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ABSTRACT 
Solid particle ingestion is one of degradation mechanisms in gas turbines. This paper aim is to 
study the solid particle dynamics and induced erosion in an axial turbine. Given that ash 
particle concentration is typically very low, a one-way coupling Lagrangian approach is 
adopted for particle tracking. As the location and frequency of impacts, velocity and angle of 
impingement are determined, the erosion rates and associated mass and geometry 
deterioration are assessed for different particle concentrations. The results show that the vane 
pressure side is completely eroded with extreme rates beyond the throat. On the other hand, 
the rotor blade is eroded along the leading edge extending up to the suction side and the tip 
corner added to the aft of pressure side. The influence of the initial position of blade on 
erosion pattern and intensity is also revealed. The eroded profiles may serve in predicting the 
aerodynamic performance degradation.  
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NOMENCLATURE  
CD drag coefficient 
c chord 
d diameter 
e particle restitution factor 
Fb buoyancy force 
FD drag force 
FS Saffman force 
g gravity 
m mass 
r radius, radial co-ordinate 
Re Reynolds number 
t time 
Vf 

Vp 

fluid velocity 
particle velocity 

z axial co-ordinate 
Greek letters 
 impact angle (deg) 

 

 erosion rate (mg/g) 
 dynamic viscosity (kg/m.s) 
 density (kg/m3) 
 speed of rotation (rad/s) 
 tangential co-ordinate 

Subscript 
n 
p 
r 

z 
1, 2 

normal 
particle 
radial 
tangential 
axial  
at impact and rebound  

Acronyms 
 CG&E
HPT 
PS 
SS  

Cincinnati Gas and Electric Company  
High Pressure Turbine 
pressure side 
suction side 

INTRODUCTION 
Airborne solid particulate is ingested into an aero-engine and travels through the components at 

a high speed and can impact, rebound, fragment or deposit. Continual operation under such 
conditions can damage both fixed and moving blades, as well as outer extension ring and tip seals. 
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Besides, particulates can block coolant passages and holes that may lead to increased temperatures 
(Walsh et al. 2006) and this in turn affects the endurance of gas turbines. Hussein and Tabakoff 
(1973) provided the first numerical prediction of erosion process in a turbine blade. Since this early 
research, the three-dimensional flow effects have been incorporated into many Eulerian-Lagrangian 
models of particulate flow in turbomachinery. A more complete summary of leading work in radial 
inflow turbines and axial compressors is provided by Hamed et al. (2006). 

Tabakoff and Hamed (1986) presented the trajectory characteristics of solid particle in two-
stage axial turbine and indicated the locations which are subject to more impacts and hence more 
erosion damage. Tabakoff et al. (1991) studied the effect of coal ash particle size distribution on the 
particle dynamics, and the resulting blade erosion in axial flow gas turbines. The particle dynamics 
and impacts and the particle size distribution has the significant influence on erosion intensity and 
pattern. Metwally et al. (1995) provided a detailed description of particle trajectories and erosion in 
a power turbine, and showed that the maximum erosion is at the trailing edges of guide vane and 
stator and the outermost radial part of rotor blade. Hamed et al. (2005) investigated both 
experimentally and numerically the deterioration of vane and blade surfaces of a low-pressure gas 
turbine. As a result there are multiple impacts over the vane pressure side, while the large particles 
impact the suction side near trailing edge and the rotor blade from suction side.  

Most of erosion prediction in turbines used steady (mixing plane and frozen rotor). However, 
Zagnoli et al. (2015) studied deposition in a high-pressure turbine (HPT stage) using both steady 
(mixing plane) and unsteady sliding mesh calculations. Results show some differences with the 
steady approach which over-predicted impacts by small particles compared to unsteady.  

Solid iron oxides particles formed on the surfaces of boiler tubes and steam pipes exposed to 
elevated temperature, can damage both fixed and moving blades and reduced efficiency and power 
generation. This type of particle erosion was investigated by Cai et al. (2015) in the first reheat 
stage blades of a supercritical steam turbine. The small and medium size particles are shown to 
erode the trailing edge of vane pressure surface, while the large ones mainly impinge the trailing 
edge from suction surface as well as the leading edge. Also, Chen et al. (2016) by using particle 
trajectory calculations showed that the particles do not accelerate at same speed as steam, but travel 
much slower when they hit the moving blade leading edge and are thrown back to hit the trailing 
edge of fixed blade. Due to strong centrifugal forces, particles are thrown outwards and damage 
both outer extension ring and tip seals 

Recently, Okita et al. (2018) combined experimental and numerical investigation to evaluate 
the erosive damage of coated turbine airfoil by sand particles. The experimental data of surface 
erosion rate was used to calibrate correlation factors in an erosion prediction model used to simulate 
of the three-dimensional multi-phase field. 

Erosion prediction is very intricate because of many implied factors such as, geometry, flow 
structure, target material and temperature and particle random size and shape, added to the relative 
position between stator and rotor, which has received less attention in the previous studies. This 
paper is a continuation of the work conducted by Ghenaiet (2012) for the same axial turbine and 
which considered sand as erodent particles. Presently, the fly ash particle CG&E (0-150μm) of 
random size and shape is considered and the relative position of blade is included as well. The 
particle trajectory and erosion computations used an improved version of our particle tracking code 
which has been validated experimentally (Ghenaiet et al., 2004 and Ghenaiet et al. 2005).  

CFD MODEL AND FLOW RESULTS 
This HPT stage is composed of nozzle guide vanes (NGV) and a rotor with shrouded blades 

with an inter-distance of 23 mm. Table 1 shows some of the characteristics. The flow field is solved 
separately from the solid phase by means of Ansys-CFX. The computational domain considers one 
blade per passage because of large amount of tracked particles, added to the fact that impacts are 
calculated while the rotor blade position is changing, hence requiring huge memory storage. The 
values of total pressure and temperature imposed at inlet correspond to the take-off conditions, 
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COMPUTATION OF PARTICLE TRAJECTORY   

In particle-laden flows with the condition of volume fraction less than 10-6, the Lagrangian 
approach is used to solve the particle trajectory and track a large number of particles individually. 
In this way the particle location and impact conditions are easily determined. In most particulate 
flows the dominant force is the drag. The pressure gradient force and buoyancy force may be 
neglected since the ratio of densities is very small (Sommerfeld, 2000). For a particle sufficiently 
large the large velocity gradient produces a lifting force called Saffman force which depends on the 
Reynolds number ( ) and shear flow Reynolds number  (Sommerfeld, 2000). For <0.5 the 
viscous effect dominates and this is referred as the Stokes regime (CD=24/ ). The general 
expression for the drag coefficient, given as below, is due to Haider and Levenspiel (1989), where 
the constants A, B, C and D depend on the particle shape factor As/Ap ,where As is the surface of a 
sphere of an equivalent volume and Ap is the actual particle surface.  

      
         and

     

        1                             (1) 

                   and           
.

  
Re , Re                                      (2)                     

The equations of motion are derived in the rotating frame, hence resulting in additional inertia terms 
(centrifugal and Coriolis forces), and the main external forces are: drag , gravity  and Saffman 
force  .  

2                          (3) 

At the interface between vane and blade, the tangential component is modified by adding/ 
subtracting the circumferential component. At the periodic sides the velocity vector is conserved but 
the tangential coordinate is modified by adding/ subtracting the angular shift. The restitution factors 
are used to define the changes in the velocity magnitude and direction after the impact. The impact 
angleis formed between the vector velocity and the tangential component over the target surface. 
The particle restitution factors in terms of velocity angle correspond to the statistically obtained 
restitution factors obtained experimentally by Tabakoff et al. (1989).  

   ∑            and             ∑                                                                                                  (4) 

The computation of particle trajectory corresponds to the takeoff operating conditions, 
considering ash particle CG&E of size (0-150 μm) and a concentration in between 1 - 53 mg/m3 

(Edwards and Rouse, 1994), which is more relevant to gas turbines erosion testing. The number of 
seeded particles and initial positions upstream NGV are estimated by iterations on the number and 
size of particles, knowing concentration and size distribution and the mass of particles. 

The integration time step used in Runge-Kutta-Fehlberg method depends on the computational 
cells, local flow velocities and leading truncation error. If a particle interacts with an eddy the 
turbulence effect is assumed to prevail as long as the particle-eddy interaction time is less than the 
eddy lifetime, and its displacement relative to an eddy is less than eddy length (Gosman and 
Ioannides, 1981). Each impact should be within a half diameter distance, and thus a more accurate 
time step is evaluated. The particle tracking is based on the finite element method which requires 
transforming the particle position into the local co-ordinates and updating the cell number. Owing 
to different vane and blade counts and due to large variation of blade staggering, domains were 
rotated up and down to keep tracking the particles through the next domain. The computations of 
particle trajectories were considered for each initial relative positions of rotor blade; for this purpose 
5 pitch positions are adopted.  

EROSION ASSESSMENTS 
In turbine blades the erosion takes place at high temperature, accordingly, Wakeman and 

Tabakoff (1979) were the first to build a hot tunnel to test erosion at elevated temperatures. In case 
of the Nickel based super-alloys, Tabakoff and Hamed (1988) obtained a correlation for erosion rate 
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This behavior is experienced even for the small particles released near the hub. Finally, all these 
aspects of particle dynamic can be related via the particle momentum Stokes number 

 

μ c
  defined as the ratio between the particle response time and the flow characteristic time scale. 

 is the average flow velocity and c is the blade chord. The particle with Stokes number below 0.1 
tends to follow the streamlines around the vane and the blade, whereas that of Stokes number not 
exceeding 50 impacts the front of pressure side and more likely the suction side of blade. Finally, 
for a particle of high Stokes number in between 100 – 400, impacts occur via ballistic trajectories at 
the aft of blade pressure side.  

When ash particles are seeded globally, the impact locations, velocity and angle of impingement 
and rate of erosion are shown by Fig. 4 for the vane and by Fig. 5 for the blade at initial position 
(P0).  Particles are seen to impact the whole of vane pressure side (Fig. 4(a)), and the two-third of 
pressure side from leading edge at velocities up to 100-150 m/s (Fig. 4(b)), while the last part is 
impacted at high velocities more than 200 m/s. Beyond the throat there is a large region near the 
hub corner and along the trailing edge impacted at velocities up to 300-430 m/s because of high gas 
velocities. The particle impacts are nearly normal at the vane leading edge (Fig. 4(c)) and have an 
impingement angle up to 60 deg over the two-third of pressure side from leading edge, while occur 
obliquely, up to 30 deg, over the last third of pressure side. In the evaluation of the local erosion 
rate (mg/g) the local impingement velocity and angle in addition to the wall temperature are 
considered. As depicted by Fig. 4(d), there are large regions of vane subject to low rates of erosion, 
which are visible over a strip from suction side and also a large part of pressure side spreading from 
leading edge. Despite the two-third of pressure side from leading edge is subject to high frequency 
of impacts, the erosion rates are less than 2 mg/g owing to low impact velocities. On the other hand, 
high erosion rates are seen over the last third of vane pressure side, reaching levels up to 20 mg/g. 
Further regions of extreme rates around 27.9 mg/g are visible at the hub corner from the vane 
trailing edge. When crossing the rotor interface ash particles of different sizes reach the blade at 
high velocities. Large particles (Fig. 5(a)) induce impacts of high frequency over the upper two-
third of pressure side from leading edge, owing to high centrifugation. The lower part of blade is 
impacted by few small particles, which are sensitive to hub corner secondary flows. In addition, the 
hub is not impacted due to high centrifugation. Besides, high turning of vane and particles bouncing 
off from trailing edge, some of particles hit the fore part of blade suction side and the pressure side 
beyond the throat. As depicted in Fig. 5(b), there are many impacts occurring at a high velocity 
from 100 to 300 m/s along the blade leading edge and over the last two-third of pressure side from 
leading edge, which extend to trailing edge and upper corner. The front of pressure side from 
leading edge is impacted at a high velocity up to 400 m/s. According to Fig. 5(c), the impacts along 
leading edge are practically normal, but others hit obliquely. The pressure side is impacted by the 
large particles at a moderate angle between 30-60 deg, while the small particles impinge at an angle 
less than 20 deg. The (optimum) angle of maximum erosion rate occurs upward of the last part of 
blade pressure side, whereas the low impingement angles are seen towards the hub corner from the 
pressure side and at the limit of impacted area from the suction side. The local erosion rates (Fig. 
5(d)) exhibit scattered points of high rates along the upper of leading edge, attributed to high impact 
velocities. The large strip of erosion of moderate rates seen along the blade leading edge is due to 
impacts nearly at normal impingement angles. High erosion rates are also seen over the two-third of 
pressure side extending from the leading edge, as well as the trailing edge from root to tip. The 
highest level is 18.6 mg/g owing to high impact velocities and impingement angles near the 
optimum. By comparing between all erosion patterns, one could confirm that generally NGV is 
subject to multiple impacts evenly distributed over pressure surface where their frequency increases 
beyond the throat, resulting in high erosion rates with almost no radial variation. Besides, the 
impacts and erosion of rotor blade are mostly over the fore part of suction side and two-third of 
pressure side from leading edge owing to further acceleration and deviation imparted while exiting 
the vane. 
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(a) (b) (c) (d) 
Figure 4: Sample of impacts in NGV: a) particle size (m); b) velocity (m/s); c) angle (deg); d) 
erosion rate (mg/g) 
 

 

    
      SS                           PS             

    
      SS                           PS  

      
           SS                   PS            

 

   
       SS                                PS  

(a) (b) (c) (d) 
 

Figure 5: Sample of impacts in rotor blade: a) particle size (m); b) velocity (m/s); c) angle 
(deg); d) erosion rate (mg/g) 
 

Because of multiple impacts on the same face of a mesh element the erosion levels are plotted in 
term of the equivalent erosion rates (mg/s/mm2), in order to get a better illustration of erosion 
contours. The different erosion patterns are plotted considering the highest ash concentration of 53 
mg/m3 and the different initial position of blade shown by Fig. 7. The pressure side of vane as 
subject to high gas flow velocity and temperature is extremely pitted by the large number of impacts 
spreading from root to tip, but of different rates of erosion. The dense area of erosion is seen (Fig. 
6) over the last third of vane pressure side and towards the shroud. Extreme erosion reaching the 
rate of 1.03x10-4 mg/s/mm2 is seen near trailing edge owing to high frequency of impacts and 
velocity magnitude. Further intense erosion is observed at aft of shroud, spreading from pressure 
side and along the wake (Fig. 6), related to high frequency of particle impacts. These critical 
regions are the signs of a premature vane failure. Besides, the throat and trailing edge are more 
affected by erosion, consequently the expansion gas velocity and flow direction are altered.  

The predicted contours of equivalent erosion rates in the rotor blade are presented (Fig. 8) for 
the five initial relative positions, reveal some modifications of erosion patterns. Erosion of rotor 
blade is shown along the blade leading edge due to its direct exposure to a dense flux of ash 
particles entering at high velocities and direction. Erosion spread from leading edge over one-third 
of blade suction side, and because of high twist and camber of blade, the erosion of pressure side 
occupies a large triangular area extending towards the upper corner from trailing edge, which is 
characterized by high values of equivalent erosion rate of 2.7x10-4 mg/s/mm2. A marked region of 
extreme erosion is visible at the top corner from the trailing edge where the amount of erosion wear 
is a precursor of blade failure. The other regions of moderate and low erosion rates are attributed to 

LE LE LE LE 

LE LE LE LE 
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impacts by small particles of lower impingement angle. These results are also supported by 
Metwally et al. (1995) who have revealed that the erosion of rotor blade is limited to one-third of 
blade pressure surface with the maximum of erosion seen at the trailing edge tip corner and one 
fourth of suction surface from leading edge. The rotor shroud of this model of HPT is heavily 
eroded, where erosion patterns are visible from the blade leading edge and spreading around both 
sides. Furthermore, at the shroud extreme erosion patterns are visible beyond the mid of pressure 
side induced by a large number of ash particles which under high centrifugation keep colliding 
close to wall and thereby provoke multiple impacts. Besides, there are regions of high erosion at the 
front of shroud related to the ballistic particles bouncing off from the vane. In the other side, 
towards the root weaker erosion is seen, while the hub is totally exempt from erosion.  

The erosion patterns related to the different initial positions of blade (Fig. 7) reveal that the 
main regions of erosion are almost similar. However, some of erosion patterns differ with respect to 
each blade position. This is the case of erosion regions seen at the tip corner from the front of 
suction side and the rear of pressure side, added to a large region visible over the pressure side. 
Therefore, the region which is more sensitive to blade position is that of the middle of pressure side, 
i.e. for the positions (P4) and (P0), but tend to reduce for the positions (P1) , (P3) and (P2) , 
respectively. Besides, the spread of erosion over the blade suction side seems to be affected as well. 
Indeed, higher erosion rates are attributed to the extreme positions (P4) and (P0), respectively, 
whilst those of relatively lower erosion are for the positions (P1) and (P3), and the lowest erosion 
occurs for the position (P2). Additionally, at the shroud the erosion patterns differ somehow with 
the blade position. Typically the front region is more sensitive followed by the mid of pressure side 
and the region along the wake. Besides, the initial position (P1) leads to the highest erosion of 
shroud. 

 

 
    SS                                                              PS                                               shroud             

Figure 6: Equivalent erosion rates (mg/s/mm2) in vane 
 

                                               

 

                                               

 
         SS                             PS                        Shroud  

Figure 7: Initial positions of blade  (a) Position 0 
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(b) Position 1 (c) Position 2 
 
 

     

 
            SS                           PS                       shroud                   

   
             SS                           PS                       shroud                           

(d) Position 3 (e) Position 4 
 

Figure 8: Equivalent erosion rates (mg/s/mm2) in rotor blade 
 
Particle trajectory and erosion simulations were carried out for concentrations in between 1 - 53 

mg/m3 and during one day of ash particle ingestion. The mass erosion was cumulated over the face 
of each element and distributed among its nodes. Subsequently, the local penetration depths and the 
new coordinates of the eroded vane and blade were computed. Table 2 and Tab. 3 present the 
evaluated erosion parameters in each component, specifically the mass rate of ingested ash particle, 
erosion mass and overall erosion rate for the vane and blade in addition to the hub and shroud. The 
erosion mass reveals notably dependence upon ash particle concentration and initial position of 
rotor blade. The eroded mass of vane is found in between 122.14 - 6177.51 mg with a concentration 
in between 1 - 53 mg/m3. However, the variation of overall erosion rate is slight in between 2.83 - 
3.58 mg/g, of an average of 3.18 mg/g. Moreover, the eroded mass of shroud varies with the 
concentration in between 6.21 - 343.1 mg/g, and in contrary the hub erosion is very low in between 
0.0691 - 2.395 mg. As a consequence, the estimated percentage of vane chord reduction is in 
between 0.0012 - 0.0586 % depending on the concentration, and for the thickness is in between 
0.0003 - 0.0137 %. Besides, the variation of shroud diameter is in between 0.00063 - 0.0349 %. 
Figure 9(a) depicts the deteriorated of the mi-span and tip profiles of the vane after one day of ash 
particle ingestion at high concentration of 53 mg/m3 as compared with the original profiles. The 
alterations in profiles are essentially from the throat to trailing edge, where there is a noticeable 
material removal and tapering of trailing edge, but less deformation is seen around the leading edge. 
The erosion of vane throat changes the passage area and affects the efflux velocity and direction and 
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the operating point, added to lowering the effectiveness of cooling slots. The eroded mass of the 
rotor blade is noticeably increasing with ash particle concentration and is sensitive to the initial 
position of blade. The initial position (P4) is the worst, and induces the maximum erosion of blade 
which varies in between 157.91 - 8138.94 mg (Tab. 3) according to ash concentration. The overall 
erosion rate as estimated in between 5.48 - 5.51 mg/g, which has a slight variation with ash 
concentration and practically has an average equal to 5.07 mg/g. Besides, the predicted geometry 
deterioration depicts that the position (P4) leads to more deterioration, for an average decrease in 
blade chord in between 0.0085 - 0.4797 %, and in between 0.00179 - 0.06193 for the thickness 
depending on concentration. According to Fig. 9(b) the leading edge and the fore of suction side are 
flattened and the chord and the thickness of blade are reduced progressively. The drastic material 
removal occurs from the aft of pressure side, hence altering the throat passage area and affecting the 
expansion and pressure loading of rotor blade. Finally, the shroud is characterized by an erosion 
wear in between 91.31 - 4585.32 mg, and subsequently the increase in diameter is in between 0.016 
- 0.807 %.   

 
Table: 2 Erosion parameters of vane during 24h 

Conc 
(mg/m3) 

Ash particle 
rate (mg/s) 

Erosion of 
vane (mg) 

Overall erosion  
rate (mg/g) 

Reduction in 
chord (%) 

Reduction in 
thickness (%) 

Erosion of 
hub (mg) 

Erosion of 
shroud (mg) 

1 0.395 122.14 3.58 0.0012 0.0003 0.0691 6.21 
10 3.943  992.60 2.91 0.0109 0.0021 0.3609 57.31 
30 11.837 2899.45 2.83 0.0343 0.0062 0.8807 199.23 
53 20.927 6177.51 3.41 0.0586 0.0137 2.395 343.10 

 

 

Table: 3 Erosion parameters of blade with different initial positions during 24h 

Initial position pitch 
/ angle (deg)   

Erosion of 
blade (mg) 

Overall erosion  
rate (mg/g) 

Reduction in 
chord (%) 

 Reduction in 
thickness (%)

Erosion of 
hub (g) 

Erosion of 
shroud (mg)

 Concentration  1 mg/m3    
P’0’ 0 - pitch=0 deg   152.83 5.81 0.0085 0.00138 0.538 152.83 
P’1’ - ¼ pitch=1.956  123.81 4.67 0.0082 0.00141 0.061 172.33 
P’2’ - ½ pitch=3.913 95.71 4.37 0.0040 0.00112 0.861 78.16 
P’3’ - ¾ pitch=5.869 122.03 5.84 0.0057 0.00113 0.558 69.58 
P’4’ - 1 pitch=7.826 157.91 5.51 0.0085 0.00179 0.634 91.31 

 Concentration  10 mg/m3    
P’0’ 0 - pitch=0 deg   1296.93 4.97 0.0641 0.0095 2.264 934.48 
P’1’ - ¼ pitch=1.956  1052.16 4.01 0.0694 0.0141 0.143 1063.23 
P’2’ - ½ pitch=3.913 794.11 3.78 0.0337 0.0112 2.678 847.51 
P’3’ - ¾ pitch=5.869 1100.18 5.21 0.0554 0.0127 0.301 802.67 
P’4’ - 1 pitch=7.826 1381.16 4.77 0.0663 0.0120 2.267 1098.02 

Concentration  30 mg/m3    
P’0’ 0 - pitch=0 deg   3702.67 4.75 0.2093 0.0331 1.575 2826.35 
P’1’ - ¼ pitch=1.956  2986.84 3.82 0.2011 0.0411 0.897 3135.26 
P’2’ - ½ pitch=3.913 2310.45 3.69 0.1407 0.0329 3.630 2410.06 
P’3’ - ¾ pitch=5.869 3108.33 4.94 0.1401 0.0263 0.423 2385.35 
P’4’ - 1 pitch=7.826 3922.31 4.53 0.2188 0.0398 1.572 3364.64 

Concentration  53 mg/m3    
P’0’ 0 - pitch=0 deg   7758.91   5.76 0.4419 0.04865 2.312 3968.73 
P’1’ - ¼ pitch=1.956  6749.82 4.75 0.4489 0.07224 2.441 4973.82 
P’2’ - ½ pitch=3.913 5073.27 4.35 0.2644 0.05247 11.715 4123.37 
P’3’ - ¾ pitch=5.869 6168.16 5.70 0.2881 0.04148 5.5223 3375.93 
P’4’ - 1 pitch=7.826 8138.94 5.48 0.4797 0.06193 2.3536 4585.32 
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                              Tip                      Mid-span                                                      Tip                            Mid-span                       

 (a)                                                                                      (b)   
Figure 9: Eroded profiles (original is dashed) after 24 hours: a) vane; b) rotor blade 

CONCLUSION 
The simulations of ash particle trajectories through HPT stage allowed predicting erosion 

patterns and associated geometry deteriorations for the vane and blade. The whole of the vane 
pressure side is impacted and eroded, however the extreme erosion rates are observed beyond the 
throat, while the suction side is eroded solely along a strip from the leading edge. Ash particles 
bouncing-off from the vane trailing edge, which are accelerated while exiting the vane, enter the 
rotor at high velocity and angle of direction. As a consequence, a large strip of erosion is formed 
over the fore of suction side added to a large area extending from the middle of pressure side toward 
the tip corner from trailing edge. The erosion parameters show a dependence on particle 
concentration and initial position of rotor blade. The two extreme positions of blade (P4) and (P0) 
lead to more erosion and geometry deterioration. The critical erosion spots seen in the vane and 
rotor blade are signs of a premature failure. The alterations of the vane and blade throats as well as 
the flattening of blade suction side will affect the turbine operation. This study and the found results 
may serve for predicting the performance degradation and the time of life of HPT stage. 
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