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Abstract: The blades in the low-pressure stage of a steam turbine must be reverse engineered according
to the ideal blade shape due to the deformation of the blade during operation. A numerical analysis
model of the flow field of the blades is proposed, and the model is solved by alternating between the
fluid domain and the solid domain. Considering the imbalance of the load acting on the blade surface
and the change in the blade stiffness matrix when the steam turbine is running, the Newton-Raphson
method is used to calculate the pressure of the steam fluid on the blade surface and the change in
the flow field caused by the blade deformation in each time step. The data are exchanged between
the fluid domain and the solid domain after a single-step solution is completed. The simultaneous
changes in the fluid domain and the solid domain are discretized in very short time steps, and the
process of the blade deformation from stationary to running is simulated by accumulating the time
steps. Finally, the trends in the change in the blade deformation and the aerodynamic load during the
deformation process are analyzed according to the result of the reconstruction of the blade shape.

Keywords: steam turbine; blade; reconstruction; variable stiffness; unbalanced load

1. Introduction

Steam turbines are widely used in power, chemical, and metallurgical industries. When a steam
turbine is running, high-temperature and high-pressure steam enters the cylinder through the main
valve and the regulating valve, flows through the stator cascades, generates pressure on the surface of
the rotor blades, and drives the spindle to rotate, thereby realizing energy conversion and output [1].

A set of blades is known as a stage, and there are many stages in a steam turbine. The blades in
each stage are very important for the energy conversion efficiency [2,3], and the influence of the blades
in the low-pressure stage on the performance of the steam turbine is particularly significant [4-6].
Therefore, the design of the blades has been the focus of research [7].

Based on the research on mathematical modeling [8,9], simulation analysis [10,11], and performance
prediction [12,13] of steam turbines, some design methods for the ideal blade shape have been
proposed as follows: an eco-design approach for achieving eco-innovative solutions of the turbine
blades [7], a reverse-engineering approach of turbine blades for efficiently generating accurate
product computer-aided design (CAD) models [14], a modular building block approach for describing
the different types of steam turbine blades in detail regarding their geometry and loading [15], a
three-dimensional design optimization of steam turbine blades for aerodynamic efficiency enhancement
of blades and turbine stages [16], a 3D optimization design method based on an artificial neural network
and a genetic algorithm for the rotating blades in a highly loaded turbine [17], and a 3D prescribed
surface curvature distribution design method for the high-efficiency turbomachinery blades [18].

In the above-mentioned methods, the ideal blade shape is typically obtained by analyzing the
aerodynamic performance according to the designed operating conditions. As steam turbines are
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operated under conditions such as high loading and high rotational speed, the blades are subjected to
multiple complex loads, including centrifugal and aerodynamic loads [4,8,19,20].

The ideal blade shape refers to the ideal shape of the blade to meet the aerodynamic performance
requirements of the steam turbine under the designed operating conditions. After the design, the blade
shape obtained through manufacturing is called a cold blade shape or a non-running blade shape. The
processed blade is subjected to multiple complex loads in a specific operating condition, and the stable
state shown by deformation is called a hot blade shape or an operating blade shape. The hot blade
shape is the actual shape of the blade under the designed operating conditions. Taking the consistency
of hot blade shape and ideal blade shape as the evaluation indeXx, the corresponding cold blade shape
is reverse engineered, thereby improving the aerodynamic performance of the steam turbine as much
as possible.

In practice, alloy steels are used in blade manufacturing with surface hardening treatment to ensure
that the deformation of the blades in running is as small as possible. Although plastic deformation
can be controlled to a small range, the elastic deformation still has a significant impact on the design
and the analysis of the blade [3,21,22]. Therefore, in the operating conditions, the blade will inevitably
deform under the effect of the multiple complex loads, which will cause the blade shape to change
and affect the performance of the steam turbine. Therefore, the ideal blade shape cannot be used
directly for blade manufacturing. In other words, the “cold” blade shape for manufacturing needs to
be reverse engineered according to the ideal blade shape so that the “hot” blade shape formed under
the operating conditions is consistent with the ideal blade shape [23,24].

However, the state of the flow field around the blade is closely related to the blade shape and is
complex and nonlinear [25-27]. Thus, it is difficult to obtain an accurate cold blade shape directly by
using the ideal blade shape as the hot blade shape.

Iterative approaches have been proposed for the reverse design of the cold blade shape. First, the
initial cold blade shape in the iterative method is obtained based on the ideal blade shape. The ideal
blade shape is used as the cold blade shape to estimate the hot blade shape and obtain the deformation,
and then the ideal blade shape is reverse deformed to obtain the initial cold blade shape. Second, the
reconstruction of the hot blade shape from the cold blade shape and the reverse deformation of the
cold blade shape are performed alternately. The cold blade shape is reconstructed in the running state
to obtain the hot blade shape, and the accuracy of the cold blade shape is evaluated by comparing the
consistency between the hot blade shape and the ideal blade shape. This is an iterative approximation
process, and each iteration step includes two parts: reverse deformation and hot reconstruction. The
reverse deformation is a simple change of blade shape, which is easy to implement. However, the hot
reconstruction is difficult due to the complex load and the deformation of the blade [23].

The fluid-solid coupling method and the fluid—structure interaction method are mainly used in
hot blade shape reconstruction to obtain the blade deformation [28-30]. Typically, the equilibrium
conditions are established based on the ideal blade shape, and the stiffness matrix of the blade no longer
changes when the blade displacement is calculated using the finite element method after obtaining the
load [31-33].

However, due to the variable cross-section and torsional shape of the blades in the low-pressure
stage [34], the aerodynamic and the centrifugal loads and the blade stiffness matrix are all functions of
the blade shape and will be significantly changed if the blade has a slight shape change.

Therefore, the effect of the variable stiffness of the blade and the unbalanced load in blade
deformation should be analyzed to accurately obtain the hot blade shape in the design of steam engine
blades [24].

The hot blade shape determines the aerodynamic performance of the steam turbine under the
designed operating conditions. The closer the reconstructed hot blade shape from the cold blade
shape to the ideal blade shape is, the more reasonable the design of the blade will be. Therefore, the
analysis of the reconstructed hot blade shape is of great significance to improve the performance of
the steam turbine. In this paper, a simulation model of the blade in the low-pressure stage of a steam
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turbine is established based on the Newton-Raphson method, which can improve the accuracy of
the reconstructed hot blade shape according to the variable stiffness of the blade and the unbalanced
aerodynamic load acting on the blade surface. The hot blade shape is reconstructed by a nonlinear
finite element method. The differences in shape and aerodynamic load between the hot blade and the
ideal blade are compared, and the effects of the reconstruction on blade shape and aerodynamic load
are analyzed. Compared with other methods, the proposed method considers the nonlinear effects of
the blade structural deformation on aerodynamic analysis, analyzes the variable stiffness of the blade
and the unbalanced aerodynamic load during the deformation process, and can effectively improve
the accuracy of the reconstructed hot blade shape.

2. Analysis of the Variable Stiffness of the Blades

The centrifugal load caused by the rotor rotation and the aerodynamic load produced by the
steam flow cause the change in stiffness of the low-pressure stage blades of a steam turbine, thus the
change in stiffness is the key factor affecting the blade deformation. The Newton—-Raphson iteration
method can be used to accurately calculate the hot blade shape.

The basic equation for nonlinear finite element analysis of the blade is:

K(u) = Re M
where:
o u= [ Uy Uy - Uy ]T is the displacement vector of a blade node;
e K(u)= [ Ki(u) Ky(u) -+ Kyu(u) ]T is the nonlinear internal force vector of u; and
e Rp= [ Ri Ry -+ Ry, ]T is an external force vector.

The Newton—-Raphson method starts with a hypothetical solution and gradually increases the
approximation of the solution by iteration until the solution satisfies the preset convergence condition.
If the approximate solution of the blade shape in the i-th iteration step is u/, the first-order Taylor
expansion of the approximate solution in the next iteration step can be expressed as:

K<ui+1) ~ K(ui) +KiAu' = Rp = KiAu' = Rg —K(ui) ()

where Au' is the increment of the node displacement and K‘T = (dK/ au)i is the tangential stiffness
matrix of the i-th iteration step, indicating the nonlinear stiffness of the blade, i.e.:

[ aKl (ui) ¢9K1 (ui) ¢9K1 (ui) ]
aul ) auz ) T (91,1,, . Au]
&Kz(u’) «9K2 (M’) 8K2 (u’) Au
Ki _ duq duy o duy A i_ 2
| T T =] ®
JK, (ui) JK, (ui) JK, (ui) Auy,
duq iy o iy
The resulting linearization equation is:
KiAu' = R )
where R’ is the unbalanced force vector and R = Rg — Ré with Rg including all external loads
such as centrifugal load and aerodynamic load, R; being the internal force vector, and R}' = K(ui).

The displacement increment Au' of the blade shape is obtained by solving Equation (4), and the new
approximate solution is: A
utl = w4 Al (5)



Energies 2020, 13, 835 40f17

The residual of this equation is:
R = Rp—K(u'™') = Re-RI™ 0 ©6)

If R+ is small enough, u'*! can be considered a satisfactory solution, and K’;rl is the blade
stiffness in this state. Otherwise, let:

ui — ui+1 (7)
Aul = Au't! (8)
R} = RI™ ©)

And continue the iterative solution process until the residual converges to the termination
condition of the iteration, which is expressed in the following normalized form:

. 2
. 2 n RZ.+1)
IR~ ] = 1( j

s =
1+ |[REl| 14+ Z’]?: 1(RE]')

5 < [e] (10)

The process of solving the above-mentioned nonlinear variable stiffness static equation based on
the Newton—-Raphson iteration method to obtain the blade stiffness is shown in Figure 1.

‘ Aub = [KH_lki ‘ wi=yitt
Aui=Aui+1
l R} = Rj*

uitt = ul + Au!
Ri+1 — RE _ K(ui+1)

|R*||*
1+ R = L]

Figure 1. The process of solving the blade stiffness using the Newton-Raphson iteration method.

3. Hot Blade Shape Reconstruction Under an Unbalanced Load

Considering the variable stiffness of the blade and the unbalanced load acting on the blade surface,
the blade stiffness and the load conditions must be updated while the blade shape changes during
the reconstruction of the hot blade shape. The fluid-structure interaction analysis method based
on a three-dimensional nonlinear Navier-Stokes computational fluid dynamics (CFD) solver and a
structural mechanics finite element solver is used to establish a Newton—Raphson iterative process
with alternating solutions and data exchange. The solution process begins with a cold blade shape,
and the relationship between the cold blade shape u.,; and the hot blade shape u,; is as follows:

Upor = Ueold + Au (11)
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Equation (11) is the basis of the hot blade shape reconstruction.
The detailed steps are as follows:

1.  The CFD solver is used to simulate the flow field around the cold blade under the preset boundary
conditions to obtain the aerodynamic load acting on the blade surface.

2. The external force vector R;; under the action of the aerodynamic and the centrifugal loads and
the internal force vector R} in its current state based on the variable stiffness analysis of the blade
are calculated to obtain the unbalanced load R}. The deformation Au' of the current cold blade is
then calculated using a structural mechanics solver.

3.  The deformation of the cold blade A’ is transmitted to the fluid mesh, which is updated by the
dynamic mesh technique, and the CFD solver is used again to simulate the flow field around the
cold blade under the set boundary conditions to obtain the aerodynamic load acting on the blade
surface corresponding to the current blade shape.

4. If the difference of the aerodynamic load data from step (1) and step (3) meets the convergence
condition of the CFD solver, the analysis process is ended, and the structural mechanics solver
is used to obtain the deformation of the cold blade Au' based on the aerodynamic load in the
current state. Otherwise, the analysis of the cold blade deformation is continued from step (2).

5. Au'is used as the hypothetical solution to modify the cold blade shape u,; and obtain the hot
blade uilo ,» which is simulated using the CFD solver to obtain the corresponding aerodynamic load.

6.  Steps (2) and (3) are executed again to obtain the deformation Au't1 of the current hot blade and
the corresponding aerodynamic load.

7.  The external force vector R;'SH and the internal force vector R;H of the blade in its current state
are calculated according to the aerodynamic and the centrifugal loads to determine whether the
convergence conditions of the Newton-Raphson iteration method are met. If they are, it can be
considered that the state of the hot blade shape is no longer changed, and the solution process
ends. Otherwise, the process is performed again from step (5).

4. Simulation Model of Hot Blade Shape Reconstruction

The steam flow in the low pressure stage of a steam turbine is not uniform along the axial direction
due to the influence of the stator blades. Therefore, the influence of stator blades on the flow field
should be considered in the analysis of the rotor blades. According to the assembly model of the stator
and the rotor blades, Boolean operations are performed on the fluid region and the solid region to
obtain a full-circle model of the low pressure stage containing both the blade model and the flow field
model, as shown in Figure 2.

Figure 2. A full-circle model of stator and rotor blades in the low pressure stage.
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Considering the extensive calculation requirements of the analysis of the flow field of the full-circle
model and the periodic distribution of blades in the circumference direction, only a single blade is
needed for numerical analysis. The calculation data can be mapped and transmitted between the
boundaries on both sides of the selected blade model by setting periodic boundaries. A fixed rotor
model with good robustness and low consumption of computing resources is used to express the
interface between the fluid regions of the stator blades and the rotor blades. In addition, a method of
changing the reference coordinate system while maintaining the relative position of the components is
used to handle the flow from one component to the next, thus the analysis result of a single blade is
consistent with that of all the blades while reducing the analysis range.

Making the transition from all the blades to a single blade, the analysis area needs to be divided,
and the boundary of the flow field around a single blade will affect the accuracy of the numerical
analysis results. The flow field of a rotor blade is continuous between its two adjacent rotor blades, and
the accurate calculation of the flow state of steam in this area is the basis for obtaining the aerodynamic
load acting on the blade surface. Therefore, the analysis model of the rotor blade is established with
a single rotor blade as the main object, and the flow field is extended to its adjacent blades. At the
same time, a set of stator blades is selected as auxiliary objects to cause the output steam flow from the
stator blades to completely cover the flow field on both sides the rotor blade. In this way, the divided
analysis model can be as close as possible to the flow field around the rotor blade during the actual
operation of the steam turbine.

Because the analysis focuses on the blade deformation caused by the pressure of the flow field
around the blade, a 3D analysis model that includes only the working part of the blade is established,
as shown in Figure 3. The model rotates around the Z axis, and the Y and the X axes correspond to the
radial and the tangential directions, respectively.

leading edge

/
trailing edge

Figure 3. Analysis models of the blades and the flow field. (a) Analysis model; (b) blade model; (c)
flow field model.
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Unstructured meshes are more suitable for meshing objects with complex curved surfaces and
rapid editing of mesh nodes than are structured meshes, thus unstructured tetrahedral meshes are
used to mesh the flow field on the complex surface of the rotor blade. The mesh of the flow field model
and the mesh of the blade model are shown in Figure 4.

a0 4000 80.00 ) | L3
1
e 0001 o2 000 2000 5000
x s C — —

[ ozs

@)

()

Figure 4. Meshes of the blade and the flow field model. (a) Mesh of the whole flow field model;
(b) cutaway view of the mesh of the blade model; (c) mesh of the blade model.

ANSYS CFX and the IAPWS-IF97 STREAM 5V steam model [35] are selected for a CFD analysis
of the low pressure stage of the steam turbine under the following conditions:

e Inlet pressure: 49.25 kPa;

e  Temperature: 348.27 K;

e  Outlet pressure: 0.0135 MPa;

e  Blade material: 2Cr13;

e  Material density: 7750 kg/m?;

e  Young’'s modulus: 2.19 X 10°MPa;
e DPoisson’s ratio: 0.315;

e  Yield strength: 440 MPa;

e  Tensile strength: 655 MPa.

The settings of CFD analysis is shown in Table 1.
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Table 1. Settings of computational fluid dynamics (CFD) analysis.

Type Pressure-Based
Solver Velocity Formulation Absolute
Time Steady
Model Viscous Renormalization-group (RNC.%) k-epsilon, Standard
Wall Functions
Pressure-Velocity Simple
Coupling Scheme P
. Gradient Least Squares Cell Based
Solution Methods
!
Spatial Discretization Pressure PRESTO!
Momentum Second Order Upwind
Volume Fraction First Order Upwind

Turbulent Kinetic Energy First Order Upwind

Pressure 0.3
_ i Densit 1
Solution Controls Unde; Relaxation ensity
actors Body Forces 1
Momentum 0.7
Volume Fraction 0.5

In addition, the three-dimensional nonlinear Navier-Stokes computational fluid dynamics (CFD)
solver and the structural mechanics finite element solver are used to execute the analysis. The two
solvers are used to establish a Newton—-Raphson iterative process with alternating solutions and
data exchange.

5. Analysis of the Simulation Results of Hot Blade Shape Reconstruction

5.1. Deviation of the Reconstructed Blade Shape

The total deformation of the blade under centrifugal and aerodynamic loads is shown in Figure 5.

. 2.1938 Max
1.9501
= 1.7063

—1 1.4626
1.2188
D 0.97504
=1 073128

048752
I 0.24376
0 Min

[mm]
¥

AL

Figure 5. Total deformation distribution of the blade under centrifugal and aerodynamic loads.

Simulation results show that the deformation of the hot blade is mainly in the upper part. That is,
the blade gradually deviates from the ideal shape from the middle to the top, and the maximum is at
the trailing edge of the blade top. The contour line at the blade top is selected to analyze the shape
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change trend under multiple loads, and the coordinate changes of the corresponding nodes before and
after the change of the ideal shape are compared, as shown in Figure 6.

——©O—— Ideal blade shape
©-— Hot blade shape: the proposed method
—— Hot blade shape: unchanged stiffness
——&—— Hot blade shape: balanced load
—©—— Hot blade shape: unchanged stiffness and balanced load

342

340

Y/mm

334

332

330
-50™

Figure 6. Coordinate changes of the contour node at the blade top.

Compared with the methods that did not consider the variability of stiffness of the blade and
the unbalanced load acting on the blade surface, the reconstructed hot blade shape obtained by our
proposed method is closer to the ideal blade shape. Therefore, our proposed method can effectively
improve the accuracy of the reconstructed hot blade shape and is verified to be effective.

The displacement of the nodes of the contour line shows that the blade deformation is mainly the
twist of the blade in its rotation direction and that the difference in deformation between the leading
and the trailing edges of the blade top is significant.

The positions of the nodes at the leading edge of the blade top before and after the deviation are
shown in Figure 7.

o Ideal blade shape 38

——&— Hot blade shape: the proposed method I I
6 Hot blade shape: unchanged stiffness Ideal blade shape
-~ Hot blade shape: balanced load
o~ Hot blade shape: unchanged stiffness and balanced load 36| |

Hot blade shape: the proposed method

9000

Hot blade shape: unchanged stiffness

Hot blade shape: balanced load E//*b
~——o6— Hot blade shape: unchanged stiffness and balanced load ﬁ,@
_ /
> e

o

_ o

e

Z/mm

Yimm

Ximm

(a) (b)

Figure 7. Cont.
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Figure 7. Deviations of the nodes at the leading edge of the blade top. (a) Spatial location of nodes; (b)
projection in XZ plane; (c) projection in XY plane; (d) projection in YZ plane.

Figure 7 shows that the deviation of the leading edge node of the blade top during the hot blade
shape reconstruction is small and that the minimum is at the leading edge vertex. The components of
the deviation of the nodes in the axial and the tangential directions are larger, and the component in
the radial direction is smaller.

The deformation is mainly at the trailing edge of the upper half of the blade, and the maximum is
at the trailing edge of the top. Therefore, the deviation trend of the nodes at the trailing edge contour
line represents the deformation trend of the blade in hot blade shape reconstruction.

The positions of the nodes at the trailing edge of the blade top before and after the deviation are
shown in Figure 8.

o Ideal blade shape

©—— Hot blade shape: the proposed method

— Hot blade shape: unchanged sifiness
- Hot blade shape: balanced load .3 o~
& Hot blade shape: unchanged siifness and balanced load 2
y )
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A ;
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——&— Hot blade shape: the proposed method

——o— Hot blade shape: unchanged stifiness
© Hot blade shape: balanced load

——&— Hot blade shape: unchanged stifiness and balanced load
2 T I I I
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Figure 8. Cont.
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Figure 8. Deviations of the nodes at the trailing edge of the blade top. (a) Spatial location of nodes;
(b) projection in XZ plane; (c) projection in XY plane; (d) projection in YZ plane.

Figure 8 shows that the trailing edge of the blade top is mainly deflected backward in the direction
of rotation of the blade, and the nodes near the trailing edge have a larger deviation. The components
of the deviation of the nodes in the tangential direction are larger, and the component in the radial
direction is smaller, which indicates that the main deformation of the trailing edge of the blade top
under multiple loads is torsion without obvious stretching.

The analysis of the positional displacement of the leading and the trailing edges of the blade top
shows that the blade deformation under multiple loads in hot blade shape reconstruction increases
along the direction of the blade height. The analysis of the deviation of the nodes at the leading and
the trailing edges of the blade top shows that the blade shape will be twisted under the multiple loads
in hot blade shape reconstruction. The elongation of the blade in the radial direction is very small, and
the deviation of the leading edge is also small. The main deformation of the blade is the axial and the
tangential deflection of the trailing edge in the direction of rotation, and the deviation increases in the
direction of the blade height.

5.2. Changes in Aerodynamic Loads on the Hot Blade

In hot blade shape reconstruction, the change in blade shape directly affects the flow field around
the blade, thus the direction, the distribution, and the value of the aerodynamic load on the blade
surface will change accordingly.

Therefore, the Newton-Raphson iteration method is used to calculate the blade deformation
under the combined action of centrifugal and aerodynamic loads, and both the steam pressure data and
the blade displacement data are transferred between each time step to obtain accurate aerodynamic
load data.

Two representative heights on the upper half of the blade are selected to analyze the difference
in the aerodynamic load between the ideal blade shape and the hot blade shape. They are shown in
Figure 9.
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Figure 9. Two representative heights of the blade.

Since the deformation at the blade top is the largest, the steam pressure acting here can clearly
reflect the change of the aerodynamic load in the reconstruction of the hot blade shape. Considering
the difference in the height of the leading and the trailing edges of the blade top, the steam pressure at
95% of the blade height is selected for analysis. A comparison of the steam pressure distribution shows
in Figure 10 the difference in steam flow between the hot blade shape and the ideal blade shape.

Pressure

Contour pressure top
28,650
27,670
26,700
25,720
24,740
23,770
22,790
21,810
20,840
19,860
18,880
17,900
16,930
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[Pa]

z
.
X
(a) (b)

Figure 10. Cont.
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Pressure
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14,980
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()

Figure 10. Comparison of the steam pressure distribution at 95% of the blade height. (a) Cold blade
shape; (b) ideal blade shape; (c) hot blade shape.

Figure 10 shows that the steam pressure distribution corresponding to the hot blade shape and
the ideal blade shape are substantially the same. However, a significant difference is that the steam
pressure at the trailing edge of the suction side of the hot blade shape is lower than that of the ideal
blade shape. To compare the differences in the steam pressure on the blade surface in detail, the
pressure at each point of the cross-sectional profile at 95% of the blade height is selected and arranged
according to the Z axis coordinate. The cross-sectional profile is shown in Figure 11. The resulting
pressure curves are shown in Figure 12.

+—— cross-sectional edge

P

Figure 11. Cross-sectional profile.
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Figure 12. Pressure curves of the cross-sectional edge at 95% of the blade height.

The comparison of the pressure curves in Figure 12 shows that the deformation of the blade under
multiple loads reduces the pressure in the upstream region of the pressure surface and increases the
pressure in the downstream region. The deformation also makes the projection of the trailing edge
of the blade at the same height longer in the axial direction, which in turn makes the pressure at the
trailing edge of the suction surface smaller.

Since the deformation is mainly in the upper half of the blade, a comparison of the pressure acting
on the blade surface at 50% of the blade height can be used to reveal the trend of the difference in
aerodynamic load when the blade deformation is reduced. The pressure curves are shown in Figure 13.
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Figure 13. Pressure curves of the cross-sectional edge at 50% of the blade height.

The comparison of the pressure curves in Figure 13 shows that the difference between the pressure
curves decreases due to the reduction of the blade deformation, which is still similar to the situation at
95% blade height. However, the pressure curves at the trailing edge are closer due to the reduction
in the deviation, thus the range between the lower steam pressure on the pressure surface of the hot
blade and the higher steam pressure on the ideal blade is increased; additionally, the difference in the
steam pressure distribution between the suction surfaces of the two blades is small.

The above-mentioned analysis of hot blade shape reconstruction shows that the change in steam
pressure causes the coupling between blade deformation and the nonlinear aerodynamic load to be
closer. The torsional deformation of the blade increases the flow area and the flow ratio, increases
the radial and the lateral steam loss, and changes the pressure gradient of the steam flow along the
blade height.

In addition, the comparison of the pressure curves in Figures 12 and 13 shows that the aerodynamic
load acting on the blade obtained by our proposed method is closer to the actual situation compared
with the methods that did not consider the variability of stiffness of the blade and the unbalanced
load acting on the blade surface. Therefore, it can effectively provide a more reasonable data basis for
further blade design and analysis.

6. Conclusions

In this paper, the variable stiffness of the low pressure stage blades of steam turbines and the
unbalanced aerodynamic load on the blade surfaces were analyzed. The Newton-Raphson method
was used to establish a simulation model of the blade in the actual working space. The nonlinear finite
element method was used for simulation analysis, and hot blade shape reconstruction in the design
process was realized.
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The results of the analysis show that the main deformation of the hot blade is the twist of the
trailing edge at the top of the blade in the direction of rotation, and the variation in the aerodynamic
load is related to the increase in the pressure acting on the pressure surface near the trailing edge,
while the pressure acting on the suction surface near the trailing edge decreases.
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