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ABSTRACT

In this report, we have performed fluid structure interaction (FSI) simulation for a
steam turbine blade. Steam turbine blade geometry is created on CAD software with
aerofoil shape. Then the geometry is imported into Ansys R18.1 software from CAD
software. After this, CFD analysis of the turbine blade is performed with hot steam
passing over the blade and cold water passing through the hollow section of the blade
for cooling purposes. Thermal load, pressure load and centrifugal load is considered
in CFD analysis. After the CFD analysis, FEA analysis is performed for the same
geometry. Pressure load, thermal load, centrifugal load and gravitational load are
considered in FEA analysis. Pressure load and thermal load are extracted from CFD
software to FEA software. VVon mises stress and deformation of the blade are
obtained as results from FEA analysis. This entire FSI analysis is performed on
turbine blade for two operating conditions of turbine, namely, steady state and
transient state (start-up). After obtaining FSI results for both the analysis, results are

compared and conclusions are made.
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CHAPTER 1: INTRODUCTION

In present world, turbine is used in large number of applications; few of them include
electricity generation, jet engines, turbochargers, motors etc. Whether the electricity is
produced from wind energy, burning fluid, steam or water; it is generated with the help of
a turbine [29]. A turbine consists of a shaft passing through centre of the turbine disk. The
periphery of the disk is covered with blades. In power plants, this turbine is further
connected to a generator for producing electricity. A heated fluid is passed through the
turbine at high velocity. The running fluid hits the turbine blades and the turbine starts
rotating. At this point, the energy of the fluid is converted into the rotating energy of the
turbine, by which the principle of conservation of energy is followed. As the turbine starts
rotating, the shaft also starts rotating. The shaft of the turbine is connected to the shaft of a
generator. So, the shaft of the generator also rotates and electricity is produced. Hence, the

energy of the fluid is exploited to produce electricity.

There are different types of turbines based on different classifications. One category is of
axial flow turbine and radial flow turbine. In axial flow turbines, the fluid flow strikes the
turbine along the shaft line whereas in radial flow turbines, the fluid flow smoothly moves
around the turbine perpendicular to the shaft axis. Another classification of turbines is
impulse turbine and reaction turbine. With the increasing demand of electricity at global
level, it becomes important to produce more efficient turbines. A fluid flow consists of
Kinetic energy and pressure energy. The impulse turbine utilizes the kinetic energy of the
fluid flow whereas the radial turbine utilizes the pressure energy of the fluid flow [33].
Another type of classification includes pressure compounded turbine, velocity
compounded turbine and pressure velocity compounded turbine. This classification is
based on the manner in which thermal energy of the fluid is converted into mechanical
energy. The pressure compounded turbine splits the pressure in different stages of turbine,
velocity compounded turbine splits the velocity in different stages and pressure velocity

compounded turbine combines the above two types of turbines. Finally, depending on the



type of applications, the turbines are classified as steam turbine, fluid turbine, water
turbine, mercury vapour turbine, screw turbine, wind turbine, bladeless turbine, shroudless
turbine, shrouded turbine, ceramic turbine, statorless turbine and contra rotating turbine.
The turbine blade that we have analyzed in this report is of a reaction type, single stage,

high pressure, axial flow steam turbine.

1.1 STEAM TURBINE

A steam turbine is a turbine operated with steam as fluid. Steam flows through the turbine,
by which the turbine rotates so as to produce mechanical energy. In coal power plants,
steam turbines are deployed to generate electricity. The modern form of steam turbine was
invented by Charles Parsons in 1884 [34]. Modern day steam turbines are used in variety
of applications like in mechanical drives for pumps, compressors and shaft driven

equipments, electricity generation etc.

Thermodynamically, the steam turbine follows an isentropic expansion process. That is,
Expansion of the steam takes place in the process at constant entropy. The assembly of the
steam turbine consists of turbine disk, rotor, blades, shaft, casing and nozzle. Firstly, the
working fluid, in this case steam passes through a nozzle with increased velocity before
striking the blades of the turbine. When the steam hits the turbine blade, it slides over the
blade from one end of the blade to another. This sliding action of steam over the blade
results in the application of force on blades. Therefore, the blades start rotating and hence
the rotor, disk and shaft start rotating. After gliding over the blade, the steam passes
through the turbine from exhaust. Now, more the outlet pressure of the steam, lesser will
be the turbine efficiency (thermodynamically). Hence, the pressure of the steam at outlet is
kept around 0.1 bars in power plants. Also, higher the inlet temperature of the steam,
higher will be the efficiency of the turbine (thermodynamically). But, there are some

limitations to which the temperature of the inlet steam can be increased.

One of the most important applications of steam turbine is electricity generation in power



plants. Steam turbines are used as prime movers in producing about 80% of world’s
electricity. Reheaters and regenerators are used in power plants for redistributing steam’s

enthalpy and use it in a more efficient manner.

The advantage of steam turbine over other internal combustion engines is that it does not
have any reciprocating masses. Hence, there is no issue of unbalancing of components. It
also means that there will be less wear and tear in steam turbines. Also, since there are no
sliding members in steam turbines, there is less friction than other prime movers and
engines. In reciprocating engines, the limiting speed is around 300rpm whereas in steam
turbines, the limiting speed is around 40000rpm. Lubrication required in steam turbines is

very less.

Steam

Turbine

Power out

Fuel 2
E—

Boiler

DAAYA

Process or
Condenser

|

Heat out

Fump

Fig 1.1: Block diagram of a power plant

1.2 TURBINE BLADE

Turbine blade is one of the most important components of a turbine. It is fitted around the
periphery of the rotor and also along the axis of the rotor. There are two types of disks, one
is the rotor and the other is the stator. The rotor rotates and the stator remains stationary.

Both the rotor and stator consists of blades around their periphery. The blades of rotor and

a



stator are designed differently due to different operation requirements.

During working of steam turbine, the fluid glides along the surface of turbine blades,
providing required angular motion to the turbine. In case of steam turbine, high pressure
and high temperature steam hits the turbine blades during the operation. This creates high
stress conditions for the turbine blade. Hence, reducing its life. This is the reason that the
turbine blade is the component that limits the life of the turbine. As we have discussed in
section 1.1, as the temperature of inlet steam increase, the thermodynamic efficiency of the
steam turbine increases. As the electricity demand is increasing globally, the researchers
are continuously looking to increase the efficiency of the steam turbines. With increasing
inlet temperature, the stress condition on the turbine blade becomes more severe. In order
to tackle this problem, suitable material is used for manufacturing turbine blades, which
are called as super alloys. Examples of such materials are U-500, Rene 77, Rene N5, Rene
N6, PWA 1484, Inconel, Nimonic 80a, Nimonic 90, Nimonic 105 etc. Apart from using
such materials, thermal coatings are done on the surface of the turbine blades and different

methods of turbine cooling are deployed.

During the operation of steam turbine, the turbine blade experiences four types of loads,
namely, centrifugal loads, thermal load, pressure load and self weight. The major types of
failure modes that occur in turbine blades are fatigue, creep and damage due to resonance
condition. In order to prevent damage due to vibrations, friction dampers are also used
[35]. Another type of failure is corrosion failure, which takes place due to availability of
both steam and air on the surface of the turbine blade.

For different types of turbines, the profile of the turbine blade varies. The profile of the
turbine blade used is aerofoil and rectangular for reaction and impulse turbines
respectively. For calculating blade efficiency, velocity triangles are used as shown in fig
1.2. The maximum blade efficiency depends on the inlet guide vane angle (a;) as shown in
fig 1.2. Equations (1.1 and 1.2) represent the maximum blade efficiency of reaction and

impulse turbine respectively.

a



Fig 1.2: Velocity triangle of turbine blade (Saksham groverl13, 2012)
MReacTion = 260s%0/(1 + cosay) (1.1)

MNIMPULSE = C032(11 (12

1.3 COMPUTATIONAL FLUID DYNAMICS AND FINITE ELEMENT
ANALYSIS

1.3.1 Computational Fluid Dynamics (CFD)

Computational fluid dynamics is the branch of fluid dynamics in which problems of fluid
dynamics are solved on computers with the help of software. Such software utilizes
principles of fluid mechanics to solve problems. It is used in various fields such as
aerodynamics, heat transfer, biology, power systems, piping systems, combustion analysis
etc. The software works on fundamental principles of fluid mechanics, like continuity
equation, energy equation, momentum equation, navier stokes equation etc. On the
backend, the software follows a procedure called as finite volume method. It is a numerical

procedure in which the problem is divided into small number of problems using a mesh.
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Then the fundamental equations of fluid mechanics are solved in conservative form over
discretized volumes. At the end, all the discretized solutions are combined to form a final
solution.  Other methods are also used at the backend, such as finite element method,
boundary element method etc. But, finite volume method is the more predominant one in

CFD software. Some commercial packages used in CFD.

The advantage of solving problems using CFD is that it reduces the cost of experimental
processes. It can provide results at any point in the domain whereas in experimental
analysis, one can only achieve results at places where measurement units are setup.
Another important advantage of CFD is its speed of doing the calculations. Higher the
computational power of the system, quicker will be the calculations. Since, the calculations
are quicker, time is saved. Also, CFD analysis is more flexible, as the parameters like
material properties, boundary conditions can be changed at a click. Finally, CFD is able to
create an almost exact environment as of real world providing approximate but accurate

results.

Figl.3: Results obtained on CFD software



1.3.2 Finite Element Analysis (FEA)

Finite Element Analysis is the procedure to solve physical problems related to specific
fields on computer following a certain algorithm. The basic idea behind finite ele ment
method is to break the problem domain into smaller parts and then solve each part. At last,
combine the solutions of smaller parts to obtain the solution of the complete problem
domain. It is used to solve problems in the field of structural analysis, heat transfer

analysis, modal analysis, dynamic and static analysis, electromagnetic, biomechanics etc.

For any physical problem, the problem domain is first meshed (divided into smaller parts).
The mesh creates elements and nodes out of the domain. The equations representing the
physical problem are solved at the nodes. Then, with the help of shape functions, equations
are solved across the elements. Finally, the solution at element level is converted into

assembly level and unknown variables are calculated.

The advantages of FEA include increased speed, time is saved, money is saved and almost
exact environment of the real world is created in FEA software. Another advantage is that
one can also simulate such problems which in real world would not be possible. Some of
the commercial FEA software packages are Abaqus CAE, Ansys R18.1 Transient
Structural, Ansys R18.1 Static Structural, Altair Hypermesh etc.
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CHAPTER 2: LITERATURE REVIEW

Literature survey is done in three sections, which are detailed below.

2.1 STUDIES ON OPERATING CONDITIONS

Banaszkiewicz et. al. [25] has presented a study on one of the important stages of working
of a steam turbine which is start-up. First of all, the principle of a start-up is explained. The
procedure of a start-up needs to be followed strictly in view of safety and reliability of
steam turbine. The start-up phase in working of steam, turbine is a transient phase and
involves handling of various systems and equipments of a turbine. Hence, this stage
requires safety and experience. There are three phases during a steam turbine start up are
turbine preparation to start up, running up to idle run and synchronization and loading.
During first phase, turning gear is started to rotate the turbine at a very low speed and bring
it to dynamic state from static state. During second phase, steam flows through the turbine
at a pressure and temperature less than the normal working pressure and te mperature, till
the required speed of synchronization is reached. In the third phase, the turbine is
Osynchronized with the power grid to produce electrical power. After the third phase, the

turbine operates at steady state conditions.

There are three types of start up, namely, cold start, warm start and hot start. When the
turbine inner casing temperature is lower or equal to 170°C, then cold start up procedure is
used. When the turbine inner casing temperature is lower or equal to 430°C, then warm
start up procedure is used. When the turbine inner casing temperature is greater than
430°C, then hot start up procedure is used. During a start up, the fluid parameters are not
constant. The hot steam is in contact with the outer surface of the turbine blade. Due to
thermal coating, heat transfer is less cross the blade. Hence a thermal gradient is created
across the body of the turbine blade. This leads to thermal stress generation. Also, lower

the time period of start up, more are the thermal stresses generated due to fast temperature



changes. Another damage mechanism during a start up is the vibrations produced in
different parts of the turbine. Also, one has to quickly pass through the resonant frequency
of rotating components during the start up. Also, the vibrations damage the path of steam.
Frequent startups leads to increased thermal stress which may even cross the yield point of
the material and lead to crack initiation. The internal thermal stress also leads to thermal
expansion of turbine components such as rotor and casing. The various parameters such as
steam parameters, rotational speeds etc that are need to be taken care of during a startup
are given in startup curves. Startup curves are designed for an individual turbine with an

aim to reduce the thermal stresses and take optimum time.

Mali et. al. [19] presented the study of cold start, hot start and warm start for high pressure
turbine and intermediate pressure turbine. The experiments are performed for a 125MW
steam turbine. It is observed that low pressure turbines are more prone to failure during
transient events than high pressure and intermediate pressure turbines. Firstly, two graphs
are taken as reference which are speed vs. time and load vs. time during a start up. Then
two graphs are plotted with the help of experiments conducted for each case of cold start,
warm start and hot start. The two graphs are also plotted for both HP turbine and IP
turbine. The two graphs are pressure vs. time and temperature vs. time. The first
observation is that the turbine takes 240 min, 120 min and 60 min to reach full load of 125
MW for cold, warm and hot start respectively. The second observation is that the turbine
speed reaches from 0 to 3000rpm in 60 min, 15 min and 10 min for cold, warm and hot
start condition respectively. The final observation is that it is better to start the turbine from
hot start than warm start and also better to start with warm start than cold start, but the

startup procedure also depends on the turbine inner casing temperatures.

Chow et. al. [21] states that we need a safe and economical operating procedure for steam
turbine startup. At the same time, we have to look for shortest possible time for loading
and unloading so as to reduce the thermal stresses. The following points need to be taken
care of during a startup:

e The steam temperature should be 50-100°F above the turbine metal temperature.

a
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e The hot start should take less than 6-7 minutes to make turbine attain steady speed
and warm start should take 20-30 minutes for the same.

e At cold start, the temperature and pressure of the steam should be kept as low as
possible.

2.2 STUDIES ON FAILURE MODES AND TRANSIENT ANALYSIS

Morozet. al. [1] has presented a study on the process of developing an online setup to
monitor the thermal stress produced in steam turbine blade. The operational flexibility of
the steam turbine needs to be increased in order to meet the power demands. But, the
thermal stresses produced, limits the operational flexibility of a steam turbine. The thermal
stress induced leads to damage of the components. The various damage mechanisms that
take place are low cycle fatigue, high cycle fatigue, creep-fatigue interactions, corrosion,

erosion, stress corrosion cracking and thermal aging.

The thick walled components like rotor, valve steam chest, nozzle boxes, casings and
casing rings are affected by thermal fatigue due to varying temperature gradients during
transient events. The stress in the rotor is produced by thermal load, pressure load and
centrifugal loads. During a start up, out of these three loads, thermal stress accounts for
95% of the total stress.

Abu et. al. [36] presented a steady state analysis of a turbine blade using a finite element
model. A simplified geometry is taken and accumulation of three damage mechanisms is
considered, namely, creep, corrosion and fatigue. This accumulation is represented by
Neu-Sehitoglu thermo mechanical fatigue formula. In this analysis, the predicted life of
turbine blade is two times less in comparison to analysis where the damage mechanisms
occur separately. The drawback of this analysis is the requirement of 19 material data

which is difficult to gather accurately.
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Moroz et. al. [2] presented a thermo-mechanical analysis of complete steam turbine
considering some key aspects like steam condensation and psychometric properties of
steam during the operation. The author got motivation from the fact that with increase of
operational flexibility of steam turbine, the thermal stresses on primary components is
increasing and hence, the demand of more accurate LCF simulations has increased. The
conclusions are that the author’s approach resulted in better accuracy of the results. The
psychometric properties, condensation effect and the windage effect were all captured in

the analysis.

Badshah et. al. [6] presented a fluid structure interaction analysis for a tidal turbine with
fluid flow following a specific velocity profile. In this analysis, Ansys R18.1 CFX software
is coupled with Ansys R18.1 Transient Structural software. A turbulent flow was
considered with velocity following 1/7" power velocity profile. In order to reduce the
computation time required to solve the problem, first a steady state analysis is performed
on uncoupled Ansys R18.1 CFX software. Then the results of this analysis are taken as
initial value in transient analysis performed on uncoupled Ansys R18.1 CFX software.
Finally, the results obtained from tjis analysis are taken as initial values in coupled Ansys
R18.1 CFX software. This process results in fast convergence of the coupled FSI analysis.
After this following the standard CFD procedure, the problem domain is divided into small
control volumes. Then, the continuity equation and momentum equation are solved over

these control volumes.

The SST (Shear Stress Transport) model is used as turbulent flow model. This model uses
k-o turbulence model near the walls and k-e turbulence model away from the walls. A
turbulent intensity of 5% and viscosity ratio of 10 is taken in this analysis. At the outlet,
relative static pressure is 0. On some faces of the fluid domain, no-slip boundary condition
is applied, which means that velocity of fluid flow on these faces will be zero. The Ansys
R18.1 CFX software is loosely coupled with the Ansys R18.1 Transient Structural
software. The CFD analysis is performed independently on Ansys R18.1 CFX and FEA

Structural analysis performed on Ansys R18.1 Transient Structural separately. The
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coupling system transfers data between the two software. Structural steel is taken as the
material of the turbine, as composite material makes the analysis more complex. The same
geometry model is used for both CFD and FEA analysis. The angular velocity of the
turbine is set to 0.7 rad/s. The setting for CFD and FEA analysis is set to transient analysis.
The FEA system is solved first and then the CFD system is solved. The accuracy of this
simulation depends on the mesh and mapping procedure. Mesh verification is done in this

paper to obtain a mesh independent solution.

Zhu et. al. [11] has performed a FEA simulation to analyze blade root and then has
provide an optimized design of the blade root. The turbine blade consists of three parts,
namely, blade leaf, root and tip. All the parts are designed according to the operation
requirements. The turbine blade is under a multi-axial state of stress during its operation. In
this paper, the root and rim of the blade of a marine turbine is analyzed and then optimized

for design. Firstly, the factors affecting the turbine blade design are discussed.

The parameters on which design of a turbine blade depends are blade material, centrifugal
bending stress, load and dynamic pressure. First talking about material, the material of
turbine blade varies with the type of the turbine. If the turbine is HP turbine or IP turbine,
then the material used is stainless steel with 12Cr, with stainless steel above 450°C. If the
turbine is LP turbine, then the material used is titanium alloys (Ti-6Al-4V). The nature of
material used determines the elasticity, corrosion resistance, pressure resistance and tensile
strength, and hence the life of a turbine blade. Talking of centrifugal bending stress, if the
centre of gravity of blade and leaf and centre of gravity of blade root are not in straight
line, then centrifugal bending stress is generated during working of the turbine. The
designers design the blade in such a way so as to counter the aerodynamic force with the
centrifugal force. Talking of load, the aerodynamic force is only 10% of the centrifugal
force. Airflow bending is most prominent in HP turbine, since the pressure difference
across the blade is high in HP turbine. But, airflow bending is also prominent in LP
turbine, because LP turbine has much more section area than HP and IP turbine. The last

parameter affecting the turbine blade design is dynamic pressure. The dynamic pressure
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means the vibration generated in the turbine blade, which leads to fluctuation of stress in
the blade. If the amplitude of vibrations is large, the stress generated does not cross the
limit of stress material can bear. But, if the Amplitude is large, then the stress generated
can cross the limit of stress material can bear. Generally, due to dynamic pressure, the
failure of blade takes place due to HCF rather than LCF. In HCF, the material fails

suddenly at large number of cycles.

The FEA analysis of turbine blade model is carried out for stress analysis. As the
centrifugal force is greater on the blade root and flange, the mesh is refined there and rest
of the model, grid is thicker. The total number of elements created is 94079 and the
number of nodes created is 344324. Radial displacement constraint is applied to inner
surface of the rim. Axial displacement constraint is applied to both sides of the rim. Only
centrifugal load is considered in the model. A rotational velocity of 7300r/min is applied to
the model. The material of the blade is Cr17Ni4Cu4Nb and the material of the rim is
30Cr2NidMoV.
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Fig2.1: Original enlarged view of blade root and rim interface (Zhu M.,
2019, p. 3)

During post-processing of FEA analysis, von-mises stress contour is obtained. It is
observed that the maximum stress for blade root is at the root of the first tooth, which is

equal to 758MPa. The maximum stress of the rim is at the root of the lowermost part, equal



14

to 1150MPa. The maximum stress produced in rim has exceeded the strength limit of the
material. Hence, we require providing modification in the design of turbine blade and rim,
in order to make a safe model. Because of structural constraints, the blade leaf cannot be
modified. Hence, to reduce loads, the width of the blade and weight of the blade is

reduced.

‘oaae

Fig2.2: Optimized design of the blade root and rim interface (Zhu M.,
2019, p. 5)

After design optimization of the turbine blade, in order to calculate maximum stresses in
the model, FEA analysis is performed. All the parameters and settings of the analysis are
same as the previous analysis. Only difference is that the number of nodes this time is
346537 and the number of elements is 95658. During post-processing, it is observed that
the maximum equivalent stress in the rim is 743MPa. This stress is 53% lower than the
stress obtained during previous analysis. It is also concluded, that the titanium alloy is very
well suited to the turbine blade applications as it reduces the weight of the blade, improves
its efficiency and is a onetime change for the blade. A onetime change is cheaper than

altering power plant units for long life development.

Somashekar et. al. [12] has performed static structural FEA analysis on a turbine blade
model for two different materials, in order to predict the best material for a steam turbine
blade. The 3D modeling of turbine blade is done using CAD software, which is CATIA V5

R20. First, a blade profile is imported, then a curved 3D surface is formed out of it and
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finally blade root and cooling holes are modeled. Now, using FEA software, Ansys R18.1
15.0 Static Structural, FEA analysis is performed. First, the blade geometry is imported
from CATIA software to Ansys R18.1 software. Then, meshing is performed, forces are
applied on the blade leaf and fixed support is created on the blade root. The materials taken
are structural steel and inconel 600.Then simulation is performed. In post-processing,
maximum principal stress, von mises stress, total deformation, shear stress and maximum
principal elastic strain contours were studied for both the materials. All the parameters
studied are lower for inconel 600 in comparison to structural steel. The maximum principal
stress is less than the stress limit for both the materials but the total deformation is less for
inconel 600 materials. Hence, it is concluded that inconel 600 is better suited for turbine

blade in comparison to structural steel.

Jojappa et. al. [13] has performed static structural analysis, modal analysis, thermal
analysis and fatigue analysis for different materials for a hollow steam turbine shaft and a
solid steam turbine shaft. The author got motivation from the fact that the analysis has been
performed earlier for different materials but it has not been done for a hollow steam turbine
shaft. Firstly, 3D models of solid and hollow steam turbine shaft are created on CAD
software. The calculations for self weight load and pressure load is performed before the
analysis. Two materials are taken, one is AISI 4130 Steel (super alloy steel) and other is
Haynes Hastelloy C-276 alloy. All the analysis are performed are stated above. Equivalent
stress, total heat flux, total deformation, safety factor and life contours are obtained from
the analysis. Another geometry is taken with hollow shaft having centered bearing for

support and analysis is performed.
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Fig2.3: Contour obtained for hollow shaft after structural analysis
(Jojappa D. et. al., 2016, p. 196)

It is concluded that stress and deformation for hollow shaft is larger than solid shaft but it
is under the maximum limits if the material considering the factor of safety. For the hollow
shaft with centered bearing, the stresses were reduced for the hollow shaft. Finally, it is
concluded that hollow shaft with centered bearing for C-276 material is well suited for
steam turbine shaft. Also, using this geometry, the weight of the shaft is reduced by 16%

and hence mechanical efficiency of the turbine is increased.

Gowda et. al. [16] is a joint study between Triveni Engineering and Industries Ltd. and
Ansys R18.1 India. In this paper, a FEA analysis is performed for a LP turbine blade under
centrifugal load at constant rpm and then design optimization is performed. During
operation of the turbine, the turbine blade root gets stressed in the disk slot. At some
contact points, the stress may reach yield point and deformation may enter into the plastic
region leading to crack initiation. Generally, the life prediction analysis that are performed
for turbine blade does not take into account the geometry deformation of the blade root,
providing results with errors. In the analysis performed by the author, Pro/ENGINEER
CAD geometry of LP turbine blade disk assembly is imported to Ansys R18.1 Mechanical
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software. The meshing is performed using SOLID 185 elements. Contact pair is formed at
the mating surfaces using augmented lagrangian algorithms. A safety factor of 1.5 is taken
for the blade and of 1.25 is taken for the disk. The rpm of the turbine is taken 6000rpm and
7200 rpm. The linear analysis is performed with the above parameters. In post-processing,
the results showed that the maximum stress at the mating surface reached a maximum
value of 585 MPa. Now, another analysis was run with elastic-plastic material properties.
In order to reduce the computational time and power required for the analysis, Neuber
formula was deployed which predicts the plastic stress-strain rates from linear runs. In this
analysis, the maximum stress reached to 1904 MPa and gave very poor LCF life of the
model. In order to reduce the stress levels, design optimization is performed using Ansys
R18.1 Design Language (APDL). After design optimization, the peak stress in blade root
reduced from 1904 MPa to 1153 MPa and the peak stress in blade disk reduced from 1660
MPa to 1102 MPa. Also, the stress concentration factor was reduced from 10.4 to 6.

Fig 2.4: Peak stress reduced at root of the blade after design optimization
(Gowda K.K. et. al., p. 2)

Tulsidas et al. [18] has performed LCF analysis of steam turbine blade with goal to
predict its useful life. The author has performed linear elastic FEA analysis and e lasto-

plastic FEA analysis using Neuber’s formula. In low cycle fatigue case, when the stresses
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are high, the part of the model initiates cracks in less number of cycles. In such cases, one
has to consider both elastic strain and plastic strain. To predict LCF life, ‘Mason-Coffin’
equation is used. This equation relates life to total strain.

A€t = MN¢+ G/E(Ny) (2.1)
The coefficient ‘M’ is governed by ductility and ‘G’ by strength.

There is another method for calculating useful life using total strain. This method is called
universal slope method. This method utilizes results obtained from tensile testing rather
than LCF testing. LCF testing is expensive and takes a lot of time. This method gives an
approximate result for useful life, but is found to be a useful tool. For performing the non
linear FEA analysis, the author has used Neuber’s formula, which is basically used to make

the computational requirements lesser for non linear FEA analysis.

The inlet temperature of the fluid for analysis is taken as 450°C. Static pressure is taken as
0.1 bars and the rated speed of turbine is 8650rpm. Factor of Safety is also considered for
all types of stresses considering operating conditions, manufacturing, assembly and other
parameters. The problem is formulated in order to estimate the stresses at different cross
sections of the blade, with turbine running at 121% over speed. Then neuber’s formula is
applied in order to calculate the total strain for non linear analysis. Lastly, universal slope
method is applied for calculating LCF life. The blade and disk assembly model is
generated using CAD software. Exploiting the cyclic symmetry of the model, only one
cyclic sector is utilized for analysis. Surface to surface contact pair is formed between the
mating surfaces of disk and blade. A matching node pattern is formed at the mating
surfaces for accurate load transfer. The blade and disk are assigned chrome steel as
material. The yirld stress of the material is 585 MPa, young’s modulus is 210 GPa, density
is 7900 kg/m® and poison’s ratio is 0.3. The linear analysis is performed with the above
material properties and boundary conditions. The linear peak stress is observed at blade
root fillet of 2978 MPa and at the disk root fillet, of 2968 MPa. Both the magnitudes of
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stress are above the yield strength of the material. But, these are elastic stresses and no
plasticity is considered in the model, which is not the actual case. Now, using two
techniques, bilinear analysis and Neuber’s formula, linear stress is converted into non
linear stress. The peak stress observed after the non linear analysis is 446 MPa, which is
below the yield strength of the material. Also, the stresses evaluated by both the techniques
are almost same. Since, the maximum stress value for disk is less than that of blade, we can
conclude that disk is stiffer than blade. The weaker section of the assembly can be replaced

in case of failure.
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Fig 2.5: Maximum von mises stress for blade root at various speeds
(Tulsidas D. et. al., 2014, p. 2398)

Now, the fatigue analysis is performed in order to determine the useful life for turbine
blade-disk assembly. Generally, the disk and blade fillets undergo the peak stresses during
cycling loading. The maximum stress is produced during transient events such as start up

and shut down cycle.
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Fig 2.6: Loading cycle for turbine blade

The same material properties and boundary conditions are used in the fatigue analysis as
used in previous analysis. Life contours are obtained from the analysis. Aligning with the
expectations, the lowest life is observed at blade and disk fillets, which is equal to 10834
cycles. This result is in accordance with the life obtained from analytical method and USM
method. The analytical method predicts life as 10486 cycles and the USM method predict
life as 10500 cycles.

The author’s target was to achieve a minimum of 5000 lifecycles as fatigue life. The life
cycle obtained from Ansys R18.1 Fatigue tool, analytical method and graphical method, all
complies with each other and are much greater than 5000 life cycles which was the target.
Also, in this paper, a correlation is established between the bilinear analysis and Neuber’s
rule for performing non linear FEA analysis. This can now be used for analysis industrial

blades in future.

Ubulom et. al. [20] has performed a fully coupled fluid-thermal and structure interaction
simulation for steam turbine blade in order to predict fatigue life and creep life for the
same. In this analysis, heat flux, temperature, displacement and aerodynamic forces were

updated for every iteration. Another analysis is also performed in which a single software
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is used, which is termed as Conjugate heat Transfer Method. The computational resources
required for CHT method is much lower than the fully coupled analysis. Then analysis is
performed to determine fatigue life and creep life. There are three approaches for solving
the above problem, namely, conjugate heat transfer, uncoupled and fully coupled. In CHT
method, a subroutine code of metal conduction is incorporated with fluid flow code, to
achieve blade temperature. In uncoupled approach, first the CFD part is solved and then
the data is transferred to software to solve the FEA part. In the fully coupled approach,
both the CFD and FEA parts are solved simultaneously, updating the required variables for

each other in every iteration.

Forces Temperature

heat fluxes Displacement

Fig 2.7: Fully coupled approach (Ubulom I.A., 2019, p. 142)
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Fig 2.8: CHT solution approach (Ubulom I.A. et. al., 2019, p. 162)
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Two analyses are performed for the same problem, one with fully coupled approach and
other with CHT approach. All the boundary conditions are same for the two approaches
except the inlet fluid temperature. The inlet temperature was 900K for CHT method and
784K for the fully coupled approach. This was done keeping in mind the computational
resources required. The temperature contours are compared for both the analysis after
normalization. The temperature ratio for fully coupled case is greater than CHT method.
The fatigue life is calculated using Coffin-Manson’s equation separately for elastic strain,
plastic strain and total strain. The dominant mode of creep taking place in turbine blade is
tertiary creep. A tertiary creep model is proposed by Hayhurst and Leckie based on
continuum damage mechanics theory. It is observed that the creep strain increase at very
slow rate from 0 to 1000 hours. After this time period, the creep strain increases
exponentially with time. From the fully coupled analysis and CHT analysis, it is concluded
that the blade temperature obtained from fully coupled analysis is greater than the CHT
analysis, but the temperature difference is greater for CHT analysis, leading to more

thermal stress.

Chow et. al. [21] has performed a transient analysis on steam turbine rotor using a digital
computer by writing a raw code. A complete cycle of loading and unloading is considered
during the analysis that is, shutdown, loading and starts up. Further, two start ups were
considered separately, one after 6 hours shutdown and one after 36 hours shutdown. From
the temperature contours obtained after the analysis, it can be concluded that section 10

needs future study as thermal gradient is maximum at this section.

section 10

Fig 2.9: Temperature distribution on turbine rotor after unloading (Chow
C., 1965, p. 103)
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After the calculation of temperature contours, the thermal stress is calculated using raw
code on digital computer. It is observed that the thermal gradient is high near the periphery
and decreases towards the bore of the rotor for section 10. The maximum shear stress in
radial direction is 1.1tons/in?. The maximum shear strain energy comes out to be 6.28 in-

Ib/in®. The maximum thermal stress is deve loped at the periphery of the rotor.

Banaskeiwicz et. al. [26] has presented an advance procedure of life prediction of steam
turbine components. In this procedure, the author has performed thermo-mechanical
analysis of a steam turbine rotor along with a computer program generating creep fatigue
damage by taking long term operating data as input. In earlier lifetime assessment studies,
the data obtained from turbine operators was a representative data, which worked for base
load machines. But, now we require more detailed data for modern day turbines.
Characteristic strain model of creep developed by Bolton is used for creep calculations.
Neuber’s rule is used for calculation of non linear stresses and strains using linear stresses
and strains. If the Neuber’s rule predicts high damage due to LCF, then more accurate FE
calculations are performed using elastic-plastic material model with Prager-Ziegler linear
kinematic hardening. For creep-fatigue damage evaluation, linear theory of damage

accumulation is used.

The analysis is performed for a steam turbine rotor with operating data of around 78
months. Using the computer program, it is concluded that the rotor has undergone 267 start
ups and a total operating period of 43387 hours. Further, it is obtained that 267 start ups
include 31 cold starts, 214 warm starts and 22 hot starts. Thermal analysis is performed on
Abaqus CAE software to obtain temperature distribution during steady state and cold start.
In post-processing, it was observed that during cold start, radial temperature gradient
dominates and during steady state, axial temperature gradient dominates. For steady state,
creep strain contour is obtained and it was observed that creep strain is highest at places
where temperature is highest, which is at heat relief groove. Creep strain was less during

part load in comparison to full load. Fatigue load contour is also obtained and it is
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observed that fatigue damage is also more at places with higher temperature and thermal
gradient. Also thermal stress and minimum number of cycles to crack initiation contours
are also obtained which shows that maximum stress concentration is at the left bottom part
of first blade groove. The geometry was optimized at high stress concentration area and the
most damaged part was machined. Analysis was again run with new geometry, and it was
observed that the maximum stress value dropped by 50% and fatigue increased by seven

times.
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Fig 2.10: Relative stress and fatigue life contour for a) original and b)

optimized blade groove (Banaszkiewicz M. et. al., 2018, p. 593)

It has been observed that old lifetime assessment method provides varying results, when
results are compared with n analytical method. The method proposed in this paper has been
developed in response to the market demands and has been found to be the most accurate

method till date.

Patil et. al. [37] has given a lecture on thermo mechanical fatigue and how it can be
analysed on Ansys R18.1 software. Thermo mechanical damage may be due to the

following reasons:
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e Thermal expansion induced stress

e Material strength decreases with increase in temperatures

e Material resistance to fatigue damage decreases with increase in temperature

e Materials creep at high temperature and creep voids accelerates fatigue cracking

e Oxidation accelerates fatigue damage
Different applications where thermo mechanical fatigue occurs include exhaust manifold,
exhaust mufflers, fluid turbines, steam turbines, turbocharger etc. Ansys R18.1 nCode
Design Life software can be used for performing thermo mechanical fatigue analysis. It
evaluates four types of thermo mechanical fatigue approaches namely, multi-temperature
method, chaboche method, chaboche transient method and creep rupture. For applications
like steam turbine blade, first stress analysis should be performed considering elastic-
plastic material models in FEA software. Then chaboche transient method plus creep

rupture method should be deployed for damage analysis.

Trevino et. al. [39] has performed a static structural analysis of a steam turbine blade
with Nb5Si3 as the material. Niobium Silicides, Nb5Si3 is being tested as a potential
material for steam turbine blade. The required microstructure of Nb5Si3 is obtained by a
process called as MASHS (Mechanically Activated Self Propagating High temperature
Synthesis). The properties of Nb5Si3 include high melking point, low density and high
fracture toughness. a-phase of Nb5Si3 is being used for testing. Standard material used for
steam turbine blades is Ti6Al4V. The CAD model is generated for the steam turbine blade.
It is then imported in Ansys R18.1 Static Structural software for analysis. The boundary
conditions of force, temperature and fixed support is provided to the model. After this,
meshing of the model is generated. In post processing, the max deformation contours were
obtained for Ti6AI4V and Nb5Si3. The maximum deformation for Ti alloy is found to be
0.9038mm and for Nb5Si3, it is found to be 0.2456mm. Hence, it can be concluded that
Nb5Si3 can be thought of as an alternative material for steam turbine blades. Further

research can be done on the manufacturing process for Nb5Si3.
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2.3 MOTIVATION

As studied in introduction, steam turbines are used in various applications across different
industries. It is a power generator used in different ways. With increasing population and
increasing technology, the demand for power is on its peak. In order to produce more
power, one of the foremost activities is to modify the main power generating component
for better efficiency, flexibility and life. Steam turbine is one of the widely used power
generator globally and its blades are one of the most important components of the turbine.
According to the thermodynamic cycle on which steam turbines operate, increasing the
inlet temperature of the fluid increases efficiency of the turbine. This has lead to even more
rise in the severe conditions under which turbines work. Turbine blades are the
components of turbines which are directly and continuously attacked by the high
temperature steam entering the turbine. Turbine blades are made up of super alloys in order
to sustain the severe conditions. Also, turbine cooling methods are deployed in order to
prevent the blades from excessive damage. But still, the turbine blades operate under

severe conditions.

As written in literature review, during complete cycle of turbine operation, there are steady
state and transient state events. A turbine blade faces majorly four types of loads, namely,
centrifugal load, thermal load, pressure load and self weight. Except the self weight of the
blade, all other loads vary with varying conditions. The stresses produced by these loads
leads to different types of damage mechanisms in the blade, reducing their useful life and
ultimately, reducing the turbine life. These stresses are more during transient events than
steady state events. Hence, it becomes more important to study stress analysis of turbine
blades during transient events. The transient events can be start ups, shut downs, speed
change events, load change events etc. In this report, we have performed stress and strain
analysis of steam turbine blades during steady state and during transient event in order to
identify the severe conditions tackled by the turbine blades. By studying the stress and
strains acting on turbine blades, we can work on technologies to reduce the stress and

strains on turbine blades.
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CHAPTER 3: STEADY STATE FSI ANALYSIS

This chapter deals with the fluid structure simulation of steam turbine blade during steady
state using Ansys R18.1 CFX and Ansys R18.1 Static Structural software. We have first
talked about steady state conditions. Then we have moved onto types of stress faced by
turbine blade and types of damage mechanism occurring. Then, we have discussed about
turbine cooling and finally the methodology and procedure used for performing the FSI

simulation on steam turbine blade.

3.1 STEADY STATE CONDITION

Steady state events are those events during which input parameters do not change with
time. The output may or may not change with time. In some systems, the steady state is
achieved after a series of transient events. Hence, steady state condition can also be called
as time independent event. Generally, these events are easier to understand, formulate and
solve both analytically and computationally. When a transient state is reached after steady
state in a system, first steady state is studied and then the solution of steady state is

considered as initial value for transient state.

In steam turbine operation, for a larger period of cycle, it runs on steady state conditions.
In case of power plant, at that time, it is connected to a generator for producing electricity
of required frequency. At steady state condition, turbine operator needs to pay very less
attention on the system. In steady state condition, the steam parameters or the inlet
parameters remain constant in time. Steady inlet conditions in steam turbine means that the
inlet steam has constant parameters. All fluid at constant parameters follow an equation

called as steady flow energy equation (Equation 3.1).

ma(hy + V1212 + Z10) + dQ/dT = 1ip(h, + V222 + Zog) + dW/dT (3.1)
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where m is the mass flow rate, h is specific enthalpy, V is velocity, Z is elevation from
datum, dQ/dT is the rate of heat transfer and dW/dT is the rate of work transfer. For an
ideal turbine, the change in Kkinetic energy is zero; change in elevation is zero, mass flow
rate remains same and there is no heat transfer. The steady flow energy equation for an

ideal turbine becomes as stated in Equation 3.2.

W =H; — H, (3.2)

where H; and H; are the enthalpy of steam at inlet and outlet respectively.

g=0

+ Gas or
:2  Steam Out

W

\ Control Volume
Control Surface

Fig 3.1: Block diagram of an ideal turbine

Along with the fluid being in steady state, the turbine components also operate at steady
conditions. Initially, for some time, the turbine might operate in transient state, but then it
operates in steady state. The steady state of turbine means that the rotational speed of
turbine is constant, the turning gear is rotating at constant speed, power output is constant
etc. As shown in Fig 2.6, the constant speed line in the graph represents the steady state of

a steam turbine.
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3.2 TYPES OF STRESS

In this section, the types of loads and stresses acting on a steam turbine blade during steady
state operation are discussed. Loads are basically the forces acting on the body. Stresses
are the internal resistance of the body acting against the external loads. Force and stress is
defined by Equation 3.3 and Equation 3.4 respectively.

F = dP/dt (3.3)

o =F/A (3.4)

where F is the load, P is the momentum and t is the time in Equation 3.3. I n Equation 3.4,
o is the stress, F is the load and A is the cross sectional area. The stress may further be of
different types depending on various classifications. Some important types of stresses are
normal stress, shear stress, tensile stress, compressive stress, thermal stress, hydrodynamic

stress, static stress, dynamic stress etc.

In case of a steam turbine, during steady state conditions, there are five types of stresses
acting on steam turbine blades. These are thermal stress, centrifugal stress, pressure, stress
due to self weight and vibratory stresses. Thermal load is due to the thermal gradient
produced on steam turbine blade, as the temperature of the steam varies as it moves from
leading edge to trailing edge of the blade. Since, the inlet temperature of the steam is
constant in steady state conditions, the thermal gradient produced is less and hence, the
thermal stresses are less. Centrifugal stresses are due to the rotation of the turbine.

Centrifugal load is given by Equation 3.5.

F=mr.o° (3.5)

Where F is the centrifugal load, m is the mass, r is the radius of rotation and ® is the

rotational velocity. More the rotational speed more is the centrifugal load and hence, more

a
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is the centrifugal stress. Since, during steady state condition, rotational speed of turbine
remains constant, the centrifugal stresses are constant. When the steam hits the turbine
blades, pressure load is produced on the blades. To counter this external load, internal
stresses are produced within the blades. Since, the mass flow rate of steam is constant
during steady state condition, the pressure load is constant. Pressure load is given by

Equation 3.6.
F=p.AV? (3.6)

where F is the pressure load, p is the density of the fluid, A is the area and V is the velocity
of the fluid. Another type of stress acting on turbine blade is stress due to the blade itself.
Depending on the power output, size of turbines and hence blades varies. The last type of
stress acting on turbine blade is vibratory stresses. The blades are embedded or fitted on
the turbine rotor. This fitment leads to vibrations produced in the turbine blades. Also,
other turbine components of turbine such as shaft, rotor, disk, casing etc are very heavy in

comparison to individual blades. This also leads to vibratory stresses.

All these stresses are kept in mind while designing a turbine blade. In general se If weight is
not considered during the analysis, as this load is negligible in comparison to other loads.
In general, thermal stresses cause damage to body over a long period of time as this stress
is not above the yield strength of the material for turbine blades. Centrifugal stress and
pressure load causes damage over a shorter period of time to blades. Modal analysis is
performed to skip the resonance condition that can occur when the rotational speed of the
turbine becomes equal to the vibrating frequency of the blade. Resonance condition due to
vibratory stresses can be very dangerous for the complete turbine. In the next section, we

have discussed the damage caused due to these stresses.
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3.3 TYPES OF FAILURE

Failure is the damage caused in the body due to stresses induced. As discussed in previous
section, stresses are induced due to external loads. Hence, failure or damage is caused due
to external loads. Failure is the damage caused to the body by external loads acting on it in
any form. Failure is a type of damage which prevents the body from performing its
function as defined, in the system. The damage caused to the body may be external,
internal, on the surface, at the microstructure level or at the macrostructure level.
Depending on type of damage caused, failures are classified as fatigue, yielding, fracture,
elastic deformation, wear, buckling, corrosion, stress concentration, etc. These failures
takes place due to different reasons, but common reason for all types of failure is stress
induced in the body. The reasons for failure at material level can be dislocations of slip
planes, absorption, lattice breaking etc. Different types of failure theories are present to
estimate and study the failure in the field of material mechanics. Some common failure
theories are as follows:

e Maximum principal stress theory or Rankine’s theory

e Maximum shear stress theory or Guest and Tresca’s theory

e Maximum principal strain theory or St. Venant’s theory

e Total strain energy theory or Haigh’s theory

e Maximum distortion energy theory or VonMises and Hencky’s theory

Apart from above mentioned theories of failure, there are also other theories of failure
which are valid for specific conditions, namely, Bolton model for creep, linear damage of
accumulation for fatigue-creep damage, Manson-Coffin equation for fatigue, Larson-Miller
parameter for creep etc. All the above mentioned theories of failure have well defined

numerical models, which are used to predict the failure of the body under load.

Failure occurs due to stresses induced in the body due to external loads. In case of steam

turbine, the loads acting on turbine blades are thermal load, self weight, centrifugal load,
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pressure load and vibratory load as mentioned in section 3.2. The failure mechanisms
occurring in turbine blades are fatigue, resonance, creep, elastic deformation, yielding and
stress concentration. While designing of a turbine blade, the CAE engineer has to study all
the failure mechanisms possible and perform in detail analysis for each of them. Various
analysis are performed in order to study failure mechanisms occurring in turbine blades
which are modal analysis, fatigue analysis, creep analysis, fatigue-creep analysis, stress
analysis, strain analysis etc. The best method to perform these analyses is by using
computational resources. The analysis performed using computational methods makes the
work easy, saves time and provides detailed analysis. These analyses are also performed to
predict the useful life of the turbine blade under the failure mechanisms occurring during
its operation. This prediction provides an approximate idea to the turbine operators about
the life of turbine components, which helps them to prepare its maintenance schedule and

operating conditions.

3.4 TURBINE COOLING

The concept of turbine cooling came from the fact that as we keep on increasing the inlet
fluid temperature for a steam turbine blade, the output of the turbine will keep on
increasing. Hence, with greater energy demands, inlet temperature increased for the turbine
and therefore, turbine cooling became an integral part of the turbine system. The major part
of heat transfer from fluid to blade takes place through conduction and convection. The
radiation heat transfer is negligible. The maximum heat transfer takes place at the

stagnation point of the leading edge.

In 1960, blade was reengineered for providing cooling. Internal passages are provided
through the turbine in order to transfer the heat from blade surface to the cooling fluid.
This is called as distributed internal cooling. This method of cooling further has two types;

one is called internal convection cooling and other is internal impingement cooling. Also,
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there are other types of cooling methodologies, namely, discrete film cooling and full blade
film cooling. There is another most efficient method of turbine cooling and it is called full
blade transpiration cooling. This method is under research and is not in practical use till
now. In this report for analysis purposes, instead of internal cooling passages, hollow
turbine blade has been considered.

Fig 3.2: Internal blade cooling (Roy B., 2015)

a

Fig 3.3: a) Internal convection cooling and b) Internal impingement cooling (Roy B., 2015)
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Fig 3.3: ¢) Discrete film cooling and d) Full blade film cooling (Roy B., 2015)

Fig 3.3: e) Full blade transpiration cooling (Roy B., 2015
)

3.5 FSI SIMULATION

Fluid Structure Interaction simulation is the process of simulating components or systems
which involves interaction between fluid and solid surfaces. There are many applications
in real life where fluid structure interaction takes place. Few examples are internal
combustion engines, turbines, dams, airplanes, underwater wvehicles, biomechanics,
lubrication systems, hydraulic power systems etc. Fluids and solids have different structure
at molecular level and behave differently. Performing FSI simulations require
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understanding of both fluid mechanics and strength of materials. It requires both a
combined approach of CFD and FEA. CFD software generally works on finite volume
method and FEA software work on finite element method.

There are basically three ways to perform FSI simulations, namely, uncoupled, loosely
coupled and fully coupled approach. In the uncoupled approach, first, one part of the
problem is solved. Then the solutions of the first part are transferred to the other part and
then the other part is solved. In loosely coupled approach, one way data transfer
mechanism takes place between CFD and FEA part. Data is transferred from one software
to another and not vice-versa. This means that if CFD part is solved first, then the pressure
load is transferred to FEA part and FEA part is solved in every time step. Then the next
step will be repeated in same manner. In fully coupled approach, two way data transfer
mechanism takes place between CFD and FEA software. This means that if CFD part is
being solved first, then the pressure load will be transferred to FEA part. FEA part will
then be solved. Then displacement of structure will get transferred to CFD part. This

completed one time step. After this, next time step will take place in same manner.

Different approaches are used for performing FSI simulations depending on the available
computational resources. The FSI simulations are generally complex in geometries,
physics and numerical modeling. The fully coupled approach requires more resources and
time in comparison to coupled approach. The loosely coupled approach requires more

resources and time in comparison to uncoupled approach.

3.5.1 Methodology

The FSI simulation performed in this chapter is for a steam turbine blade under steady state
condition with uncoupled approach using Ansys R18.1 CFX and Ansys R18.1 Static
Structural software.
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The methodology used to solve this problem is shown in the form of flowchart in Figure
3.4. Firstly, the problem formulation is done. Then, the geometry is imported from CAD
software to CAE software. Then meshing of the geometry is performed. After this CFD
analysis is performed and CFD results are obtained. Then FEA analysis is performed and

FEA results are obtained. Finally, CFD results and FEA results are combined to obtain FSI

simulation results.

PROBLEM
FORMULATION

GEOMETRY

MESHING

CFD ANALYSIS

CFD RESULTS

FEA ANALYSIS

FEA RESULTS
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Fig 3.4: Methodology of the problem

3.5.2 Problem Formulation

The problem consists of a steam turbine blade under steady state condition. The turbine
structure is of aerofoil type and is a hollow structure. Steam (steam) flows over the turbine
blade in one direction and cold water flows through the hollow part of the turbine in the
perpendicular direction. The cold water is used for cooling of turbine blade and steam is

used for rotating the turbine. The flow of the fluides is assumed to be steady.

Fig 3.5: Problem domain and its components

3.5.3 CAD Model

The geometry is prepared with the help of computer aided design. The geometry is
imported from a reliable source to Ansys R18.1 Geometry module. The geometry is 3D
modeled. It consists of a hollow turbine blade with a rectangular flow domain. The
geometry is then edited on DesignMode ler software. The solid part of the blade is assigned
solid domain and is named as blade. The hollow part of the blade is assigned fluid domain

and is named cold domain. The rectangular flow domain is assigned fluid domain and is
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named as hot domain. Also, it is to be noted that in practice, steam turbine has internal
cooling passages for cooling, not a hollow part. An approximation is taken in this report
that cold water passes through the hollow part of the blade. This has been done to make the

geometry simpler and thereby reducing computational resources required in the analysis.

As shown in Figure 3.8, the volume and surface area of the cold domain are 7.9916e-6m’
and .0056769m> As shown in Figure 3.9, the volume and surface area of the hot domain
are .00011511m? and .022094m?. As shown in Figure 3.10, the volume and surface area of
the blade are 8.5002e-6m® and .012523m? As shown in Figure 3.11, the volume and
surface area of complete CAD model are .0001316m?® and .040294m>.

0.000 0.030 0.060{m)
T ]

0.015 0.045

Fig 3.6: CAD model of the problem
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Fig 3.7: Cold domain and its properties
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Fig 3.8: Hot domain and its properties
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Fig 3.10: CAD model and its properties
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3.5.4 Meshing

Meshing of the complete geometry (blade as well as flow domain) is performed on the
mesh module of Ansys R18.1 CFX software. Physics preference is set to CFD and solver
preference is set to CFX. Linear order elements are used for meshing. Target skewness is
set to 0.9 for assuring quality of mesh created. The element type for the hot domain is set
to 4 noded tetrahedron elements and for cold domain and blade is set to 4 noded
tetrahedron elements. Minimum size of elements is set to 4.5456e-5 m (default). Mesh is
generated with 373651 nodes and 1335373 elements. All the surfaces and edges for
defining boundary conditions in setup module are provided with names in mesh module
only. The names provided to bodies, faces and edges are hot inlet, hot free surfaces, hot
symmetry, hot outlet, hot side interface, steam, blade to hot interface, blade symmetry,

blade to cold interface, blade, cold inlet, cold interface, cold outlet and cold water.

i
i
ovhd

S5
i X
0.00 20.00 40.00 (mm) ®
10.00 30.00 /

Fig 3.11: Meshing of model
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HOT OUTLET

COLD OUTLET

HOT INLET

COLD INLET

Fig 3.12: Named selections in geometry

3.5.5 CFD Analysis

As discussed in section 1.3.1, computational fluid dynamics is the branch of fluid
dynamics in which problems of fluid dynamics are solved using software on computer. In
this section, we have solved the fluid dynamics part of steam turbine blade under steady
condition problem. The software used to solve CFD part of the problem is Ansys R18.1
CFEX. Ansys R18.1 CFX is CFD software which is generally used for simulating turbo

machineries such as compressors, rotors, propellers, pumps, fans, turbines etc.

3.5.5.1 Methodology

Solving any problem on Ansys R18.1 CFX consists of five steps. The five steps are
geometry, mesh, setup, solution and results. Firstly, the geometry is created in geometry
module. Then the geometry is meshed. After that, boundary conditions, material properties,

analyzing procedure, time step of problem and other major steps are taken in setup module.
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Then in solution module, the processing capabilities, initial point etc steps are taken. Then

finally, in CFD post processor, the results are obtained in the results module.

- A

1
2 @ Geometry 7 ad
3 @@ Mesh 7 .
4 @ setup Y
5 @ Solution T o4
f @ Results F o4

Fluid Flow {CFx)

Fig 3.13: Ansys R18.1 CFX methodology

3.5.5.2 Setup

Most of the analysis part is done in setup module of Ansys R18.1 CFX software. Firstly,
the analysis type is set to steady state, since the turbine is operating in steady state
condition. After this, three domains are created for steam, cold water and blade. For steam
domain, the fluid is taken as water vapor at 100°C. The domain type is defined as fluid
domain. The domain is set to be stationary. The reference pressure is set to 1 atm. The heat
transfer option is set to thermal energy. K-epsilon turbulence model is taken to define the
turbulence of the fluid. Turbulence intensity is set to 5%. Domain initialization is done. For
the cold water domain, all the parameters are same as steam domain except the fluid
material. The fluid material is set to water vapor at 25°C. For the blade domain, the domain
type is set to solid domain. The material of the blade is set to steel. The domain motion is
set to rotating. The blade is assigned a relative velocity of 314 rad/s along the x axis
passing through the remote point. Heat transfer model is set to thermal energy and domain

initialization is performed.
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Then boundary conditions are applied for each domain. The inlet velocity for steam is
15m/s and inlet temperature for steam is 650°C. The outlet pressure for steam is
atmospheric pressure. In steam domain, also other boundary conditions are assigned. A
free surface boundary condition is defined for up and down faces of the rectangular flow
domain. Free slip wall condition is applied in free surface boundary condition. After this

symmetry boundary condition is applied to the rest of the two faces of the rectangular flow

domain.
~ANSYS
Steam jplet ' Steam outlet
15m/s e
650 °C
_— 1 atm

old{ \Water
outlet

1 atm

Fig 3.15: Inlet and outlet boundary condition for cold water
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The inlet velocity for cold water is 50m/s and the inlet temperature of cold water is 25°C.

The outlet pressure for cold water is atmospheric pressure.

After defining the boundary conditions, the interfaces are defined between the blade and

steam and blade and cold water. For defining the interfaces, the blade is considered to be a

thin material of steel of thickness 0.1mm. In steam domain and blade domain, general

connection interface is defined of fluid-solid interface type between surfaces already

defined in mesh module. One interface is defined between surfaces of cold domain and

blade already defined in mesh module with general connection and of fluid solid interface

type.

Outiine

| SeRAE F O B
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> [El sysLcmdb
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v Simulation
~ (& Flow Analysis 1
© Analysis Type
~ [ Blade
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1 7£ Domain Interface 2 5ide 1
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%] ﬂ Domain Interface 2
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5% Solution Units
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& Output Control
}!i Coordinate Frames
E User Locations

v

Fig 3.16: Setup module of the problem

For solving parameters, minimum number of iteartions is set to 1 and maximum number of

iterations is set to 1000. The residual type is set to RMS and residual target is set to le-4.
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3.5.5.3 Solution

In solution module of Ansys R18.1 CFX software, double precision parameter is selected.
Initial value is selected to current solution data (if possible). The problem is then run under
solution module. The variables that were given a target residual of 1e-3 are momentum and
mass of cold water, momentum and mass of steam, heat transfer, turbulence kinetic energy

for steam and turbulence kinetic energy for cold water.

Run CFEX 001
Momentum and Mass - 1
1.08-+00 —
1.08-01
1.08-02 —|
T /1
i)
= -
= \
D 1.0e-05 v
o] i
g T 1
WA
4 e
G,
1.08-04 —|
1.08-05 —|
1.0e-06 —
I T T T T T T T T T T T T T T T T T T T ]
a 20 40 a0 a0 100
Aaccumulated Time Step
= RM35 P-Mass (Cold Gas) RIMS U-Marn (Cold Gas) RMS Y-Mam (Caold Gas) RMS W-Maom (Cold Gas)

Fig 3.17: Momentum and mass residuals for cold water
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Run CFX 001
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Fig 3.18: Momentum and mass residuals for steam
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Fig 3.19: Heat transfer for cold water and steam
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Fig 3.20: Turbulence kinetic energy residuals for cold water
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Fig 3.21: Turbulent Kinetic energy residuals for steam
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3.5.5.4 Results

The results are obtained in CFD-Post which is the post processor for Ansys R18.1 CFX
software. Firstly, contours are obtained for different variables. For all the variables, domain
is set to all domain type. Location is set to blade to hot interface. Range is set to global and

number of contours is set to 101. The contours are obtained for temperature, pressure, and
thermal gradient.

5.185€+002
4.870e+002
4.554e+002
4.239%e+002
3.924e+002
3.609e+002

3.294e+002
2.979+002 0 0.015 0.03 (m) bl
[ — S—

K] 0.0075 0.0225

Fig 3.22: Temperature contour upper surface



50

4.554e+002
4.239e+002
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3.294e+002
2.979e+002

Fig 3.23: Temperature contour lower surface

Fig 3.23(a): Line location in z direction on blade surface
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Fig 3.23(b): Temperature vs z graph along line in z direction on upper surface
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Fig 3.23(c): Polyline along x direction on blade surface
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Fig 3.23(d): Temperature vs x graph on upper surface
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Fig 3.25: Temperature gradient contour on lower surface
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Fig 3.26: Pressure contour on upper surface
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Fig 3.27: Pressure contour on lower surface

Fig 3.28: Line location on blade surface in z direction
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Fig 3.29: Pressure vs z curve along z direction on blade surface
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Fig 3.32: Pressure vs chart count along the line in x direction on lower blade surface
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After this, an isosurface is defined passing through the blade in z direction in the steam
domain. The isosurface is defined at a distance of .0223569m from the cold inlet surface.
Contours for different variables are obtained on this isosurface. It is done to obtain the

changes in those variables in the midway of their flow in the flow domain. Contour of

pressure and vector of velocity is obtained on the isosurafce formed.
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Fig 3.33: Pressure contour on a plane (z=0.0464391m)

3.5.6 FEA Analysis

Finite Element Analysis is an analysis procedure used in different fields to solve physical
problems using an algorithm on computer. As discussed in section 1.3.2, FEA is used in
wide range of applications in different fields such as structural analysis, heat transfer

analysis, modal analysis, dynamic and static analysis, electromagnetic, biomechanics etc.
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For the problem of steam turbine blade under steady state condition, we have performed a
structural analysis on Ansys R18.1 Static Structural software. Generally, Ansys R18.1
Static Structural software is used for performing linear static analysis, in which there are

no dynamic forces and non linearity.

3.5.6.1 Methodology

In Ansys R18.1 Static Structural software, there are six modules, namely, engineering data,
geometry, model, setup, solution and results. Firstly, the material is selected for the CAD
model. Then, the geometry is created. After this, the geometry is meshed (divided into
elements and nodes) in the model module. In the setup module, the analysis settings,
boundary conditions, etc settings are assigned to the problem. In solution module, the

software runs the simulation and results are obtained in results module.

- D
W = Static Structural
2z @ Engineering Data  +"

13 Wi} Geometry v 4
4 @@ Model &,
b5 | @ setup =
B Solution v o
7 I@ Results v 4

Turbine bladefea

Fig 3.34: Ansys R18.1 Static Structural methodology

3.5.6.2 Engineering data

This module allows one to choose material properties from large number of predefined

materials as well as create one’s own material. Structural steel is assigned as the material
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for turbine blade. This module automatically assigns different properties of the material
selected such as density; coefficient of thermal expansion, young’s modulus, bulk
modulus, shear modulus, Poisson’s ratio, tensile yield strength, compressive yield strength,

tensile ultimate strength, compressive ultimate strength, strain life parameters etc.

1 Contents of Engineering Data 2| F| Ssource Description
2 = Ma
3 ? Structural Steel ~| [ %’ Generg Fatigue Data at zero mean stress comes from 1998 ASME BPYV Code
= Click here to add a new material [ [ [
Properties of O
A B
1 Property Value
2 8 Material Field variables = Table
3 T8 Density 7850 kg m”-3
q = ﬁﬁ Isotropic Secant Coefficient of Thermal Expansion
5 T4 Coefficient of Thermal Expansion 1.2E-05 co-1
§ |E 2% Isotropic Basticty 54 Tabular
7 Derive from ‘foung's Modulus and Poisson's Ratio ;I
8 Interpolation Options 5 Table
-] E Alternating Stress Mean Stress £ Tabular
13 E Strain-Life Parameters
21 E Tensile Yield Strength 2.5E+08 Pa
2 E Compressive Yield Strength 2.5E+08 Pa
23 E Tensile Ultimate Strength 4.6E+03 Pa
74 77 Comoressive Ultimate Strenath 0 Pa
Fig 3.35: Engineering data module
3.5.6.3 Geometry

Since the geometry remains the same for FEA analysis as CFD analysis, geometry for the
FEA analysis is directly imported from Ansys R18.1 CFX geometry module. After
geometry is imported, it is then edited in DesignMode ler. All the fluid domains, which are
steam domain and cold water domain are suppresses for this analysis. Now, only the solid
domain geometry, that is, blade is present for analysis. Then distributed mass is assigned to
the blade over its entire body. The distributed mass is calculated using the Equation (3.7).
Density is obtained from engineering data module and volume is obtained from geometry
module. This is done in order to have better quality of mesh.

Point mass = density * volume (3.7
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density = 7850 kg/m®

volume = 8.5002e-6 m*

distributed mass = 7859 kg/m® * 8.5002e-6 m’
distributed mass = 6.6727e-2 kg

o

0 0.015 0.03 (rm)
T ]

0.0075 0.022

Fig 3.36: Distributed mass applied to blade

3.5.6.4 Model

In model module, firstly, a coordinate system is created apart from the default global
coordinate system with coordinates of origin as (0, 0, 0). A remote point is defined for
providing fixed support to the turbine blade. It is defined on the face of cold inlet fluid.
Finally, the blade model is meshed with medium smoothing, target quality of 0.5 and
adaptive size function. Physics preference is set to Mechanical and element order is
program controlled. The mesh is developed with 10 noded tetrahedral elements on the
blade. The mesh was successfully created with 131995 nodes and 78994 elements.
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Fig 3.37: Meshed geometry for FEA analysis

3.5.6.5 Setup

In setup module, analysis setting is setup. The number of steps, current step number and
step end time are set to 10, 1 and 1 respectively. In output control stress, strain and nodal
forces are set to yes. After analysis settings, rotational velocity is provided to turbine blade.
Rotational velocity is provided in x direction of magnitude 314 rad/s. The blade will rotate
about x direction at a distance of 7.29e-2 mm from the centre of mass in negative z
direction. The centre of rotation is kept at an imaginary point from turbine blade in space,
as that point is considered to be the centre of rotor to which turbine blade is attached. Then,
fixed boundary condition is applied to remote point that is zero displacement in all

directions and zero rotation in all directions.
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Fig 3.3
3.38: Rotational velocity applied to turbine blade
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Fig 3.39: Fixed boundary condition at cold inlet surface
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In CFD analysis performed earlier for the same problem, the steam was directly hitting the
turbine blade to rotate the turbine, thus imparting pressure load on turbine blade. This
pressure load and body temperature is imported from Ansys R18.1 CFX to Ansys R18.1
Static Structural. The pressure is imported on blade to hot interface surface. The body

temperature is also imported on the blade which will act as thermal load in FEA analysis.

4.994e5
416265
3.3311e5
2.4997e5
1.6682¢5
83680
534.86 Min

X
0050 (m)

Fig 3.40: Pressure on turbine blade on upper surface

0013 0038
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83680
534.86 Min

Fig 3.41: Pressure on turbine blade on lower surface
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3.5.6.6 Solution and Results

In the solution module, the software runs the simulation and results module display the
results. Contours of total deformation and equivalent von-mises stress are obtained for the
turbine blade. Also, the values of force reaction and moment reaction are obtained at the
fixed support of turbine blade. The simulation run took 33 sec to complete. The MAPDL
memory used is 279 MB and the MAPDL result file size is 17.563 MB.

Contours of total deformation and equivalent von mises stress are obtained.

0.00089238
0.0007649
0.00063741
0.00050993
0.00038245
0.00025497
0.00012748
0 Min

e

0.000 0025 0.050 (m)

0013 0038

Fig 3.42: Total deformation contour on upper surface of the blade
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Fig 3.43: Total deformation contour on lower blade surface
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Fig 3.44: Equivalent stress contour on upper surface of the blade
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Fig 3.45: Equivalent stress contour on lower surface of the blade

Fig 3.46: Line location along z direction
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Fig 3.47: Stress vs z graph along line in z direction

After this, force reaction and moment reraction are also obtained at the remote point. The

Figure 3.26 and Figure 3.27 represent the direction of force reaction and moment reaction.

3
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Fig 3.48: Force reaction direction and magnitude (3011.9 N)
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Fig 3.49: Moment reaction direction and magnitude (384.86 Nm)
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CHAPTER 4: TRANSIENT FSI ANALYSIS

In this chapter, stress and strain analysis is performed for steam turbine blade under
transient conditions. First of all, transient conditions are explained in this chapter. Then
types of stress experienced by turbine blade during transient conditions are discussed.
After this, damage caused to turbine blade due to these stresses is explained. Finally,
complete FSI simulation is discussed performed on Ansys R18.1 software. It is also to be
noted that only one transient event has been taken in this analysis that is start-up. Hence, at

every point in this report, by transient event we mean start-up event.

4.1 TRANSIENT CONDITION

Transient conditions are those conditions in which the input parameters varies with time,
the output parameters may or may not vary with time. In other words, one can say that
transient conditions are time dependent. Generally, the output also varies with time in
transient conditions. Also, transient conditions are dynamic conditions and are difficult to
understand or capture. It also means that these conditions make transitions from one state
to another. Also, transient conditions are difficult to solve both analytically and
computationally in comparison to steady state conditions. If a steady state is reached after a
transient condition, then first transient condition is solved and then, steady state is solved

taking transient solution as initial value for steady state.

For steam turbine operation, there are various types of transient conditions that occur
during a cycle. Transient conditions occur before as well as after steady state operation.
Also, in this case, the output also varies with time during transient conditions. In steam
turbine, transient condition is related to two aspects; one is transient condition of inlet

steam and second is the transient condition of turbine in form of output. The various
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transient events occurring in an operation cycle of steam turbine is start up, shut down,

load changing events, speed changing events etc.

Start up, as the name suggests is used to start the steam turbine from halt condition.
Shutdown is used to take the turbine from working condition to a halt condition. Due to
change in output requirements from turbine, speed and load changes take place in between
the operation cycle which are also included in transient events. During repair times, load
change and speed change events takes place. During steady state, turbine workers require
setting the system to steady state condition and thereafter, no more attention is required of
the workers. Whereas, in transient conditions, regular attention of turbine workers is
required since the parameters of turbines are required to be changed regularly. Shutdown
needs to be performed with accurate procedure because steam turbines running at high rpm
and at high temperatures need to be put to halt. If the turbines operating at high
temperatures are suddenly put to halt, then large thermal gradients will be produced in the
blade and rotor, leading to large thermal stresses, hence leading to damage of turbine

components. Therefore, this process is performed gradually.

4.2 START UP

A start up is a process of moving turbine from a halt condition to a working steady state
condition. Turbines are an important component of any big application they are a part of.
Also, turbines are heavy and expensive machines, which require proper maintenance,
repair and conditioning. Steam turbines deal with high temperature steam for their
operation. The steam temperature at inlet may reach as high as 2000K. If a steam turbine
has been in shutdown for certain period of time and suddenly, such high temperature steam
is allowed to pass through it, it may lead to a lot of damage to the components of turbine.
To avoid this damage, the steam turbine is firstly, made to rotate at an initial low speed
with the help of turning gear. Then the inlet steam passes through turbine almost at half the

value of steady temperature. The pressure and velocity is low at initial time stage. After

a
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this, the inlet steam temperature, pressure and mass flow rate keeps on rising gradually
until it reaches the steady state value. Then the start up phase is said to be over and after
this, the turbine works under steady state condition.

As discussed in section 2.1, start up procedures are of three types, namely, cold start, hot
start and warm start [Banaszkiewicz, 2014]. These start ups are classified based on the
inner casing temperature by Banaszkiewicz(2014). In his research, he classified them as
follow:

e Cold start — when HP inner casing temperature is lower or equal to 170°C

e Hot start — when HP inner casing temperature is greater than 430°C

e Warm start — when HP inner casing temperature is lower or equal to 430°C

Start-ups are also classified on the basis of steady state casing temperature (T,) at initial
stage of start-up. It is classified as:

e Cold start - To < 170°C

e Warmstart — 170°C < T < 430°C

e Hot start — To > 430°C

The steam parameters during a start up mainly depend on the time period of standstill of
the turbine [Banaszkiewicz, 2014]. The following parameters are observed by
Banaszkiewicz(2014):

e 2 hour standstill - p = 12 MPa , T = 480-500°C

e 8 hour standstill— p= 6 MPa , T = 450-480°C

e 36 hour standstill - p =5 MPa , T = 400-430°C

where p and T represent pressure and temperature of live steam.

Proper procedure needs to be followed while operating steam turbine during start up. Some

of the instructions are given in turbine operations instructions and other parameters are
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obtained from a visual graph called as start up curves [Banaszkiewicz, 2014]. These curves
are prepared separately for each individual turbine. Figure 4.1 represents a start up curve
for a cold start after standstill of 72 hours [Banaszkiewicz, 2014]. In his research paper, he
states that start up curves include details of pressure, temperature, rotational speed, power
output, mass flow rate etc. In his research paper, it is also mentioned that modern steam
turbines are provided fast start ups of duration between 1 to 3 hours. Specific tools
designed for an individual turbine is used to form the start up curve for that turbine
[Banaszkiewicz, 2014]. Presently, start up curves is formed keeping in mind the stresses
produced and the time taken. Hence starts up curves are formed optimally [Banaszkiewicz,
2014]. There are certain parameters such as temperature differential between steam and
metal, temperature differential between upper and lower parts of casing etc are tested
experimentally on turbines with designed start up procedure. Then depending on the

experimental results and permissible values, modifications in start-up curves is done.

START-UP FROM COLD STATE
(start-up duration 180 min)

800 T 400
p1, L: - par‘ame:ars a: :;P i?'?l Initial conditions:
.r-):{ ’ H;?;Z"r‘nz:fﬂzw e metal: after 72 h cooling (TO = 30+170°C)
700 1 N — power output steam: p1 = 50 bar, T1 = 350°C, p4 = 10 bar, T4 = 350°C + 350
n — rotational speed
600 - n 300
TM=T4 — | a
: ®
E % 500 - T 250 2
Bz 'é
5y E‘ 400 1200 =
== —mi — g
rt 3
-3 300 4 / 110 2
£ =

1 100

1 50

0 " ; ¥ n ; } / ' } ' } " ' 0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
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Fig 4.1: Start up curve (Banaszkiewicz M., 2014, p. 184)
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4.3 TYPES OF STRESS

As discussed in section 3.2, the types of stresses induced in steam turbine due to external
loads are thermal stress, centrifugal stress, vibratory stress, pressure and stress due to self
weight. The magnitudes of these stresses vary from steady state condition. Also, during
transient conditions, due to varying environment, these stresses also vary with time.

During a start-up, the inlet steam parameters changes from an initial value to a steady state
value [Banaszkiewicz, 2014]. This leads to change in temperature of turbine components
during a start-up. Due to change in temperature, there is non uniform heating of turbine
components. Heat transfer takes place in turbine components from their outer surface to
inner surface. The outer surface is more heated as it is in direct contact of hot steam,
whereas the inner surface is less heated due to heat transfer through the material
[Banaszkiewicz, 2014]. This leads to formation of thermal gradients, leading to high
thermal stresses [Banaszkiewicz, 2014]. In his research paper, he also states that bigger and
thicker the turbine components, higher will be the heating rate and higher will be the
thermal stresses induced in component. For bigger and thicker turbine components, he
gives example of rotor and turbine shaft. According to Banaszkiewicz(2014), another point
that leads to high thermal stresses is the temperature differential between metal and inlet

steam during initial stage of start up.

The vibratory stresses also produces more influence on turbine blades during transient
events than steady state events. During steady states, the rotor rotational speed is constant
and hence it is easy to handle vibratory stresses during steady state. During transient
events, the rotor rotational speed keeps on varying. Banaszkiewicz (2014) tells that the
vibrations produced in blades hinder the transient event operation. He also tells that the
natural frequency of the HP and IP turbines is around thousand hertz and that of LP
turbines is around hundred hertz. The turbine rotor rotational speed varies from 0-3000
rpm and it passes through all the natural frequencies of turbine blades, leading to resonance

and hence large amplitudes [Banaszkiewicz, 2014]. According to Banaszkiewicz(2014),

a
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the only way to reduce the damage is to pass through these critical frequencies as fast as

possible, that is with acceleration range of 600-800rev/min.

The centrifugal load also varies with time during transient events because of varying
rotational speed. As the rotor rotational speed increases to its steady state value, the
centrifugal load also increase and therefore, the stress produced also increases. Equation
(4.1), equation (4.2) and equation (4.3) prove variation of centrifugal load with time. ® is

rotor rotational speed, m is the mass, R is radius, t is time and f is representation of a

function.

o = f(t) 4.1
F=m*R * @ (4.2)
F=1f(t) (4.3

The pressure load also varies with time due to varying velocity. During a start-up, velocity
of inlet steam varies with time. Hence, pressure load varies and stress due to pressure load
also varies. Equation (4.4), equation (4.5) and equation (4.6) prove that vibratory load
varies with time. V is velocity, F is vibratory load, p is density, A is area, t is time and f is
representation of a function.

V = f(t) (4.4)
F=p*A*V? (4.5)
F=1(t) (4.6)

The stress due to self weight remains constant in transient events since the self weight also

remains constant approximately.
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4.4 TYPES OF DAMAGE

As discussed in section 3.3, the damage or failure of a component occurs due to internal
stresses which in turn take place due to external loads. The failure mechanisms occurring
in turbine blades are fatigue, resonance, creep, elastic deformation, yielding and stress
concentration.

When resonance takes place due to vibratory stresses, these stresses crosses the yield
strength of the material leading to yielding and also fatigue failure. During centrifugal
loading of turbine blades, at fillets of blade root, stress concentration takes place leading to
yielding. Nowadays, steam turbines are operated with fast start-ups procedures. During fast
start-ups, in thick turbine components, high the stresses are produced leading to both
elastic deformation and yielding [Banaszkiewicz, 2014]. Also, the author states in his work
that due to fast start-ups and shutdowns procedure, cycling loading of transient thermal
stress takes place leading to thermal fatigue of the material. The thermal stresses being
immense on turbine blades due to severe environments, is still less than yield point of the
blades. This happens because of continuous improvement in blade material. Generally,
super alloys are used for manufacturing of turbine blades. However, thermal stresses
persisting in turbine blades for long periods of time leads to crack initiation in critical areas
and ultimately leading to creep failure. Different material models used for studying these
failure mechanisms are already mentioned in section 3.3.

All these failure and damage mechanisms are taken care of while designing turbine blade
as well as other turbine components. Different computational analysis such as modal
analysis, fatigue analysis, creep analysis, stress and strain analysis etc are performed for
predicting the critical stress and damage regions. This study can then be used for
optimization of design of turbine components. Also, the above mentioned computational
failure analysis are used to predict the fatigue life, creep life etc of different turbine
components, which provides an approximate idea about the useful life of turbines. This
knowledge is then utilized to form operating procedure, scheduling and maintenance

procedures. However, performing transient computational analysis is resource and time

a
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intensive. Hence, experience is required for performing such analysis with optimal amount
of resources and time. Apart from studying failure analysis and taking required steps,
turbine cooling is performed for blades to reduce thermal stresses in blades. Turbine

cooling has already been explained in section 3.4.

4.5 FSI SIMULATION

FSI simulation has already been explained in section 3.5. The methodology for stress and
strain analysis of steam turbine blades during a start-up remains the same as it was in
steady state analysis. The problem formulation for this problem also remains the same
except that the flow of fluid will be transient. The parameters of fluid such as inlet
pressure, inlet temperature, inlet velocity etc will also vary with time. The turbine blade
parameters such as rotational speed will also vary with time. The CAD model used for this

problem also remains same as steady state analysis.

4.5.1 Meshing

Complete meshing of the CAD model is performed on Ansys R18.1 software. Physics
preference is set to CFD and solver preference is set to CFX. Linear order elements are
used for mesh generation. No edge sizing or body sizing is performed for meshing. Default
parameters have been used for meshing. This has been done to reduce the computational
resources and time required to solve this problem. The curvature normal angle is 12° for
the curved surfaces in CAD model. The element type for the hot domain is set to 4 noded
tetrahedron elements and for cold domain and blade is set to 4 noded tetrahedron elements.
Default size of element is 4.5456e-5m. The size function is set to curvature. The target
skewness is set to 0.9. The mesh is generated with 369925 nodes and 1328757 elements.

After mesh generation, named selection is performed for the CAD model which are hot
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inlet, hot free surfaces, hot symmetry, hot outlet, hot side interface, steam, blade to hot
interface, blade symmetry, blade to cold interface, blade, cold inlet, cold interface, cold
outlet and cold water.

0.00 20.00 40.00 (mm)
| EEaaa— SS—
10.00 30.00

Fig 4.2: Meshed model

4.5.2 CFD Analysis

The methodology is same as explained earlier in section 3.5.4.1. The boundary conditions
that we are going to set for this analysis are for a cold start procedure. Some of the

parameters have been extracted from Figure 4.1 [Banaskeiwicz, 2014].

4.5.2.1 Setup

The parameters such as boundary conditions, analysis settings, solver control, domain
settings etc are all performed in Ansys R18.1 CFX setup module. Firstly, analysis setting is

set to transient. This setting is used while simulating transient events. Hence, this setting is
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the most apt for this problem. After this, domains are formed termed as, blade, steam and
cold water. For blade, it is defined as a solid domain with steel as the material. Heat
transfer option is set to thermal energy. For cold water domain, it is defined as fluid
domain with fluid as water vapor at 25°C. The reference pressure is set to 1 atm. Heat
transfer setting is set to thermal energy and thermal radiation is set to none. Turbulence
model for fluid is selected as shear stress transport (SST). For steam domain, the domain is
defined as fluid domain and the fluid is set to water vapor at 100°C. The reference pressure
is set to 1 atm. Turbulence model for the fluid is again set to shear stress transport (SST).

All the domains are set as stationary domain.

After defining the domains, their initialization is done. Initialization is the process of
defining the parameters of that domain at t = 0 sec. Blade domain is initialized with a
temperature value of 200°C. For cold water domain, the initial velocity | set to 1.9443 m/s
in z direction. The relative pressure is set to 0 atm and the initial temperature value is set to
50°C. The turbulence of fluid is set to low intensity (1%). For the steam domain, the initial
velocity of fluid is set to -0.5833 m/s in x direction. The relative pressure is set to 4.9 MPa
and inlet temperature is set to 350°C. The turbulence model | selected as low intensity
(1%).

The blade is assumed to be of thickness of 0.1 mm. Then the interfaces are defined
between the steam and blade and the cold water and blade. A general connection is defined
between the blade to hot interface surface (blade) and hot side interface (steam). No slip
condition is applied in this interface. Another general connection is defined between blade
to cold interface (blade) and cold interface (cold water). Again, no slip condition is applied

to this interface.

After defining the interfaces, boundary conditions are defined for all the domains. These
boundary conditions define the values of parameters at the end of time of the simulation.
The variation of these parameters with time is controlled by the software using the second

order backward euler method. For the blade domain, blade surface at cold inlet and cold
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outlet are set to adiabatic condition, so that no heat transfer takes place through those
surfaces. For cold water domain, the cold inlet boundary condition is defined. The velocity
at cold inlet is set to 50 m/s. The turbulence model | selected as low intensity (1%). The
temperature is set to 30°C. Then the cold outlet boundary condition is defined. In this
boundary condition, the relative pressure is set to 0. For steam domain, the hot inlet
boundary condition is defined. The velocity is set to 15 m/s. The turbulence model is set to
low intensity (1%). The total temperature is set to 650°C. Then hot outlet boundary
condition is defined. The relative pressure is set to 0 atm. The surfaces adjacent to hot inlet
and hot outlet are assigned symmetry boundary condition. The rest of the two surfaces in
the rectangular hot domain are assigned wall type boundary condition. In this boundary
condition, the surfaces are set to adiabatic and free slip condition. The blade is assigned

relative velocity along the x axis passing through the remote point according to Table 1.

Table 4.1: Rotational velocity magnitude for transient analysis

Steps Time (s) X (rad/s) Y (rad/s) Z (rad/s)
1 0 0 0 0
1 1800 314 0 0
1 10800 314 0 0

For simulation run, the transient method is set to time integration. Time period is set to 180
min. Number of timesteps per period is 100, which makes each time step to be 108 secs.
The number of periods per run is set to 1. The residual type is set to rms value and residual

target I set to 1e-3.
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Dietails of Analysis Type in Flow Analysis 1
Basic Settings
AMSYS MultiField Coupling =

Option Mone -

Analysis Type

Option Transient -
Time Duration =
Option Total Time -

Total Time [ 120 [min]

Time Steps =
Option Timesteps -
Timesteps | 108 [s]

Initial Time =
Option value -

Time |D [s]

Fig 4.3: Transient model settings

4.5.2.2 Solution

The simulation is run under solution module of Ansys R18.1 CFX software. The
initialization option 1 set to intial conditions. The parameters which require reaching a
residual target of le-3 are momentum and mass of cold water, momentum and mass of
steam, heat transfer of steam, heat transfer of cold water, total energy, turbulence kinetic
energy and turbulence frequency for steam and turbulence kinetic energy and turbulence

frequency for cold water.
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Fig 4.5: Residual target of mass and momentum for steam
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Fig 4.7: Residual target of turbulence kinetic energy and turbulence frequency for steam
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Fig 4.8: Residual target of turbulence kinetic energy and turbulence frequency for cold

water

4.5.2.3 Results

Results for the CFD analysis are displayed in CFD-Post, which is the post processor for
Ansys R18.1 CFX software. Contours are obtained for different variables, namely,

temperature, pressure and temperature gradient.
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Fig 4.9: Temperature contour on upper surface of blade at t = 10800s

2.488e+002
2.112e+002
1.736e+002
1.360e+002
9.836e+001
6.074e+001
2.313e+001

o

Lo,
0.02 0.04 (m) X

K] 0.01 0.03

Fig 4.10: Temperature contour on lower surface of blade att = 10800 s
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Fig 4.10(a): Line location in z direction on blade surface
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Fig 4.10(b): Temperature vs z graph along line in z direction on upper surface at t = 10800s
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Fig 4.11: Temperature gradient contour on upper surface of blade at t = 10800s
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Fig 4.12: Temperature gradient contour on lower surface of blade at t = 10800s
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Fig 4.13: Pressure on upper surface contour at t = 10800s
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Fig 4.14: Pressure on lower surface contour at t = 1080s
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Then, an isosurface is created in same manner as it was created in steady state analysis.
Contour of pressure and vector of velocity is obtained on this isosurface in order to study

the change in pressure and velocity along a cross section of flow domain.

-5.752e+0
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0.005 0.015

Fig 4.15: Pressure contour on a plane at t = 10800s

The pressure and temperature variation with time has been extracted during the start-up

period.

Fig 4.16: Line location on blade surface in z direction



B0 QIO oo B

500,000 —

400,000 — FeeenE s e s

SO0 00— e

Pressure [Pa ]

-200,000 b eSS s s

-400,000 — .I ...............................................................................................................................................................................................................................

Fig 4.17: Pressure vs z graph along line in z direction on upper surface (upper line) and
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Fig 4.18: Line location on blade surface in x direction
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Fig 4.19: Pressure vs x graph along line in x direction on upper surface at t = 10800s
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Fig 4.20: Pressure vs x graph along line in x direction on lower surface at t = 10800s
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Fig 4.21: Pressure vs time during start-up at a point on blade surface
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4.5.3 FEA Analysis

The FEA analysis for this problem is solved on Ansys R18.1 Transient Structural software.
This software is used to solve transient structural problems. It is used for both linear and

non linear analysis.

4.5.3.1 Methodology

All the steps foolowed in transient state analysis remains the same except that the software
used here is Ansys R18.1 Transient Structural software. The modules are in the following
order: engineering data, geometry, model, setup, solution, results. The difference from

steady state analysis is that the code working behind the software changes here.

- D
1
2 & Engineering Data v 4
M3 | (i) Geometry v o
4 @@ Model vy
&5 @' Setup g
6 Solution 7 .
7 | @ Resuts F

Transient Structural FEA Turbine Blade

A

Fig 4.23: Methodology of FEA analysis

The engineering data remains the same as it was in steady state analysis, that is, the
material selected for blade is structural steel. The geometry also remains the same as it was
in steady state analysis, that is, the geometry consists of blade domain only. The steam
domain and cold water domain are suppressed because they are fluid domains. A global
coordination system is formed as done before in steady state analysis. Also, a remote point

is created at which the boundary conditions will be assigned. The remote point is set at

a
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location (0, 0.007, 0.09763) mm. The behavior of the remote point is rigid. The meshing of
the model is performed with 10 noded tetrahedron elements. A meshed model is generated
with 286449 nodes and 173489 elements. Named selection consists of complete body of

the blade termed as blade.

0.000 0.025 0.050 (m)
1

0.013 0.038

Fig. 4.24: Meshed model for FEA analysis

4.5.3.2 Setup

In setup module, analysis settings are setup. The physics type of the problem is set to
structural. The analysis type is set to transient. Solver target is Mechanical APDL. No
initial conditions have been setup for this problem. In analysis settings, the current step
number and number of steps are set to 1. Step end time is set to 10800 sec. Initial time step

and minimum time step are set to 100 sec. Large deflection setting is set to on.

After this, the rotational velocity of the blade is set up. The rotational velocity is set for the
complete blade at remote point as it was set in steady state analysis. The difference here is
the magnitude of rotational velocity. The rotational velocity magnitude for transient
analysis is presented in Table 4.1.
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Table 4.2: Rotational ve locity magnitude for transient analysis

Steps Time (s) X (rad/s) Y (rad/s) Z (rad/s)
1 0 0 0 0
1 1800 314 0 0
1 10800 314 0 0
Graph 9
10800

34,
150, /

o

10800

1

Fig 4.25: Graph of rotational velocity for transient analysis

The Table 4.1 and Figure 4.10 shows that the rotational velocity varies linearly
between 0 sec to 1800 sec from O rad/s to 314 rad/s. Then the rotational velocity
remains constant from 1800 sec to 10800 sec at 314 rad/s. This means that during the
start-up, the steady state value of rotational velocity is reached at 1800 sec and then it

remains constant.
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Fig 4.26: Rotational velocity boundary condition

After applying rotational velocity boundary condition, fixed support boundary condition is
applied. This boundary condition is applied in same way as applied in steady state analysis.
The remote point is completely fixed. After applying the boundary condition, pressure load
and body temperature is imported from the results of CFD analysis.

sssss

361689
271280
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90459.6
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% }_‘_4 X
0.000 0.020 0.040 (m)
| I
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Fig 4.27: Absolute pressure load imported upper surface



97

271280
180870
90459.6

49.619 Min

0.040 (m)
]

0.010 0.030

Fig 4.28: Absolute pressure load imported on lower surface

4.5.3.3 Solution and Results

The simulation is run and results are obtained in Ansys R18.1 Transient Structural
software. The simulation run was completed successfully. The run took 2 hours and 26
minutes to complete. The MAPDL memory used is of size 2.5342 GB and the MAPDL
result file size is of 9.0908 GB. In results section, contours of total deformation and
equivalent von mises stress att = 108 sec,t = 1080 s, t = 4428 s,t = 8100 s and t = 10800
S.
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Fig 4.29: Total deformation contour at t = 108s
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Fig 4.30: Von mises stress contour on upper surface at t = 108s
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Fig 4.31: Von mises stress contour on lower surface at t = 108s

Fig 4.32: Line location on upper blade surface in z direction



Yon Mises Strass;\on Mises Stress [ Pa ]

Be+0E

2.5e+038

Ze4+03

1.5e+02

1le+02

Se+07

Title

—— Series 1 for Tansient Structural FEA Turbine Blade

Chart Count

—— Series 1 for Turbine Blade CFD Trarsient

Fig 4.33: Stress vs z graph along line in z direction at t = 108s
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Fig 4.34: Force reaction direction and magnitude at remote point (Max: 491.55 N and Min:
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Fig 4.35: Moment reaction direction and magnitude at remote point (Max: 64.508 Nm and
Min: 64.507 Nm) at t = 108s
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Fig 4.36: Total deformation contour on blade’s upper surface at t = 1080s
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Fig 4.37: Equivalent stress on upper surface contour at t = 1080s
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Fig 4.38: Equivalent stress contour on lower surface at t = 1080s
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Fig 4.39: Stress vs z graph on line along z direction at t = 1080s

.

Fig 4.40: Force reaction direction and magnitude at remote point (Max: 307.06 N and
Min: 16.795 N) at t = 1080s
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o

Fig 4.41: Moment reaction direction and magnitude at remote point (Max: 2.2608
Nm and Min: 2.1919 Nm) at t = 1080s
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Fig 4.42: Total deformation contour at t = 4428s
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Fig 4.43: Von mises stress contour on upper surface at t = 4428s
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Fig 4.44: Von mises stress contour on lower surface at t = 4428s
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Fig 4.45: Von mises stress vs z graph along line in z direction at t = 4428s
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Fig 4.46: Force reaction direction and magnitude (Max: 852.82 N and Min: 98.743
N) at t = 4428s
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Fig 4.47: Moment reaction direction and magnitude (Max: 12.914 Nm and Min:
12.739 Nm) at t = 4428s
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Fig 4.48: Total deformation contour at t = 8100s
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Fig 4.49: Von mises stress contour on upper surface at t = 8100s

Fig 4.50: Von mises stress contour on lower surface at t = 8100s
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Fig 4.51: Von mises stress vs z graph on upper blade surface at t = 8100s
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Fig 4.52: Force reaction direction and magnitude at remote point (Max: 874.99 N and
Min: 265.42 N) at t = 8100s

0000 0045 0050 (m)

0.022 0.068



110

.

Fig 4.53: Moment reaction direction and magnitude at remote point (Max: 34.817
Nm and Min: 34.654 Nm) at t = 8100s

0000 0045 0050 (m)
[ EEaaa—— ES—

0.022 0.068

4.5.3.3.5 Att =10800s

000056648

0.00045318

0.00033989 ,
0.00022659 x 9y
0.0001133

0 Min

0.000 0030 0.060 (m)
[ EEEaaaa— S|
0015 0.045

Fig 4.54: Total deformation contour at t = 10800s
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Fig 4.55: Von mises stress contour on upper surface at t = 10800s
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Fig 4.56: Von mises stress contour on lower surface at t = 10800s
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Fig 4.58: Force reaction direction and magnitude at remote point (Max: 2933.1 N and
Min: 2865.8 N) at t = 10800s
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Fig 4.59: Moment reaction direction and magnitude at remote point (Max: 374.3 Nm
and Min: 374.15 Nm) at t = 10800s

The variation of stress with time is shown in the form of graph in Figure 4.31.
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Fig 4.60: Von mises stress vs time during start-up

We have also obtained force reaction and moment reaction values at fixed point. The
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direction as well as the magnitude of force reaction and moment reaction is shown in

Figure 4.16 and Figure 4.17 respectively.

Table 4.3: Force reaction vs time

108 491.55
1080 307.06
4428 852.82
8100 874.99
10800 2933.1

Table 4.4: Moment reaction vs time

108 64.508
1080 2.2608
4428 12.914
8100 34.817

10800 374.3
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CHAPTER 5: RESULTS

This chapter deals with the discussion of the results displayed in Chapter 3 and Chapter 4
for steady state analysis and transient analysis respectively. After discussion of results for

both the problems, comparison between the two has been done.

5.1. STEADY STATE ANALYSIS

5.1.1 CFD Results

The temperature contour in Figure 3.22 shows that blade temperature is maximum at the
leading and trailing edge, equal to 802.1 K. The hollow side of the blade has constant
temperature, equal to 300 K. The lower side of the blade has higher temperature than the
upper side. On the lower surface also, the leading and trailing edge has the highest
temperature. In figure 3.24, the trailing edge and leading edge have lesser value of
temperature gradient than the rest of the blade. The magnitude of thermal gradient varies
between 0 K/m to 453500 K/m on the blade’s surface. The hollow surface and the lower
surface of the blade have higher thermal gradients. The pressure is above atmospheric
pressure on the upper surface of the blade and hollow part of the blade as shown in fig
3.26. The maximum magnitude of pressure is at upper surface of the blade with magnitude
reaching as high as 1.7 MPa. The pressure on the lower surface of the blade is below
atmospheric pressure with lowest magnitude of 0 Pa. The pressure difference between
upper and lower surface creates a lift force in -Y direction. Due to pressure difference
between upper and lower surfaces of the blade, lift force is produced on the blade which

causes rotation of the blade.

A line location is formed in the z direction on the upper surface of the blade as shown in

figure 3.28. The plot of pressure vs z along this line is shown in figure 3.29. From the

a
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graph, it can be depicted that the pressure is plotted from cold oulet section to cold inlet
section. Pressure magnitude along the line first decreases and then increases. A polyline
location is formed in the x direction on the blade’s surface. The pressure plot is created

along the polyline on the upper surface and lower surface of the blade.

5.1.2 FEA Results

In Figure 3.42, total deformation contour is shown. The total deformation keeps on
decreasing from free end to fixed end of the blade. The maximum magnitude of total
deformation is 1.1473 mm. In Figure 3.43, the total deformation on the lower surface of
the blade can be observed. In Figure 3.44, equivalent von mises stress is maximum at the
fixed end of the blade near the leading edge and trailing edge. Maximum value of von
mises tress is 2.1e9 Pa. Also, the free end at the trailing edge has minimum von mises

stress equal to 6e7 Pa.

Figure 3.47 shows the graph of Stress vs z along the line location on upper surface of the
blade. Figure 3.48 shows force reaction at fixed point. The total force reaction is 3011.9 N
with direction as shown in the figure. Figure 3.49 depicts moment reaction. The total

magnitude of moment reaction is 384.86 Nm with direction as shown in the figure.

5.2 TRANSIENT STATE ANALYSIS

5.2.1 CFD Results

In figure 4.9, temperature contour is represented. Temperature is maximum at the leading
edge and below the leading edge. The maximum value of temperature is 625 K. In Figure
4.11, contour of temperature gradient is varying over the entire surface of the blade. The

maximum magnitude is 7.367e5m™K. The minimum magnitude of thermal gradient is on

a
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the leading and trailing edge of the blade. Figure 4.13 and figure 4.14 shows the pressure
distribution on the upper and lower surface of the blade respectively. The maximum
magnitude of pressure is 4.545 MPa. The pressure is more at the upper surface than at the
lower surface. The pressure difference between lower and upper surface creates a lift force
on the blade in -Y direction. The lowest magnitude of pressure is 0 Pa. The pressure is
above the atmospheric pressure on the upper surface of the blade and it is below than the

atmospheric pressure on the lower surface of the blade.

In figure 4.17, the pressure vs z graph is plotted along the line location on both the upper
surface and lower surface of the blade. Similarly, figure 4.19 and figure 4.20 shows
pressure vs x graph along polyline on the upper and lower surface of the blade
respectively. Figure 4.21 shows variation of pressure during the transient analysis at a
point location on the blade surface. The variation of temperature with time is shown in

figure 4.22 at a point location on the blade surface.

5.2.2 FEA Results

In Figure 4.54, the total deformation decreases from fixed end to free end of the blade. The
maximum magnitude of total deformation is at the centre of the free end. In figure 4.55, the
equivalent von mises stress is maximum at the fixed end on the lower side of the blade.
The trailing edge on both sides of the blade has the lowest magnitude of equivalent stress.
The equivalent von mises stress is more on the lower side of the blade than on the upper
side of the blade. Figure 4.57 shows von mises stress vs z curve along the line location on
upper surface of the blade. Figure 4.58 and figure 4.59 discusses the magnitude and
direction of force reaction and moment reaction respectively. The results discussed above
are att = 10800 s. Similarly, the results are obtained at four other time steps which are

discussed be low.



Table 5.1: Total deformation vs time during start-up

Time (s) Total Deformation (mm)
108 0.18724
1080 0.24222
4428 0.34211
8100 0.48407
10800 1.0197
Table 5.2: Von mises stress vs time during start-up
Time (s) Von Mises Stress (MPa)
108 307.4
1080 547.9
4428 500
8100 499.6
10800 1094
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Figure 4.24 shows force reaction at fixed point. Due to varying loads, force reaction also

varies with time. Figure 4.25 represents moment reaction at the remote point.

Table 5.3: Maximum force reaction vs time during start-up

108

1080

4428

8100

491.55

307.06

852.82

874.99
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10800 2933.1

Table 5.4: Maximum moment reaction vs time during start-up

108 64.508
1080 2.2608
4428 12.914
8100 34.817

10800 374.3

Figure 4.60 depicts von mises stress variation on the turbine blade with time during the
start-up process. It can be interpreted that the maximum value of von mises stress first

increases with time, then remains constant and in the end again increases with time.

5.3 COMPARISON OF RESULTS

The maximum temperature of blade is 802.1 K and 625 K for steady state and transient
state analysis. The maximum value of thermal gradient occurs at the lower surface and
hollow surface, equal to 4.535e5 K/m. The thermal gradient is varying over the entire
surface of the blade for transient state analysis with maximum magnitude of 7.367e5 K/m.
The leading edge and trailing edge of the blade has the lowest thermal gradients for both
the analysis. The pressure is above the atmospheric pressure on the upper surface of the
blade and below the atmospheric pressure on the lower surface of the blade for both the
analysis. The maximum magnitude of pressure is 1.7 MPa and 4.545 MPa for steady state

and transient state analysis respectively.
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The total deformation is highest at the free end and decreases gradually as we move
towards the fixed end of the blade. The total deformation is 0.1276 mm higher for steady
state analysis than in transient state analysis. For steady state analysis, the von mises stress
is maximum at the fixed end of the blade near the leading and trailing edge of the blade. In
transient state analysis, the von mises stress is maximum at the fixed end on the lower side
of the blade. The maximum magnitude of von mises stress is 2.1e9 Pa and 1.094e9 Pa for
steady state and transient state analysis respectively. The values of force reaction and
moment reaction remains constant for steady state analysis but varies in transient state
analysis. The maximum magnitude of force reaction is 3011.9 N and 2933.1 N for steady
state and transient state analysis respectively. The maximum magnitude of moment
reaction is 384.86 Nm and 374.3 Nm for steady state and transient state analysis

respectively.
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CHAPTER 6: CONCLUSION

The stress analysis is performed for steam turbine blade during steady state and transient
state (start-up). The maximum temperature achieved in the steady state and transient state
analysis differs by 177.1 K with former one being more. The thermal gradient produced in
the blade is 1.62 times more in transient state analysis than in steady state analysis.
Therefore, the stress produced due to thermal load in the blade in transient state analysis is
more than in steady state analysis. Due to higher stress due to thermal load in transient
state analysis, creep damage of the blade can take place during the start-up. Due to the
pressure differential between upper and lower surface of the blade, a lift force is produced
in the -Y direction in both the analysis. The total deformation is 0.1276 mm higher in
steady state analysis than in transient state analysis. The equivalent stress due to all the
loads applied is higher in steady state than in transient state analysis. The maximum
magnitude of force reaction in steady state analysis is almost same to that in transient state
analysis. The maximum magnitude of moment reaction in steady state analysis is also
similar to that in transient state analysis. But there magnitudes varies in transient state

condition due to varying loading conditions.

Power produced by single blade, P = Torque * Angular Velocity (6.2)
P =384.86 * 314
P =120.846 kW.

Finally, it is concluded that the thermal stresses in turbine blade during the start-up is very
high and may lead to fatigue or creep failure of the blade. Hence, care needs to be taken
while designing the start-up procedure for a steam turbine. Also, one can further study the
creep life prediction for a steam turbine blade. It is also concluded that the area on the
blade’s surface at the trailing edge, leading edge and centre of the fixed end is the critical
area as the maximum stress is induced in this part during the start-up process. The stress in

this critical area has crossed the tensile yield strength and tensile ultimate strength of
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blade’s material which might lead to plastic deformation and fracture of the blade in that

part. In future, one can perform fatigue analysis of the turbine blade to evaluate its fatigue
life.
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APPENDIX

A.1 PROBLEMS SOLVED ON ANSYS R18.1

This section consists of different problems solved on Ansys R18.1 software. All these
problems helped to achieve the main problem which is presented in the report. Every
problem in this list presents the problem formulation, boundary condition and results. The

problems solved have been showcased pictorially in proper sequence.

1. Unsteady Flow Over a Cylinder

Consider the unsteady state case of a fluid flowing past a cylinder, as illustrated above. For
this tutorial we will use a Reynolds Number of 120. In order to simplify the computation,
the diameter of the cylinder is set to 1 m, the x component of the velocity is set to 1 m/s
and the density of the fluid is set to 1 kg/m”3. Thus, the dynamic viscosity must be set to
8.333x10"-3 kg/m*s in order to obtain the desired Reynolds number. Compared to the
steady case, the unsteady case includes an additional time-derivative term in the Navier-

Stokes equation.

S

NY

VVVVVVVY

Fig A.1: Schematic diagram

The methods implemented by FLUENT to solve a time dependent system are very similar
to those used in a steady-state case. In this case, the domain and boundary conditions will

be the same as the Steady Flow Past a Cylinder. However, because this is a transient
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system, initial conditions at t=0 are required. To solve the system, we need to input the

desired time range and time step into FLUENT. The program will then compute a solution

for the first time step, iterating until convergence or a limit of iterations is reached, then

will proceed to the next time step, "marching" through time until the end time is reached.

“Wall”

u=0
“Velocity .
Inlet”  —> - Pressure
i=1i Outlet”

Fig A.2: Boundary condition

Fig A.3: Velocity contour in' Y direction
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Fig A.4: Velocity magnitude vector

2. Turbulent Pipe Flow

The inlet velocity is 1 m/s, the fluid exhausts into the ambient atmosphere and density is
1kg/m®. For p = 2 x 10 °kg/(ms), the Reynolds no. based on the pipe diameter and
average velocity at the inlet is 10000. This change of viscosity has taken us from a
Reynolds number of 100 to 10,000. At this Reynolds number, the flow is usually

completely turbulent.

A turbulent flow exhibits small-scale fluctuations in time. It is usually not possible to
resolve these fluctuations in a CFD calculation. So the flow variables such as velocity,
pressure, etc. are time-averaged. Unfortunately, the time-averaged governing equations are
not closed. (i.e. They contain fluctuating quantities which need to be modeled using a

turbulence model.)

In this problem, k-¢ model is used for numerical representation of turbulent flow. k-
e models consist of two differential equations: one each for the turbulent Kinetic
energy k and turbulent dissipation €. These two equations have to be solved along with the

time-averaged continuity, momentum and energy equations. So turbulent flow calculations

a
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are much more difficult and time-consuming than laminar flow calculations.

:9 Id
Vinlet ¢ D

Fig A.5: Schematic Diagram

The boundary conditions and the geometry remains the same as the previous problem.
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Fig A.6: Pressure contour
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Fig A.10: Skin friction coefficient along the length of pipe

3. Flat Plate Boundary Layer

Series 1 for Turbulent pipe flovs refined mesh

Consider a fluid flowing across a flat plate, as illustrated above. Obtain the velocity and

pressure distribution when the Reynolds number based on the plate length is 10,000. This

Reynolds number is obtained by using the following settings. The plate length is 1 m. The
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incoming fluid is flowing in the x-direction with a velocity of 1 m/s. The density of the
fluid is 1 kg/m”3 and the viscosity is 1 x 10 /(-4) kg/(m-s).

599 _ 5

x JRex

(A.1)

When x =L, dgg =0.05m. The height of the domain will be set to ten times the boundary
layer thickness. Thus, the height of the boundary will be set to 0.5m.

—
’ Yy
 —
> X
LSS S -
le N
| L=1m |
Fig A.11: Schematic diagram
V=0
i 1m
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U=l inlet outlet| [ P=0
3
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Fig A.12: Boundary condition
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Fig A.13: Meshed model
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Fig A.16: Velocity in Y direction
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Fig A.17: Normalised velocity in Y direction

4. Wind Turbine Blade FSI (CFD)

The blade is 43.2 meters long and starts with a cylindrical shape at the root and then
transitions to the airfoils S818, S825 and S826 for the root, body and tip, respectively. This
blade also has pitch to vary as a function of radius, giving it a twist and the pitch angle at
the blade tip is 4 degrees.

Fig A.18: Blade CAD geometry
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Fig A.20: Pressure contour
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Fig A.22: Blade velocity vector

5. Wind Turbine Blade FSI (FEA)

The pressures on the wetted areas of the blade are passed as pressure loads to ANSYS
Mechanical to determine stresses and deformations on the blade.
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Fig A.23: CAD geometry
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Fig A.24: Equivalent von mises stress contour
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Fig A.25: Total deformation contour
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6. 2D Steady Laminar Convection

A fluid enters a pipe of radius 0.06 meters at a constant velocity of 0.1 m/s. The fluid has a
density of 1.2 kg/m”3, a thermal conductivity of 0.02 W/mK, a specific heat of 1000
J/kgK, and a viscosity of 1.8e-5 kg/ms. The first 5.76 meters of the pipe are isothermal,
held at 300 K. The remaining 2.88 meters of the pipe have a constant heat flux of 37.5
W/m”2 added at the wall.

Inbet 2.88 m
Auial velocity of I h.STT" i Constant heat flux
0.1 mfs sothermal at 300 37,5 W/m®3
; t
.
:.
Auxis of pipe Outlet
Gage Pressung
ol 0 Pa
Fig A.27: Schematic diagram
Sohition Domain & BC's for 2D axisymmetric model
r (y in FLUENT)
T 5 ston Bl =58
«——— 576m y 2.88m——>
. 4 r=0.06m
i =04& Governing equations:
#‘
< v U= O p=1atm
——  pu-Vu = —Vp + uviu
— V- (puH) = V- (kVH)
#‘
Axis - >
o R B z (x in FLUENT)
i, =0,—=0,—=0
Pictureis not to scale dr dr

Fig A.28: Boundary condition
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Fig A.29: Velocity contour on half cross section of the pipe

Fig A.30: Pressure contour
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Fig A.31: Temperature along length of the pipe
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7. Sudden Expansion in Laminar Pipe Flow

Consider a fluid flow through a sudden expansion in an axisymmetric pipe. The flow is
laminar and axisymmetric. Due to symmetry, the computational domain covers only half of
the pipe. BD is the axis of symmetry. The radius R1 = 1mand R2/R1 =2. L1/R1 =20 and
L2/R2 = 50. The inlet velocity at AB is uniform, U1l = 0.277 m/s . The fluid exhausts into
the ambient atmosphere which is at a pressure of 1 atm at CD. The density p = lkg/m3 ,
and the dynamic viscosity is: 1= 0.01 kg/(ms).

The Reynolds number Re at AB = (2 R1 p Ul) /u=55.4.

The computational domain consists of 2 parts: one for the small pipe and the other for the
larger pipe. In the small pipe, the viscous boundary layer grows along the pipe wall starting
at the inlet, and eventually a fully-deve loped velocity profile forms provided that the small
pipe is long enough. As that flow passes through the expansion entrance, a recirculation
zone forms in the corner of the larger pipe. The flow will become fully developed again

after sufficient distance downstream from the recirculation zone.

: -
ow,, = e
' 0 1\ —m -
=" -" .- \
-l::--:-' """" N eeee?” >
s =—csmss==ssr==m====% E"‘,’ ------- :,.  eaemem"" —h'_-
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Fig A.33: Schematic diagram
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Fig A.35: Velocity vector
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Fig A.37: Stream function across the pipe

8. Flow over an Aerofoil

A NACA 0012 Airfoil at a 6 degree angle of attack placed in a wind tunnel will be

simulated in this problem.
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Fig A.38: Schematic diagram
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Fig A.39: Boundary condition

Fig A.40: Meshed model
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Fig A.41: Pressure contour

Fig A.42: Turbulence Kinetic energy contour
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Fig A.43: Velocity contour
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 FigA44: Velocity streamline _

A.2 Problems Solved and Important Concepts

This section consists of a table representing the problem solved and the important
concepts learned in that problem. Apart from the above seven listed problems in the
above section, seven more problems have been solved which have been stated in this
table.



Table A.1: Problems vs. concepts

146

S.No.

Problem

Concepts Learned

Laminar pipe Flow

Conservation of Mass
Conservation of
Momentum

Drag Coefficient

No Slip Boundary
Condition

Laminar Channel Flow

Conservation of Mass
Conservation of
Momentum

Drag Coefficient

Turbulent Pipe Flow

Time Averaged
Governing Equations
K-Ephsilon
Turbulence Model
Turbulent Viscosity
Skin Friction
Coefficient

Non Dimensional
Variables

Flat Plate Boundary Layer

Boundary Layer
Thickness

Flow Domain
Control Volume
Normalized Velocity
Variable

Overshoot in
Velocity Profile
Blasius Boundary
Layer Solution

Compressible Flow ina
Nozzle

Inviscid Flow
Conservation of
Energy

Mach Number
Static Pressure

2D Steady Laminar
Convection

Convection
Coefficient
Nusselt Number
Mixed Mean
Temperature
Fourier’s Law

Turbulent Forced
Convection

Fourier’s Law

Wall Shear Force
Time Averaged
Governing Equations
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K-Ephsilon
Turbulence Model
Fanning Friction
Factor

Supersonic Flow Over a
Wedge

Static Temperature
Theta-Beta-M Chart
Shock Angle

Far Field Boundary
Condition

2D Inviscid
Compressible Flow
Equations

Normal Shock
Relations

Sudden Expansion in
Laminar Pipe Flow

Recirculation Zone
Stream Function

10

Steady Flow Over a
Cylinder

Streamlines

11

Unsteady Flow Over a
Cylinder

Navier Stokes
Equation for
Unsteady Flow
Lift Coefficient
Strouhal Number
Time Marching
Solution

12

Flow Over an Aerofoil

Angle of attack
Turbulence Kinetic
Energy

Pressure Coefficient
Stagnation Point

13

Wind Turbine Blade FSI
(CFD)

Pitch Angle

Tip Speed Ratio

SST K-Omega
Turbulence Model
Periodic Boundary
Condition

Turbulent Intensity
Blade Velocity
Quality Parameters of
Meshing

14

Wind Turbine Blade FSI
(FEA)

Spar of a Blade
Equivalent Von
Mises Stress
Total Deformation
Reaction Force
Total Mesh Disp.
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