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Abstract: Low pressure turbine is very critical from strength point of view because of the high centrifugal and aerodynamic loading.
The stress in these highly twisted blades is required to be evaluated accurately in order to avoid blade failures and cracking. In the
present work, effect of ‘pressure loading on the blade surface’ and ‘centrifugal loading’ on the steady state stress has been studied. 3D
blades from the given profile data for the last stage of a typical steam turbine is generated by stacking 2D profile sections in a
customized software including blade root attachment. The generated model is meshed in ANSYS package driven by customized software
and the pressure distribution is mapped on the blade surface. Steady state stress analysis generated to understand the dynamic behavior

of the blade.
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1. Introduction to Steam turbine blade

A steam turbine is a mechanical device that extracts thermal
energy from high temperature and high pressure steam, and
converts it into rotary motion. It has almost completely
replaced the reciprocating piston steam engine primarily
because of its greater thermal efficiency and higher power-
to-weight ratio. Because the turbine generates rotary motion,
it is particularly suited to be used to drive an electrical
generator — about 80% of all electricity generation in the
world is by use of steam turbines. The steam turbine is a
form of heat engine that derives much of its improvement in
thermodynamic efficiency through the use of multiple stages
in the expansion of the steam, which results in a closer
approach to the ideal reversible process.

1.1 Introduction of types of steam turbine

Steam turbines are made in a variety of sizes ranging from
small 0.75 kW units (rare) used as mechanical drives for
pumps, compressors and other shaft driven equipment, to
1,500,000 kW turbines used to generate electricity. There are
several classifications for modern steam turbines.

1.2 Steam Turbine Classification
Steam Turbines have been classified by:
(a) Stage design as

(i) Impulse

(ii) Reaction

(b) Steam supply and exhaust conditions as
(i) Condensing

(ii) Back Pressure (Non Condensing)

(i) Mixed Pressure

(iv) Reheat

(v) Extraction type (Auto or Controlled)

(c) Casing or shaft arrangement as
(i) Single Casing
(if) Tandem compound

(iii) Cross Compound
2. Introduction to Finite Element Analysis

Finite Element Analysis (FEA) is a computer-based
numerical technique for calculating the strength and behavior
of engineering structures. It can be used to calculate
deflection, stress, vibration, buckling behavior and many
other phenomena. It can be used to analyze either small or
large-scale deflection under loading or applied displacement.
It can analyze elastic deformation, or "permanently bent out
of shape" plastic deformation. The computer is required
because of the astronomical number of calculations needed
to analyze a large structure. The power and low cost of
modern computers has made Finite Element Analysis
available to many disciplines and companies.

In the finite element method, a structure is broken down into
many small simple blocks or elements. The behavior of an
individual element can be described with a relatively simple
set of equations. Just as the set of elements would be joined
together to build the whole structure, the equations
describing the behaviors of the individual elements are
joined into an extremely large set of equations that describe
the behavior of the whole structure. The computer can solve
this large set of simultaneous equations. From the solution,
the computer extracts the behavior of the individual
elements. From this, it can get the stress and deflection of all
the parts of the structure. The stresses will be compared to
allowed values of stress for the materials to be used, to see if
the structure is strong enough.

The term "finite element™ distinguishes the technique from
the use of infinitesimal "differential elements” used in
calculus, differential equations, and partial differential
equations. The method is also distinguished from finite
difference equations, for which although the steps into which
space is divided are finite in size, there is little freedom in
the shapes that the discreet steps can take. Finite element
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analysis is a way to deal with structures that are more
complex than can be dealt with analytically using partial
differential equations. FEA deals with complex boundaries
better than finite difference equations will, and gives answers
to "real world" structural problems. It has been substantially
extended in scope during the roughly 40 years of its use.

2.1 Steps Involved Finite Element Analysis

The steps in the finite element method when it is applied to

structural mechanics are as follows.

1) Divide the continuum into a finite number of sub regions
(or elements) of simple geometry such as line segments,
triangles, quadrilaterals (Square and rectangular elements
are subset of quadrilateral), tetrahedrons and hexahedrons
(cubes) etc.

2) Select key point on the elements to serve as nodes where
conditions of equilibrium and compatibility are to be
enforced.

3) Assume displacement functions within each element so
that the displacements at each generic point are
depending upon nodal values.

4) Satisfy strain displacement and stress — strain relationship
within a typical element.

5) Determine stiffness and equivalent nodal loads for a
typical element using work or energy principles.

6) Develop equilibrium equations for the nodes of the
discretized.

7) Continuum in terms of the element contributions.

8) Solve the equilibrium for the nodal displacements.

The basic premise of the FEM is that a solution region can be
analytically modeled or approximated by replacing with an
assemblage of discrete elements. Since these elements can be
put together in a variety of ways, they can be used to
represent exceedingly complex shapes. The important feature
of the FEM which sets it apart from the other approximate
numerical methods, is the ability to format solutions for the
individual element before putting them together to represent
the entire problem. Another advantage of FEM is the variety
of ways in which one can formulate the properties of
individual elements.

The structural analysis process by computer methods can be
characterized by the three steps as shown in Figure 1.

IDEALIZATION DISCRETIZATION SOLUTION
Phvsical . |Mathematical . | Discrete . | Discrete
system “1 model model 1 solution
A A A
Solution error
Discretization + solution error
Modeling + discretization + solution error

RESULT INTERPRETATION

Figure 1: Role of the FEM in structural analysis process

3. Stress Analysis

The steady state stress at any section of a parallel sided blade
is a combination of direct tensile load due to centrifugal

force and the bending load due to steam force, both of which
are acting on that portion of blade between the section under
consideration and the tip section. The direct tensile stress is
maximum at the blade root. It is decreasing towards the
blade tip. The tensile stress (centrifugal stress) depends on
the mass of material in the blade, blade length, rotational
speed, and the cross sectional area of blade. Impulse blades
are subject to bending stresses from centrifugal force if the
centroids of all sections do not lie a long a single radial line
and the tangential force exerted by fluid. While reaction
blades have an additional bending stress that is due to the
large axial thrust resulting from the pressure drop which
occurs in the blade passages. The bending stress is maximum
at the blade root. The combined tension and bending stress is
also maximum at blade roots and diminishes with radius. If
the blade is tapered, the direct tensile stress diminishes
rapidly towards the blade tips, while the bending stress can
be made to increase at greater radii. It is therefore possible to
design the blade as a cantilever, with constant tensile stress
(centrifugal stress) and bending stress. The blade material is
much more effectively utilized there. Provision must be
made in the blade design to get a blade that withstands all
these stresses encountered in operation at an acceptable long
service life.

4. Introduction of ANSYS

ANSYS has evolved into a very powerful FE-based analysis
system to suit a variety of engineering applications in
specific areas such as structural and thermal engineering,
electro-magnetics, acoustics, computational fluid dynamic
analyses, etc. ANSYS has rapidly become one of the most
widely used simulation and analysis software.

4.1 Problem solving approach through FEM

1) Pre-processing.
2) Processing (solution).
3) Post-processing.

4.1.1 Pre-processing

It consists of solid model generation and discretization that
in to finite elements. Definition of properties of modal such
as element type, material properties, various constants such
as young’s modulus, Poisson ratio etc., dimension of each
element i.e., thickness, moment of inertia, area etc.

1 Meshing

The mesh can be generated either form the solid model or
direct generation. In direct generation method the nodes are
defined first and the elements are interconnected to obtain
the final model. In solid generation method solid model is
generated and then, model is divided into finite elements.
This conversion of solid model to finite elements is done
through mesh generation. This method is more useful for
complex models. In the present work solid generation
method is used for making FEM models. Elements from
solid model method can be subdivided into two categories.

2 Free meshing: Free meshing allows more flexibility in
defining mesh areas. Free mesh boundaries can be much
more complicated than mapped mesh without subdividing in
to multiple regions. The mesh will automatically be created
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by an algorithmic that tries to minimize element distortion
(deviation from a perfect square). Free mesh surfaces can
easily have internal holes, where mapped mesh surfaces
can’t. Free meshing is controlled by two parameters assigned
to each mesh surface or volume that effect the size of the
elements generated. The first is the element length, which is
the normal size of elements the program will attempt to
generate. The second parameter controls mesh refinement at
curves in the model by controlling how much deviation is
allowed between straight element sides and curved
boundaries. This parameter is expresses either as a percent
deviation or an absolute number.

3 Mapped meshing: Mapped meshing requires the same
number of elements on opposite sides of the mesh area, and
requires that mesh area be bounded by three or four “edges”.
If you define a mapped mesh area with more than four
curves, you must define which vertices are topological
corners of the mesh. Mapped mesh boundaries with three
corners will generate triangular elements in on “degenerate”
corner. The number of elements per edge and biasing of
elements of elements of element size towards the end or the
center of edges control the mesh density. We can get quality
mesh by free meshing but the number of elements formed
will be more because the free meshing algorithm is like, it
produces more elements at curvatures. Normally turbo
machine blades are very curved and twisted, so we get only
dense meshed FE model by free meshing. For solving these
dense meshed FE models we should pay more system time
and disc space. So that for the present work mapped meshing
method was chosen for FE modeling of the blades. Another
advantage of mapped meshing is we can produce dense mesh
where we are interested and can produce coarse mesh where
we are not interested even though it is of curved structure.

Coupling Equations

When it needs to force two or more degrees of freedom to

take on the same (but unknown) value, it is require to couple

these degrees of freedom together. A set of coupled degrees

of freedom (dof) contains a prime & one or more other

degrees of freedom coupling. The value calculated for the

prime degrees of freedom will then be assigned to all the

other degrees of freedom in a coupled set. Typical

application for coupled degrees of freedom includes:

e Maintaining symmetry on partial models.

e Forming pin, hinge, universal, and slider joint between
two.

o Forcing portions of the model to behave as rigid bodies.

Constraint Equations

Constraint equation provides a more general means of
relating degrees of freedom values than is possible with
simple coupling.

4.1.2 Processing (solution)

After the model is built in the pre-processing phase, the
solution of the analysis is obtained. The analysis type
indicates to the processor the governing equations to be used
to solve the problems, the general categories available
include structural, thermal, and electromagnetic field,
computational fluid dynamics etc., and each category can

include several specific analysis type, such as static or
dynamics analysis.

Processing requires no user interaction. All analysis types are
based on classical engineering concepts. These concepts can
be formulated into matrix equations that are suitable for
analysis using FEM. It calculates transformation matrices. It
maps element equations in to global system, and hence
assembly of elements takes place. Boundary conditions are
introduced and solution procedures are performed.

For structural analysis problem the displacement, stiffness
and loads are related as given below:

[KKa}= [F]

Where [K]= structural stiffness.
{g}=Nodal displacement.
[F]=load matrix.

In the solution phase we really end up with governing
equations for each element. By solving these equations at
each node, we obtain the degrees of freedom, which would
give the approximate behavior of complete model.

4.1.3 Post-processing

The post processing of data includes presentation of result

such component/assembly deformed shapes, strains and

stress distribution etc.. During post processing the results can

be shown graphically or in text form as described below:

¢ Displacement shapes: deformed and un-deformed mesh is
displayed.

e Contours: Iso quantity plots such as iso-stress surfaces
etc.

¢ Animation: mode shapes, time dependent or harmonic
results can portrayed vividly.

e Auto generation: results are presented in the form of
charts, tables, graphs etc.

The major job of post-processor is to present results in an
easy way with pictorial representation. This aid in
determining the basic trends and then concentrates on critical
areas. The user can also exercise control over the viewing
direction, magnification, parameters displayed, color maps
etc. The additional information which can be used further for
optimization of design like weight reduction, optimum
configuration etc.

5. Introduction of the Customized Software

A customized had been developed by the commercial vendor
which uses ANSYS as the core engine. It is an ANSYS
based turbine blade analysis system with extensive
automation for solid model and F.E. model generation,
boundary condition application, file handling and job
submission tasks for a variety of complex analyses; the
program also includes turbo machinery specific post-
processing and life assessment modules. This customized
software having cutting-edge example for vertical
applications built on the core ANSYS engine using ANSYS
APDL and Tcl/Tk. The software having capabilities for pre-
processing, static and dynamic stress analyses, generation of
Campbell and Interference diagrams and life assessment. The
principal advantage of this software is its ability to generate
accurate results in a short amount of time, thus reducing the
design cycle time.
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Some of the important strengths for this customized software

are mentioned below:

a) A user-friendly interactive interface that allows for rapid
model, mesh generation and extraction of the useful
results.

b) Low level information required for the solid and FE
model entities available to the end user through APDL
calls.

c) Robustness and ability in generating and meshing
complex geometries driven by parametric inputs.

d) Support for a variety of physics environments,

e) Minimal effort involved in porting an ANSYS
application.

This customized software is using a FE analysis platform
which is menu driven, easy-to-use analysis tool. This
customized software has capability to carry out the analysis
mentioned below:

5.1 Geometric Modeling
The following are the modeling capability of the blade.
1. Cover Data
a) No Cover
b) Peened Tenon (Up-to three tenons)
¢) Integral Cover
d) Over/Under
supported)
Airfoil Data
3. Root Data
a) Straddle Mount
b) Axial Entry
¢) T-Root
d) Finger root
4. Disks Data
5. Mesh Control and Boundary Conditions
a) Cover Mesh control
b) Airfoil Mesh Control
¢) T-Root Mesh Contact and boundary conditions
d) Disk Mesh Control and boundary conditions

(Up-to three tenons, currently not

N

5.2 Operating Conditions of LP turbine

The moving blade of low pressure turbine of a typical steam
turbine is considered for the analysis. The operating
condition of steam turbine blades are mentioned Table 5.1.

Table 5.1: Operating Condition

Inlet temperature of the moving blade | 45°C

Inlet pressure of the stage 0.37bar.

Exit temperature 65°C

Exit pressure of the stage 0.20 bar
Power developed by the moving 2885.68 KW
blades

Blade Material X20Cr13
Number of moving blade in the stage | 50

Rated speed of the turbine 3000 rpm

Steam turbine LP blade material and their properties used for
analysis are given below in the table 5.1.

5.3 Model generation

In model generation the parameter like Number of blades,

Speed and its unit are provided.

1. In our analysis the LP blade is unshrouded, hence ‘no
cover’ is selected Radii to the airfoil upstream (leading
edge) and downstream (trailing edge) tip locations are
given.

2. For the blade of LP Turbine 66 points for each airfoil
sections are defined and 14 number of airfoil sections are
taken.

3. The blade of LP Turbine that is to be modeled uses a T-
root type of attachment.

4. Mapped meshing has been done for entire blade including
airfoil, T-Root and disk. The root land is constrained with

all DOFs and the movement between root and disk.

Table 5.2: Material Properties

. C0.16-0.25
Material X20Cr13 Cr 12.00 — 14.00
Temperature 20 °C
Young's modulus (MPa) 210 x 10°
Poisson ratio 0.27
. Density (kg/m3) 7.70
Mreé:h:rrlzggl Specific heat capacity at 20 460
prop °C (J/kg K)
Thermal expansion (K™?) | 20-100 °C:10.5 x 10°®
Yield strength (N/mm2) 760
Tensile strength (N/mm2) 930
’Em - - .
‘gm s
Elevated || N\
temperature || §* \c.m
properties ||
m’a L ] M_?uum o E a0 & | Minimum tensle properties at varicus temperaturas, shown in
stmpain fQ dearim, f 1 the EN 10065-3.

5.4 Generation of FE Model

FE mesh will create a model that contains volumes, areas,
lines and key points etc., solid model entities in addition to
elements and nodes. Boundary conditions such as nodal
coupling, displacement constraints, forces etc. will be
applied only in the case of FE model. The option available
for generating the 3D FE model is shown in FigurelgliI

ELEMENT §
FEBE 20 2013
10:29:03

blade

Figure 2: FE mesh model of LP blade
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6. Results of Steady State Analysis
The following results are obtained from the above analysis:
6.1 Radial Stress

Radial stress is stress towards or away from the central axis
of a component. Figure 3 shows radial stress distribution on
last stage of LP turbine blade. At most part of the blade the
radial stresses are below 250 MPa (compressive). It is found
that in 2-3 elements at root lug locations the peak stress
values is around 1680 MPa.
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Figure 3: Radial stress distribution

blade

6.2 Circumferential stress

A circumferential stress is a stress distribution with rotational
symmetry i.e. which remains unchanged if the stressed object
is rotated about some fixed axis. Figure 4. shows
circumferential stress distribution on last stage of LP turbine
blade. At most part of the blade the radial stresses are below
55 MPa (compressive). It is found that in 2-3 elements at
root lug locations the peak stress values is around 815 MPa.
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Figuer 4: Circumferential stress distribution

6.3 Axial stress

Figure 5 shows axial stress distribution on last stage of LP
turbine blade. At most part of the blade the radial stresses are
below 450 MPa (compressive). It is found that in 2-3
elements at root lug locations the peak stress values is around
900 MPa.
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1138.98

=720.873 -255.984
-488.479 -23.

1371.48

blade

Figure 5: Axial stress

Figure 6 shows max principal stress and Von-mises stress on
last stage of LP turbine blade.

Figure 6: Max principal stress and Von-mises stress
distribution

To find out membrane stress and membrane + bending stress
at some critical locations, stress categorization is carried out
in ANSY'S using path plot as follows.

1. A path is created at the root landing, where the peak
stress gradient is high and Von-mises stress is analyzed.
The path plot at the Root landing as shown in Figure 7.
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Figure 7: Stress categorization at room landing as shown by
arrow

Membrane stress = 351MPa < 507MPa (2/3 of yield strength
= (2*760)/3)

Maximum Membrane + Bending stress = 643MPa < 760MPa
(Yield strength)

2. A path is created at the root landing, where the peak
stress gradient is high and Von-mises stress is analyzed.
The path plot at the Root landing as shown in Figure 8.
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Figure 8: Stress categorization at room landing as shown by
arrow

Membrane stress = 305MPa < 507MPa

Maximum Membrane + Bending stress = 601MPa < 760MPa
The results obtained from the stress categorization path plots
at the root landing for both membrane stress & maximum
membrane + bending stress were found to be within the
allowable stress limits. Hence from the steady stress analysis,
it is concluded that the blade under consideration is safe from
the static stress point of view.

7. Conclusion

Extensive literature survey had been carried out to
understand the stress behavior of bladed component of turbo
machinery. Finite element stress and modal analysis was
carried out for the moving blades of a low pressure steam
turbine using customized software, dedicated for analysis of
steam turbine blades. 3D blades from the given profile data
is generated by stacking 2D profile sections and attaching the
root using an easy to use GUI available in the customized
software. And also one sector of the disk is modeled in the
software and assembly of blade and disk is made. The model
of the blade and disk is meshed in the software. Steady state
stress analysis of the blade is carried out by applying the
centrifugal and aerodynamic loading. Stress categorization at
the critical location of the blade root is carried out to find out
the membrane and membrane + bending stress at those
locations. It is found that the stresses at those locations are
lesser than the allowable stress and hence from the steady
stress analysis is it concluded that the blade under
consideration is safe from the static stress point of view.
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