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Abstract: A flue gas turbine is the main energy recovery equipment in a heavy oil catalytic cracking
unit. Blade erosion and fracture are the main reasons for gas turbine failure. In this study, the
characteristics of the flow field and rotor stress in the gas turbine under different fume volumes
are simulated and analyzed by simulation software (ANSYS). The influences of fume volume on
the high-temperature fume flow field, temperature, velocity, catalyst particle movement rotor stress
in the gas turbine, as well as the influence law of flue gas flow on temperature gradient, pressure
gradient, velocity distribution, and the main position of blade erosion were studied. The stress
distribution and maximum stress position of the impeller were also determined. It was found that the
variation trends of the pressure gradient in the calculation domain of the gas turbine under different
fume volumes are similar. The pressure on the working face of the rotor blade decreases gradually
along the flow direction of the high-temperature fume. The highest pressure appears near the sharp
corner with the large radius of the front edge of the rotor blade. The variation of the fume flow rate
has little influence on the temperature field of the entire machine. The erosion wear of the rotor blade
mainly occurs in the leading edge and tail. The maximum stress point of the blade is located at the
large fillet of the first pair of tenon teeth. The maximum stress point of the disc is located at the large
fillet of the third pair of tenon teeth. It is believed that these research results have reference help for
analyzing the typical failure causes of flue gas turbine, optimizing the actual operating conditions
and the reconstruction design of flue gas turbine.

Keywords: fume volume; internal flow field of gas turbine; rotor stress; simulation

1. Introduction

A gas turbine is the main energy recovery equipment in a heavy oil catalytic cracking
unit and belongs to typical turbine machinery [1-3]. Gas turbines generally operate at a
high speed of 6000-7000 r/min at 600-700 °C and approximately 0.2 MPa for an extended
period of time. Given poor catalyst separation effect, a considerable number of catalyst
particles become attached to the fume [4], thereby causing serious erosion of the rotor
blades [5-7]. The erosion wear of gas turbine blades is a typical gas—solid erosion wear [8].
The high-temperature fume with solid catalyst particles enters the gas turbine, moves
quickly in the stator and rotor runner, collides against the gas turbine blades, and causes
blade wear [9,10]. The internal flow field of a gas turbine is complex and unusual [11]. The
turbulent flow of a high-temperature fume affects the trajectory of catalyst particles and
has an important impact on the erosion wear of rotor blades [12,13]. Therefore, to ensure
the long-term and efficient operation of the gas turbine, conducting a detailed study on the
relationship between the fume volume and flow field in the gas turbine is necessary.

Many researchers have studied the mechanism and influencing factors of erosion wear
from different factors. Finnie and Mcfadden [14] studied an analytical study of the erosion
of ductile metals by rigid abrasive grains through making a more realistic assumption about
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the location of the forces during particle-surface interaction. Bitter [15,16] put forward the
deformation wear theory, which is verified on the single particle erosion wear tester and
reasonably explains the erosion phenomenon of plastic materials. Adam Khan et al. [17]
investigated the cyclic oxidation and hot corrosion behavior of metal materials and pro-
posed a new erosion model based on adiabatic shear of metal; the plastic flow behavior of
metal materials under high strain rate as well as adiabatic and constraint conditions was
thereby revealed.

Many scholars have studied the numerical simulation of the flow in the gas tur-
bine [18-23]. Mashayek and Pandya [24] reviewed the numerical simulation methods on
predicting turbulent flows laden with solid particles or liquid droplets and introduced the
numerical simulation methods of gas—solid and gas-liquid two-phase turbulent flow in de-
tail, including the first category, direct numerical simulation (DNS), large-eddy simulation,
and stochastic modeling, which are collectively called the ‘Lagrangian description’, and the
second category, under the ‘Eulerian description’, including Reynolds-averaged Navier—
Stokes (RANS) and probability density function (pdf) modeling. Tabakoff et al. [25-27]
studied the trajectory of solid particles and the wear mechanism of solid wall materials in
rotating cascade of turbomachinery by experimental and numerical methods. Han et al. [28]
used the k-¢ two-equation turbulence model of compressible fluid. The effects of the two
inlet fume flow rates on the internal flow field and particle movement of the catalytic
cracking gas turbine were analyzed. They confirmed that with the increase of the flow
rate, the static pressure, static temperature, molecular viscosity, and gas velocity in the
stator runner also increased. Dong et al. [29] employed a finite element software to sim-
ulate the engineering problem of fatigue damage caused by the erosion and wear of gas
turbine blades under solid catalyst particles. The erosion laws of different erosion rates
on the target material under the same particle size and the erosion effects of different size
particles under the same erosion rate are ascertained. On the basis of the Euler-Lagrange
model, Chen et al. [19] studied the gas—solid two-phase flow characteristics in a catalytic
cracking gas turbine. They confirmed that the distribution of gas velocity and pressure
in the fume runner was the main factor for the collision and deposition between solid
particles and the blade surface. Schiele et al. [30] studied the temperature field distribution
of the nozzle by using the fluid solid coupling heat transfer technology in a gas turbine.
Evans et al. [31] calculated the gas flow velocity and thermal conductivity in the cavity
between gas turbine stator components and compared the results under different turbu-
lence models. Martin et al. [32] simulated the cooling of turbine blades by using the CFD
coupled heat transfer method.

Based on the literature review, different fume flow rates will affect the gas—solid
two-phase flow characteristics in the gas turbine. Thus, the influence of the fume flow rate
on the gas—solid flow characteristics and rotor stress in the gas turbine requires further
investigation. To examine the influence of the fume flow rate on the flow field of gas
turbines, this research simulated the flow field characteristics of a gas turbine under
different fume flow conditions. The effect of the fume flow rate on the high-temperature
fume flow field, catalyst movement trajectory, and rotor blade erosion was studied in detail.
The corresponding simulation methods and results are also presented.

2. Simulation Method
2.1. Computational Model

In this study, Fluent is used to simulate the flow field in the gas turbine. The species
transport, k-¢ turbulence, and DPM models are selected for the simulations. On the basis
of the flow field characteristics in the gas turbine, the governing equations are chosen
as follows:

Mass conservation equation:

dp

Fris div(pu) =0 1)
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Momentum conservation equation:

9(ou) + div(puﬁ) =div(pugradu) — or + Sy )

ot ox

d(pv) oy ap
5+ div(pou) = div (p gradv) — 3y + Sy 3)
Ipw) + div(pwﬂ)) =div (pugradw) — % + Sw 4)

ot 0z

Energy conservation equation:
@ + div(pﬁT) = div(ck gradT) + St ()
P

2.2. Geometric Model and Mesh Generation
2.2.1. Flow Field in a Gas Turbine

Flow field simulation of the gas turbine is conducted with the ANSYS Fluent 17.2.
The geometric model of the fluid domain of the entire gas turbine is established according
to the actual gas turbine structure. The fluid and calculation domains of the whole gas
turbine includes the inlet section, stator blade, rotor blade, and outlet section. Specifically,
38 stator blades and 57 rotor blades are included. The actual structure of the gas turbine is
shown in Figure 1. The geometric model of the numerical simulation is shown in Figure 2.

Stator blade I Outlet

Inlet

Zi
N

N
Ny

2

%y

Rotor blade

Figure 1. Structure of the gas turbine.

The mesh module in ANSYS is used to mesh the geometric model. This study utilizes a
tetrahedral unstructured mesh. According to the previous numerical simulation experience
of an axial flow compressor applied in a large wind tunnel and for a structure containing
three rows of blades (one row of 49 rotor blades, the second one of 26 stator blades, and
the third row of 49 stator blades), a grid node number of 2445 can be adopted to meet
the calculation requirements. The research object in this work includes a row of 57 rotor
blades and another of 38 stator blades. The shell structure is simple because it lacks small
structures such as a sealing gap or relatively complex irregular structure. For reliable
calculation accuracy and the control of the calculation amount under reasonable conditions,
grid independence was verified. Four grid schemes were selected. The average pressures
at the rotor blade inlet of the four schemes were intercepted for comparison. The grid data
of the schemes are shown in Table 1.
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Figure 2. Fluid domain model of the gas turbine.

Table 1. Grid parameters of grid independence verification schemes.

Schemes One Two Three Four

Grid data 2,400,678 9,424,326 15,701,183 21,595,362

The grid independence verification curve is shown in Figure 3. By comparison, the
calculation results of Schemes Three and Four are basically the same. Thus, when the
number of grids increases to 15.7 million, the investigation parameters are essentially stable.
Therefore, Schemes Three and Four have reasonable grid density.
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Figure 3. Relationship between the inlet pressure of the rotor blade and number of mesh nodes.

Considering the calculation accuracy and calculation cost comprehensively, the grid
scheme of Scheme Three was selected for the numerical calculation of the flue gas turbine.
The grid division results of the geometric model are shown in Figure 4.
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Figure 4. Mesh generation results of the geometric model.
2.2.2. Gas Turbine Rotor

Stress calculation and analysis of the gas turbine rotor are conducted with the ANSYS
Mechanical 19.0.

The rotor disc and blade of the gas turbine are connected by a fir tree three-tooth
structure. The fir type blade root has the advantages of small size, high strength, good
safety, and easy disassembly. However, the tenon teeth of the rotor blade and the tenon
groove of the disc must be carefully designed. The unsatisfactory matching between the two
may affect the long-term stable operation of the gas turbine or even cause blade fracture.

One gas turbine studied in this research is a single-stage disc structure with 57 rotor
blades installed on the disc. Neglecting the influence of bolt holes, the blade and disc
structure can be regarded as a circular symmetrical structure. This work takes 1/57th of
the blade and disc as the calculation domain of cyclic symmetry, as shown in Figure 5.

Figure 5. Solid model of the blade and disc (sector model).

According to the parameters of the numerical finite element analysis, the quality
and quantity of a mesh considerably influence the results. In this analysis model using
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the professional mesh preprocessing tool ANSYS, the tenon, mortise, and other areas are
divided and refined into hexahedral meshes with intermediate nodes (Figure 6). The entire
3D model is divided into 266,403 units and 1,156,183 nodes.

(b) Local mesh generation of the blade

(a) Mesh generation of the blade/disc (¢) Local finite element mesh generation of the disc
Figure 6. Blade/disc mesh generation.

2.3. Boundary and Working Conditions
2.3.1. Flow Field in the Gas Turbine

The numerical simulation adopts the “Density-Based Solver” which can obtain high
calculation accuracy, and the solution method adopts an implicit solution. The working
medium is a high-temperature fume with an inlet temperature of 943 °C. The rotor speed
of the gas turbine is 6263 R/min, and the catalyst particle size is 1.5 x 107® m. According
to the rated flow rate, the flow field changes and catalyst erosion caused by the flow
field changes are investigated when the flow rates are 85%, 100%, 115%, and 130%. In
the numerical simulation of gas—solid two-phase flow field in the flue gas turbine, the
Reynolds number at the inlet is 1.24 x 10°~1.65 x 10° for four different flow conditions.
Table 2 presents the specific simulation parameters.

Table 2. Numerical simulation parameters of the catalyst particle diameter study.

High Temperature Inlet Temperature of the  Speed of the Gas Catalyst Particle

Fume Flow Rate =~ High Temperature Fume Turbine Concentration Catalyst Particle Size

[Nm>3/min] (K] [r/min] [g/m°] [m]
Q1 1526.6 943.0 6263 0.13 1.5 x 107
Q2 1796.0 943.0 6263 0.13 1.5 x 10~
Q3 2065.4 943.0 6263 0.13 1.5 x 1076
Q4 2334.8 943.0 6263 0.13 1.5 x 107°
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2.3.2. Gas Turbine Rotor

The domestic brand of the blade material is GH864, and its material properties are shown in
Table 3. The alloy has good strength, toughness, heat resistance, and corrosion resistance.

Table 3. Material properties of the gas turbine rotor.

Working
Material Grade Temperature
[°Cl]
Blade/disc GHS864 670 8220 186 0.300 720

Structure
Name

Density Elastic Modulus

[kg/ m3] [GPa] Poisson’s Ratio  Yield Strength

In its usual working conditions, the rotor blade is mainly affected by centrifugal force,
aerodynamic load, and thermal load. The aerodynamic load is a kind of surface-distributed
pressure which acts on each surface of the blade. In the calculation, the aerodynamic load
on the blade is ascertained by homogenizing the pressure difference between the pressure
and the suction surfaces at different height sections of the blade. As the temperature
distribution of the blade is relatively uniform, the influence of the thermal load is ignored
in the stress analysis. The mortise and tenon set the friction contact relationship, and the
friction coefficient is 0.1.

The specific analysis types, corresponding loads, and boundary conditions are shown
in Table 4, and the application of the boundary conditions is presented in Figure 7.

Table 4. Loading and boundary conditions.

Analysis Type Inclusion Model Load Composition Boundary Conditions

1. The circumferential and axial displacements of the
upstream side face of the bolt hole region of the
constrained disc;

2. The axial displacement of the downstream side face
of the bolt hole region of the coupling disc;

3. The radial displacement of the rotating shaft of the
constrained disc;

4. The circular symmetry condition in the disc sector.

Speed:
6263 rpm
aerodynamic load

Blade

Static strength disc

Note: According to the aerodynamic load, the static strength analysis can be divided into four working conditions: 1 (no load), 2 (rated
flow rate), 3 (large flow rate), and 4 (small flow rate).

Cyclosym.m.etry

Coupled axial displacement

Constraint circumferential

and axial displacements
Constraint the axial displacement of rotation

Figure 7. Boundary conditions for static strength and natural frequency analysis.
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3. Influence of the Fume Flow Rate on the Flow Field in the Gas Turbine
3.1. Influence of the Fume Flow Rate on the Flow Field Pressure in the Gas Turbine

The flow direction of the high-temperature fume in all flow field images in this paper
is from left to right, with the gas turbine inlet on the left and the outlet on the right. Figure 8
shows the pressure distribution of the blade pitch diameter section (50% blade height)
under different flow rates. The numerical simulation results show that the variation trend
of the pressure gradient in the calculation domain is essentially the same under different
flow rates. The pressure distribution cloud image indicates that the high-temperature fume
enters from the inlet section and passes through the stator blade. The fume expands in
the stator blade and transforms its own pressure energy into kinetic energy. After flowing
out of the stator blade, the fume impacts the rotor blade at a higher speed and transforms
its own kinetic energy into the kinetic energy of the impeller. After flowing out of the
rotor blade runner, the pressure of the fume further decreases. As shown in Figure 8, the
working face of the rotor blade bears large pressure, while the non-working face exists
in a low-pressure area. After the fume flows into the rotor blade runner, its uneven flow
is caused by the impact effect, a circumstance which leads to the increase of the pressure
gradient. The uneven flow of the fume will also aggravate the erosion of the catalyst
particles on the rotor blade.

1386005
| 11710405
98.5710+04
7.4290+04

(d)

Figure 8. Cloud image of the fume pressure (P) distribution in the pitch diameter section: (a) Q1

(high-temperature fume flow rate: 1526.6 Nm?3/min); (b) Q2 (high-temperature fume flow rate:
1796.0 Nm?3/min); (c) Q3 (high-temperature fume flow rate: 2065.4 Nm?/min); (d) Q4 (high-
temperature fume flow rate: 2334.8 Nm? /min). Note: “##e+**” means “## X 10", such as
“3.529 + 05” means “3.529 x 10°”.

3.2. Influence of the Fume Flow Rate on the Gas Turbine Blade Pressure

Figures 9 and 10 are the pressure cloud images of the working and non-working faces.
The numerical simulation results show that the pressure of the working face decreases
gradually along the flow direction of the high-temperature fume. Meanwhile, with the
increase of radius, the pressure of the working face increases, and the highest pressure
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appears near the sharp corner with a large radius in front of the working face. Given the
large pressure gradient in the radial direction of the rotor blade, the secondary flow readily
forms. The existence of the secondary flow will affect the trajectory of the catalyst, making
the catalyst particles move toward the blade root and increasing the erosion wear near that
root. The pressure at the non-working front edge of the rotor blade is low and gradually
increases along the direction of the fume flow. The pressure reaches the high value of
the non-working front pressure in the middle of the blade and gradually decreases after
passing through the middle of the blade.

Figure 9. Pressure (P) distribution cloud image of the rotor blade working face in working conditions

Q1toQ. 4.

Figure 10. Pressure (P) distribution cloud image of the rotor blade non-working face in working
conditions Q_1 to Q_4.

Figure 11 shows the working conditions Q_1 to Q_4 and the pressure distribution
curve of the blade root, pitch diameter, and tip along the blade profile. The numerical
simulation results show that with the increase of the high-temperature fume flow rate,
the blade surface pressure increases, but the pressure change trend is essentially the same.
The pressure at the root of the blade working face is relatively low, and the pressure at
the pitch diameter and tip of blade is relatively high (Figure 11). Moreover, the pressure
value is approximate. The tip pressure at the leading edge of the blade is greater than that
at the pitch diameter. By contrast, the tip pressure at the pitch diameter is greater than
that at the trailing edge of the blade. The pressure of the working face decreases gradually
along the flow direction. However, the overall pressure of the non-working face initially
increases and then decreases. The pressure distribution at the leading edge of the blade in
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the non-working face is relatively high, and the pressure distribution at the root and tip is
similar. The pressure difference at the trailing edge of the blade is relatively small. Similar
to the situation of the working face, the pressure at the pitch diameter is greater than that
at the blade root and tip.
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Figure 11. Pressure distribution of the rotor blade root, pitch diameter, and tip. (a) Q_1 (high-temperature fume flow rate:
1526.6 Nm3/min) (b) Q_2 (high-temperature fume flow rate: 1796.0 Nm3/min) (c) Q_3 (high-temperature fume flow rate:
2065.4 Nm?/min) (d) Q_4 (high-temperature fume flow rate: 2334.8 Nm?/min).

3.3. Influence of the Fume Flow Rate on the Temperature and Velocity of the Flow Field in
Gas Turbine

Figure 12 shows that the temperature and temperature gradient change trend of the
flow field in the calculation domain are consistent under different flow rates. The change
of the flow rate has little effect on the change of the temperature field. The temperature
distribution cloud image indicates that the high-temperature fume enters from the inlet
section, passes through the stator blade, and expands in the stator blade to convert its
own thermal energy into kinetic energy. After flowing out of the stator blade, the high-
temperature fume impacts the rotor blade at a higher speed and convert its own kinetic
energy into the kinetic energy of the impeller. The temperature further drops after the said
fume flows out of the rotor blade. A large temperature gradient of the high-temperature
fume occurs at the interface between the stator and rotor blade. After entering the rotor
blade passage, the temperature of the working face at the leading edge of the blade
increases, and the temperature of non-working face at the leading edge of the blade
obviously decreases. Therefore, a larger fume velocity is inevitable. The temperature cloud
image of the calculation domain reveals that when the temperature of the high-temperature
fume at the inlet exceeds 900 K, the high temperature in the blade will promote the
formation of low melting point eutectic products which, in turn, are the main components
of blade scaling.
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(c) Q_3 (high-temperature fume flow rate: 2065.4 Nm?3/min)

Figure 12. Cont.
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(d) Q_4 (high-temperature fume flow rate: 2334.8 Nm?3/min)

Figure 12. Cloud images of the fume temperature (T) distribution in the diameter section.

Figure 13 shows the velocity distribution of the flow field at the pitch diameter
(50% blade height) of the stator and rotor of the gas turbine. The numerical simulation
shows a low velocity of the high-temperature fume before it enters the stator blade. After
passing through the stator blade, the high-temperature fume expands rapidly (cooling
and depressurizing). The fume transforms its own heat energy and pressure energy into
kinetic energy. The velocity of the gas flow at the exit of the stator blade can reach 510 m/s.
After the fume enters the runner of the rotor blade, the velocity near the inlet of the non-
working face of the rotor blade reaches the maximum of approximately 570 m/s while the
velocity of the high-temperature fume at the working face of the blade is about 225 m/s.
After the high-temperature fume impacts the rotor blade at the highest speed, the speed
decreases rapidly and the fume transforms its kinetic energy into the mechanical energy of
impeller rotation. The numerical simulation results reveal that the fume has an obvious
acceleration process when it flows out of the rotor blade runner because the energy loss
in the accelerated gas flow is smaller than that in the non-accelerated gas flow. Therefore,
fume design requires a certain acceleration process when it flows out of the rotor blade.
In this way, when the fume is accelerated to flow out of the rotor runner, it will produce
an accelerating air flow similar to that at the tail nozzle of the jet engine and which will
generate thrust and push the rotor to rotate. The accelerated flow of the fume in the tail
of the rotor blade can improve not only the flow, but also the work capacity of the fume,
thereby improving efficiency.

(a) Q_1 (high-temperature fume flow rate: 1526.6 Nm3/min)

Figure 13. Cont.
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ature fume flow rate: 206_5.4 Nm?/min)

(d) Q_4 (high-temperature fume flow rate: 2334.8 Nm?3/min)
Figure 13. Fume velocity (V) distribution at the medium diameter section.

3.4. Effect of the Fume Flow Rate on the Movement of Catalyst Particles

Figure 14 shows the trajectory of the catalyst particles in the entire machine under rated
working conditions. The trajectory of catalyst particles under other working conditions is
similar to the following figure, so it is not repeated.

Figure 15 shows a partial enlarged view of the catalyst particle trajectory at the rotor
blade under different flow rate conditions. Under the combined action of high-temperature
fume turbulence, inertia force, thermophoresis force, and other factors, the catalyst particles
impact the rotor blade (Figure 15). The catalyst particles in this study have small particle
size, and the effect of high-temperature fume turbulence is much greater than that of inertial
force. The catalyst particles flow through the stator blade with the high-temperature fume.
Under the action of the stator blade, a higher velocity is obtained with the fume, and the
rotor blade is impacted with high velocity. After entering the rotor blade runner, some of
the catalyst particles collide with the rotor blade at a reduced speed. After collision and
reflection, they will follow the high-temperature fume to accelerate and leave the rotor
blade. The numerical simulation shows that the distribution of the erosion position of the
catalyst particles on the rotor blade varies under different flow rates. However, the erosion
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mostly occurs near the leading and trailing edges of the blade and tends to occur at the
large radius along the radial direction.

Figure 14. Trajectory of the catalyst particles.

flow rate: 1526.6 Nm?/min)

S

s/

(b) Q_2 (high-temperature fume flow rate: 1796.0 Nm?3/min)

Figure 15. Cont.
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— i

(c) Q_3 (high-temperature fume flow rate: 2065.4 Nm?3/min)

(d) Q_4 (high-temperature fume flow rate: 2334.8 Nm?®/min)
Figure 15. Trajectory of the fume catalyst particles.

Figure 16 shows the axial distribution of the erosion wear of the high-temperature
fume catalyst particles on the rotor blades under variable flow rate conditions. The numeri-
cal simulation results show that the erosion wear of the rotor blade mainly occurs near the
leading and trailing edges. The erosion wear of the leading edge is more serious than that
of the trailing edge. As shown in Figure 16, when the catalyst concentration, particle size,
and related properties remain unchanged and only the fume flow rate is changed, the axial
erosion wear of the rotor blade will change. Moreover, the corresponding wear under the
condition of Q_2 (rated flow rate) is higher than that in other conditions.

1.00e-01
9.00e-02 F -
8.00e-02
7.008-02
8008-02
DPM  500e-02
Rate 49002 7

(kg/m2-s)

3.00e-02

.
2.00e-02 7
1.00e-02 " »
- -
000e+0C

-004 -003 -002 -001 0 ool o002 003 004
Position (m)

(a) Q_1 (high-temperature fume flow rate: 1526.6 Nm?3/min)
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Figure 16. Axial distribution of the fume catalyst particle erosion wears.

4. Influence of the Fume Flow Rate on Rotor Stress

The working blade is one of the most important parts of the gas turbine and mainly
consists of the blade body and tenon. While the unit works, considerable centrifugal force,
gas force, and other loads act on the working blade. The blade is connected to the tenon of
the outer edge of the disc through the tenon which, in turn, can transfer the load on the
blade to the disc. Therefore, under the condition of light weight and small size (especially
circumferential size), the mortise tenon joint structure should have enough strength and
appropriate stiffness to avoid excessive stress concentration.

4.1. No-Load Condition

Figure 17a,b displays the cloud images of the equivalent force distribution of the blade.
The maximum equivalent stress is 470 MPa, located at the large fillet of the first pair of
tenon teeth, and is less than the material yield strength of 720 MPa. The stress level of the
rotor blade body is low at no more than 360 MPa. As the tensile angle of the blade root is
not zero, the tenon is not a completely symmetrical structure, and the contact state of each
point is not consistent when coming into contact with the tenon. Thus, the stress level is
not completely symmetrical. The stress shows a downward trend from the first to the third
tooth, and the maximum stress of each tooth appears at the large fillet of the tenon teeth.
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F. Static Structur!
Equ

The stress at the tooth tip of each tooth is relatively small, an occurrence which is due to
the effect of the fillet. Therefore, the contact range between the tip of the tenon and the root
of the tenon and groove is relatively small. Figure 17c shows the distribution of the total
deformation of the blade. The maximum total deformation is approximately 0.66 mm.

F: Static Structural
Total Defermation
Type: Total Deformation
Unitz mm

irmet
2020/1/14 16:18

0.65644 Max
062042
0.58441
054839
051238
047636
044035
040433
036832
03323 Min

e

T T~
429MPa 470MPa

(a) Working face (b) Non-working face (c) Total deformation of the blade

Figure 17. Cloud images of the equivalent stress and total deformation of the blades.

Figure 18 shows the equivalent force distribution nephograms of the roulette wheel.
The maximum equivalent stress is 637 MPa, located at the large fillet of the third pair of
tenon teeth in the mortise, and is less than the material yield strength of 720 MPa. The
high stress area on the disc is concentrated on the mortise. The stress level at the large fillet
increases gradually from the first to the third tooth.

637MPa " 587Mpa

(a) Working face (b) Non-working face
Figure 18. Cloud images of the equivalent stress distribution of disc.

4.2. Rated Flow Rate Condition

Figure 19a,b shows the cloud images of the equivalent force distribution of the blade.
The maximum equivalent stress is 459 MPa, located at the large fillet of the first pair of
tenon teeth, and is less than the material yield strength of 720 MPa. The stress level of the
rotor blade body is low at no more than 360 MPa. As the stretching angle of the root is not
zero, the tenon is not completely symmetrical. When contacting the tongue and groove
tooth, the contact state of each point is not consistent, so the stress level is not completely
symmetrical. The stress shows a downward trend from the first to the third tooth, and the
maximum stress of each tooth essentially appears at the large fillet of the tenon teeth. The
stress at the tooth tip of each tooth is relatively small and is due to the effect of the fillet.
The contact range between the tooth tip of the mortise and tenon teeth and the root of the
mortise and tenon teeth are relatively small. Figure 19c depicts the distribution of the total
deformation of the blade. The maximum total deformation is approximately 0.52 mm.
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(c) Total deformation of the blade

Figure 19. Cloud images of the equivalent stress and total deformation of the blades at rated flow.

Figure 20 shows the equivalent force distribution cloud diagrams of the roulette wheel.
The maximum equivalent stress is 643 MPa, located at the large fillet of the third pair of
tenon teeth in the mortise, and is less than the material yield strength of 720 MPa. The
high stress area on the disc is concentrated on the mortise. The stress level at the large fillet
increases gradually from the first to the third tooth.
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Equivalent Stress 2
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(a) Working face

Equivalent Stress 2
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(b) Non-working face

Figure 20. Cloud images of the equivalent stress distribution of the roulette disc.

4.3. Large Flow Rate Condition

Figure 21a,b shows the cloud images of the equivalent force distribution of the blade.
The maximum equivalent stress is 472 MPa, located at the large fillet of the first pair of
tenon teeth, and is less than the material yield strength of 720 MPa. The stress level of
rotor blade body is low at no more than 360 MPa. As the stretching angle of the root is not
zero, the tenon is not completely symmetrical. When contacting the tongue and groove
tooth, the contact state of each point is not consistent, so the stress level is not completely
symmetrical. The stress shows a downward trend from the first to the third tooth, and the
maximum stress of each tooth appears at the large fillet of the tenon teeth. Given the role of
the fillet, the stress at the tip of each tooth is relatively small. Therefore, the contact range
between the tip of the tenon and the root of the tenon and groove tooth is relatively small.
Figure 21c depicts the distribution of the total deformation of the blade. The maximum
total deformation is approximately 0.65 mm.
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Equivalent Stress
Type: Equivalent (von-Mises) Stress
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(b) Non-working face
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(c) Total deformation of blade

Figure 21. Cloud images of the equivalent stress and total deformation of the blades at 130%
rated flow.

Figure 22 shows the equivalent force distribution nephograms of the roulette wheel.
The maximum equivalent stress is 644 MPa, located at the large fillet of the third pair of
tenon teeth in the mortise, and is less than the material yield strength of 720 MPa. The
high stress area on the disc is concentrated on the mortise. The stress level at the large fillet
increases gradually from the first to the third tooth.
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Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa
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(a) Working face
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(b) Non-working face

Figure 22. Cloud images of the equivalent stress distribution of the disc.

4.4. Small Flow Rate Condition

Figure 23a,b shows the cloud images of the equivalent force distribution of the blade.
The maximum equivalent stress is 454 MPa, located at the large round of the first pair of
tenon teeth, and is less than the material yield strength of 720 MPa. The stress level of the
rotor blade body is low at no more than 360 MPa. As the tensile angle of the blade root
is not zero, the tenon does not have a completely symmetrical structure, and the contact
state of each point is not consistent when contacting the tenon. Thus, the stress level is not
completely symmetrical. The stress shows a downward trend from the first to the third
tooth, and the maximum stress of each tooth basically appears at the large fillet of the



Energies 2021, 14, 6135 22 of 26

tenon teeth. Given the role of the fillet, the stress at the tip of each tooth is relatively small.
Therefore, the contact range of the tooth tip of the tenon and the tooth root of the tenon and
groove tooth is relatively small. Figure 23c depicts the distribution of the total deformation
of the blade, and the maximum total deformation is approximately 0.48 mm.

Equivelent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
2020/2/27 9:34

45432 Max
403.89
35347
303.04
25262
20219
15177
10134
50917
049197 Min

(a) Working face

Tim
2020/2/27 9:35

45432 Max
403.89
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303.04
252.62
20219
15177
10134
50917
049197 Min

(b) Non-working face

Total Deformation
f

Time: 1
2020/2/27 9:38

04841 Max
046773
045136
0435
041863
040227
03850
036953
035317
0.3368 Min

(c) Total deformation of blade

Figure 23. Cloud images of the blade equivalent stress and total deformation at 85% rated flow.

Figure 24 shows the equivalent force distribution nephograms of the roulette wheel.
The maximum equivalent stress is 640 MPa, located at the large fillet of the third pair of
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tenon teeth in the mortise, and is less than the maximum yield strength of 720 MPa. The
high stress area on the disc is concentrated on the mortise. The stress level at the large fillet
increases gradually from the first to the third tooth.

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
2020/2/27 9:36)

640.27 Mal
56946
498.65
427.84
357.03
286.23
21542
144.61
73.798
2.9895 Mii

(a) Working face

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
2020/2/27 9:37

640.27 Max
56046
498.65
427.84
357.03
286.23
21542
144.61
73.798
2.9895 Min

(b) Non-working face

Figure 24. Cloud images of equivalent stress distribution of the disc.

5. Conclusions

Through the numerical simulation of the gas—solid two-phase flow field in the gas
turbine, the effects of the fume flow rate on the gas—solid flow characteristics and rotor
stress in the gas turbine are investigated, as well as the effects of the catalyst particle
trajectory and its impact on rotor blade erosion. The numerical analysis herein provides
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theoretical support and guidance for fault analysis and the optimization direction of the
gas turbine. The specific conclusions are as follows:

(1) The variation trend of the pressure gradient in the calculation domain of the gas
turbine is essentially the same under different fume flow rates. After the fume enters
the stator blade through the inlet section, the pressure energy is converted into kinetic
energy and impacts the rotor blade to do work. The impact will cause the uneven
flow of the fume and intensify the erosion of the catalyst particles on the rotor blade.

(2)  With the increase of the radius, the pressure of the working face increases. The highest
pressure appears near the tip with a large radius in front of the working face. With
the increase of the high-temperature fume flow, the blade surface pressure increases,
but the pressure change trend is basically the same.

(3) The simulation results of the temperature field in the gas turbine show that the
temperature and the temperature gradient change trend of the flow field in the
calculation domain are consistent under different fume flow rates. The change of
the fume flow has little influence on the temperature field of the entire machine.
The simulation results of the velocity field reveal that the fume has an obvious
acceleration process when it flows out of the rotor runner, and the high-temperature
fume has low velocity before it enters the stator. After passing through the stator, the
high-temperature fume expands rapidly (cooling and depressurizing), and the fume
transforms its own heat energy and pressure energy into kinetic energy.

(4) The distribution of the erosion location of catalyst particles on the rotor blade varies
with different flow rates, but most of the erosion occurs near the leading and trailing
edges of the blade and tends to occur at the large radius along the radial direction. The
erosion wear of the rotor blade mainly appears near the leading and trailing edges,
and the erosion wear of the leading edge is more serious than that of the trailing edge.

(5) The static strength analysis of the gas turbine indicates that the maximum equivalent
stress of the blade is 470, 459, 472, and 454 MPa, respectively, under the no-load,
rated flow rate, large flow rate, and small flow rate conditions. The corresponding
maximum stress values of the disc under those conditions are 637, 643, 644, and
640 MPa. The respective total maximum blade deformations are 0.66, 0.52, 0.65, and
0.48 mm. Under the four conditions, the maximum stress points of the blade are all
located at the large fillet of the first pair of tenon teeth, and the maximum stress points
of the disc are all located at the large fillet of the third pair of tenon teeth.
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