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Steam Power Plant generates electricity due to a device that extracts heat
energy from steam and converts it into mechanical work on the rotor.
Turbines operate at high pressures and temperatures which may cause
potential failures in the rotor. This study aims to determine the stress
distribution on the turbine rotor to predict potential failures. The turbine
studied is a 15 MW steam turbine with a rotation speed of 3000 rpm, inlet
steam pressure of 2 MPa, and inlet steam temperature of 471.2 OC. The study
focused on the Curtis stage. Fluid-Structure Interaction (FSI) simulation was
performed to determine the interaction between the fluid and the turbine rotor.
Computational Fluid Dynamic (CFD) was performed to determine the
temperature and pressure hitting the rotor. The temperature and pressure
distribution data from the CFD simulation is transferred to the structural

simulation as the load received by the rotor. In addition to fluid loads, the
rotor experiences centrifugal loads due to rotation and gravity loads. The
largest stress received by the turbine rotor is at the front of the rotor with a
stress of 347.39 MPa.
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1. INTRODUCTION

One of the plants used to meet electricity demand is the Steam Power Plant [1]. Steam Power Plants are
capable of generating electricity due to the device that extracts heat energy from steam and converts it into
mechanical work on the rotor [2]. Steam turbines operate at high pressures and temperatures that cause the
rotor to be subjected to stress. Stresses lead to potential defects in the rotor [3]. Turbines are planned to operate
for a certain period of time with calculated loading [4],[5]. However, when a defect occurs, the applied load
remains the same. With a constant loading condition, the stress concentration occurs at the defect. This may
lead to turbine rotor failure [6]. Rotor failures are devastating in terms of safety and economy [7]. The potential
for failure can be reduced by performing periodic maintenance. Maintenance should focus on the parts with
high stress distribution. Therefore, research to determine the stress distribution needs to be done. With the
stress distribution data, maintenance can be focused on parts that have the potential for failure due to high
stress. Experimental research using the real scale is difficult to do. The solution that can be used is to conduct
research using the simulation method. The simulation used is Fluid-Structure Interaction (FSI) [8]. In this
study, FSI is used to determine the structural response of the turbine rotor due to fluid interaction with the
rotor. The known structural response will be the stress distribution that occurs in the rotor [9]. The data from
the simulation is used for consideration of the possibility of failure. This is done to fulfill the long-term work
plan. This study aims to determine the stress distribution in the curtis stage rotor of a 15 MW steam turbine
with a rotation speed of 3000 rpm and an inlet steam temperature of 471.2 °C. The study started with geometry
modeling, followed by FSI simulation. In the FSI simulation, Computational Fluid Dynamic (CFD) simulation
is performed to determine the interaction of fluid with the structure, followed by structural simulation to
determine the structural response in the form of stress distribution on the turbine rotor.
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2. METHODS

The Curtis stage is the first stage of a multistage turbine. The Curtis stage consists of a nozzle followed
by two rows of moving blades. After the water vapor passes through the curtis stage, the water vapor will go
to the reaction stage. FSI analysis is performed on the curtis stage turbine rotor which consists of two stages of
blades with 150 blades each. The specifications of the curtis stage rotor turbine are shown in Table 1. However,
since the computational time required to complete the FSI simulation for the entire rotor is too large, the
modeling is reduced to 1/30 of the entire rotor section as shown in Fig 1.

Table 1. Specifications of curtis stage steam turbine rotor

Parameter Value Unit
Rated power 15 MW
Number of blades 300
Rotor radius 1188.5 mm
Rotor rotation speed 3000 rpm
Full Scale

Fig 1. Full rotor modeling and reduction to 1/30

2.1. Computational Fluid Dynamics (CFD) Modeling

CFD investigations were performed on the turbine rotor to obtain the pressure and temperature values
on the turbine rotor. Structural investigations on turbine rotors use CFD results at steady state as an input for
structural simulations [10]. The reduced simulation is considered valid due to the cyclic periodicity of the flow
in turbomachinery [11]. Thus, it is possible to analyze only a portion of the rotor with the application of
periodic boundary conditions [12]. The geometry used in CFD is the negative domain of the rotor inside the
steam turbine casing. The rotor geometry is later used for structural simulation. Fig 2 shows the geometry
used for CFD simulation and structural simulation.

Fluid Domain Solid Domain

Fig 2. Fluid domain and solid domain
The domain and boundary conditions for the CFD simulation are shown in Fig 3. Water vapor with the
properties listed in Table 2 enters through the turbine inlet with a pressure of 2 MPa and a temperature of
471.2 °C. After striking the blade, the vapor will exit the curtis stage and go to the reaction stage. The rotor is
considered as a stationary non-slip wall, and a rotation frame is applied to the entire computational domain to
account for the rotational speed of the rotor. This avoids the need for a dynamic mesh and allows problems
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that are not essentially steady-state to be modeled using steady-state simulations, which significantly reduces
computation time [13].

Angular Velocity

Pressure Inlet
2 MPa
471,2°C

Turbulence Model
k-¢ RNG

Pressure Outlet
0,98 MPa

Fig 3. CFD Boundary condition

Table 2. Specifications of curtis stage steam turbine rotor

Parameter Value Unit
Density 0,5542 kg/m3
Specific heat (@ 471,2 °C) 2124 Ji(kg K)
Thermal conductivity 0,0261 W/(m K)
Viscosity 1,34x10-5 kg/(m s)

To obtain accurate results for the flow domain is very important. The accuracy of the results and the
number of elements must be well-balanced. The number of cells largely determines the efficiency of
computational time [14]. Poly-Hexcore meshes show that the model is able to provide results that show good
agreement between simulations and experiments [15]. The high-quality hexagon surface mesh shown in Fig
4 was prepared with ANSYS Fluent's proprietary meshing tool. The scoped sizing functionality was used to
determine the size of the surface zones, based on curvature, proximity, and fine sizing requirements. This
surface mesh was used to generate the Poly-Hexcore volume mesh shown in

Fig 5. The mesh settings used produced the worst orthogonal quality with a value of 0.25 with a
predicate of good.

4. Surface mesh
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Fig 5. Volume mesh

In CFD simulations, the proposed RNG k-¢ turbulence model [16] has several advantages when
compared to the standard k-¢ model, such as, significantly improving accuracy for strained flows, improving
accuracy for rotating flows, and providing analytically derived differential formulas for low Reynolds number
effects. However, the RNG k-& model appears to require 10-15% more CPU time than the standard k-& model
due to additional terms and functions in the governing equations and a greater degree of nonlinearity (ANSY'S,
Inc., 2012). The fluid flow problem in this study is a nonlinear problem. Therefore, the solution of the problem
is calculated iteratively. In this study, the number of iterations is set to 500, which is a relatively large number
to ensure sufficient iterations to be performed. In addition, the standard initialization method is used, and the
initial value is calculated from the inlet. After the solution is obtained, the results of CFD analysis, such as
pressure and temperature distribution working on the rotor, can be displayed using the contour tool in ANSYS
Fluent post-processing.

To assess the convergence of CFD analysis, the net mass imbalance is examined. The net mass
imbalance of an analysis that is considered convergent should be less than 5% [17].

2.2. Static Structural Modeling
The material used for the rotor is structural steel with a density of 7850 (kg/m3). Detailed material
properties are shown in Table 3.

Table 3. Material Properties
Temperature Young’s Modulus (GPa) Yield Strenth (MPa) Ultimate Tensil Strength (MPa)

20°C 205 730 915
90 °C 200 736 924
150 °C 197 894 1122
205 °C 192 963 1209
260 °C 190 957 1201
316 °C 185 844 1060
371°C 181 704 884
427 °C 176 543 681
482 °C 171 433 543
538 °C 165 279 350
593 °C 159 201 252

The meshing size is set with face sizing on the blade section with a size of 8 mm and body sizing on
all parts of the rotor with a size of 8 mm (Fig 6). The mesh settings resulted in an average skewness of 0.25
with a very good predicate (ANSYS, Inc., 2012).

Skewness mesh metrics spectrum:

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Orthogonal Quality mesh metrics spectrum:

Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

Fig 6. Mesh quality

The pressure and temperature from the CFD simulation are mapped on the rotor when performing the
structural simulation. In addition to the fluid loads from the CFD simulation hitting the turbine rotor, there are
other important loads on the rotor, namely 1) gravity loads, which are generated by the gravitational force
acting on the turbine rotor; and 2) centrifugal loads, which are caused by the rotation of the turbine rotor. In
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this study, the rotation speed is applied to the rotor structure to account for the centrifugal load and the gravity
load is also applied to the turbine rotor structure as a static load. In addition, fixed boundary conditions are
applied to the turbine shaft.

After defining the rotor geometry, material properties, mesh and boundary conditions, structural
analysis can be performed. The results of the analysis in the form of stress distribution can then be displayed
using the post-processing function of ANSY'S software.

2.3. One-Way FSI Coupling
The coupling method in FSI modeling is based on one-way coupling. Fluid problems are solved using
CFD. The pressure and temperature in all parts of the rotor obtained from CFD modeling are then mapped to
the structural model as load boundary conditions. Afterwards, the structural model is used to calculate the
structural response of the turbine rotor (stress distribution) under thermal, gravity, and centrifugal loads. The
one-way FSI modeling scheme is presented in Fig 7.

. Static Structural
CFD Modelling Modeling
Define boundary conditions Creating geometry
Creating CFD mesh Specify material properties
\ 4 h 4
Specify turbulence model Create a structural mesh
J J——
- Thermal load Specify boundary conditions
Solution and results ™. support condition
e Load boundary condition

v

Solution and results

Fig 7. FSI scheme

3. RESULTS AND DISCUSSION
3.1. Pressure Distribution

Fig 8 shows the fluid pressure contours in the curtis zone. The left image shows the pressure contour in
the curtis zone with an isometric view and the right image is a detailed image of the left image which is the
pressure contour on the blade with a side view. Rainbow legend shows the pressure value in MPa. The color
contours in the figure show the fluid flow pressure. Blue color indicates low fluid flow pressure, while red
color indicates high fluid flow pressure.

Fluid flow with red contours on the wall close to the inlet indicates that the fluid flow pressure in that
area is high. In blade 1 there is a color gradation from red at the first part of the blade that is exposed to fluid,
then green in the middle of the blade, and orange at the back of the blade. The color gradation means that the
fluid pressure changes when passing through blade 1. The gradation from red to green shows a pressure drop
due to the expansion of the vapor due to the large potential energy possessed by the high-pressure water vapor
entering the turbine casing. The gradation from green to orange shows that the water vapor experiences a slight
increase in pressure due to water vapor that has lost its potential energy as it turns into Kinetic energy that
causes the turbine rotor to rotate. Then the water vapor exits blade 1 towards blade stage 2. When the steam
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passes through blade 2, the same pressure change phenomenon occurs when the steam passes through blade 1
resulting in additional Kinetic energy that allows the turbine rotor to rotate. From the figure, it can be seen that
the fluid flow flows smoothly and regularly from the inlet to the curtis zone and then out to the reaction zone.

1st Stage Blade 2nd Stage Blade

Fig 8. Pressure distribution

3.2. Temperature Distribution
Figure 9 shows the fluid temperature contours in the curtis zone. Rainbow legend shows the temperature
value in °C. The color contours in the figure show the fluid flow temperature. Blue color indicates low fluid
flow temperature, while red color indicates high fluid flow temperature.

Static Temperature [C ]

[

3910402 3990402  4.070+02  4.15e402 4230402  4.310402  4.30e402  4.47e402 4550402 4.63e402  4.710402

The Front The Back
Fig 9. Temperature distribution

The fluid flow in almost all parts of the curtis zone is colored red, indicating that the fluid flow
temperature in that section has the same temperature value of 471.2°C. The part that has a non-uniform
temperature is the back of the stage 1 rotor with blue colored flow. This is due to the large water vapor pressure
when entering the turbine casing which makes the water vapor that has passed through the blade flow directly
to the reaction stage (Figure 10). From the figure, it can be seen that the fluid flow flows smoothly and regularly
from the inlet to the curtis zone and then out to the reaction stage.
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Fig 10. Water vapor fluid flow direction

3.3. Stress Distribution

Figure 11 shows the contours of the stress distribution (effective stress -von misses) in the curtis zone.
Rainbow legend shows the stress value in MPa. The color contours in the figure indicates the stresses. The blue
color indicates low stress, while the red color indicates high stress which means that the section is experiencing
low stress. Overall, the rotor is dominated by blue and green colors. These color contours indicate that the
stresses are low. However, there are some parts that have orange to red color contours. This color contour
means that the stress is high. Parts that experience high stress are hubs which hold the blade as it acts as a
support for the blade (Figure 12). Then the shaft, especially those with different diameters, also experiences
high stress due to stress concentration (Figure 13).

Fig 11. Stress distribution
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Fig 12. Stress on blade support

Stress concentration

Fig 13. Stress concentration

Although there are some parts that experience high stress, the rotor has not yet failed as the working
stress is still below the yield stress of the material. This is also evident from the safety factor value of the rotor
in Fig 14, where the lowest value is 1.3068. The safety factor value above 1 means that the stress received by
the rotor is still below the yield stress of the material. It will be risky if the stress is more than the yield stress
or the safety factor value is below 1. If the safety factor value is below 1, it means that the rotor is plastically
deformed. Starting with plastic deformation, cracks will appear and then lead to failure. Although the
simulation results show a safety factor value above 1, this part needs more attention in the form of periodic
checks and maintenance to avoid potential defects that lead to failure.

15

11.577
8.1543
4.7315
1.3086

Fig 14. Safety factor value
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4. CONCLUSION

In this study, an FSI model for a steam turbine rotor is created by combining CFD simulation and
structural simulation. The coupling scheme is based on one-way coupling, where the load due to water vapor
is calculated using CFD simulation and then mapped to the structural simulation as the load boundary
condition. Then the FSI model is applied to the FSI modeling of the steam turbine rotor. The largest stress
received by the turbine rotor is at the front of the rotor with a stress of 347.39 MPa. The high stress experienced
by the front of the rotor is due to the high pressure and temperature of the water vapor hitting the front of the
rotor. Although the stress received is high, the material has not yet failed as the working stress is still below
the yield stress of the rotor material as evidenced by the safety factor value of the rotor where the lowest value
is 1.3068. Although the simulation results show a safety factor value above 1, this part needs more attention in
the form of periodic checks and maintenance to avoid potential defects that lead to failure.
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