a rotational speed and modes as a function of
displacement or strain at a reference point in a blade is presented. Hysteresis damping plays an important role in safe
working of the turbine blades.For the considered low pressure turbine blade hysteresis damping is evaluated. The obtained
equivalent viscous damping is quantified in terms of strain amplitude. This methodology can be applied to any suitable
finite element code. Total damping energy and strain energy are calculated by integrating them over the entire volume.
With the help of these the loss factor is obtained. From the loss factor, the equivalent viscous damping ratio is determined.
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APPENDICES
Figure No
1
2
3
4
5
6
7

Table No
1
2
3

Description
Hysteresis damping curve
Blade Top view
Sectional view
Fem modal prepared in hypermesh
Fundamental mode shape
Second mode shape
Third mode shape

Description
Natural frequencies of the blade
parameters calculated as per Lazan’s law
strain amplitude values

