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to the next blades row to cause flow deviation at blade 
leading edge. The flow leakage forces the main flow to 
generate a tip leakage vortex, in addition to a horseshoe 
vortex developing from blade leading edge enveloped by the 
leakage vortex, which is growing as moving along the blade 
suction side. In the second NGV, the flow structure is 
affected by the irregularities induced by the first rotor blade 
that interacts and deviates the flow around the leading edge. 
In the second NGV, the streamlines over the suction side are 
deflected towards the mid-span and toward the hub and 
shroud over the pressure side, hence revealing the formation 
of secondary flows. The second rotor flow behaves similarly 
but differs in the interactions details.  

PARTICLE TRACKING 
The basis for particle trajectory simulations in 

turbomachinery continues to be Eulerian and Lagrangian 
with one-way coupling between particles and flow. In the 
Eulerian approach preferably used for dense two-phase flows 
[15] the conventional time averaged transport equations are 
solved to predict the field distributions of momentum and 
volume fraction of each phase. The Lagrangian approach 
treats the dispersed phase separately in a one-way coupling 
and solves equations for particle trajectories in a manner of 
time marching in order to track large number of individual 
trajectories. The information regarding impacts locations, 
velocities and angles are determined accurately at the solid 
walls. In most particulate flows, there are mainly the drag 
force and other forces such as gravity, pressure gradient, 
buoyancy forces, Saffman force and many other neglected 
forces. The turbulence effect prevails as long as the 
particle/eddy interaction time is less than the eddy lifetime 
and its displacement relative to an eddy is less than the eddy 
length [16]. The velocity fluctuations are estimated from the 
local turbulence properties and a random generated number. 

A general expression for the drag force is as follows: 

                       
  pfpfDfpD VVVVCdF   2

8
                    (1) 

For Reynolds numbers less than 0.5 the viscous effect 
dominates and no separation is observed; this is referred as 
the Stokes regime (CD=24/Re). The drag coefficient is 
evaluated according to Haider and Levenspiel [17], where A, 
B, C and D are constants based on the particle shape factor 
defined as the ratio of the area of a sphere to the area of 
particle. 
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The equations of motion are derived in the rotating frame 
resulting in additional inertia centrifugal and Coriolis forces.  
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The computations of particle trajectories were carried out at 
the takeoff operating conditions. The integration of particle 
trajectories used the Runge-Kutta-Fehlberg method, with a 
time step that depends on the computational cells and local 
flow velocities. If an interaction between an eddy and a 
particle occurs, the interaction time becomes the time step of 
integration. At the interface between blades rows the 
circumferential velocity is added to the tangential component 
of particle velocity. At a point of an impact, the restitution 
velocity and angle of particles are evaluated based on the 
restitution factors derived experimentally by Tabakoff [18].  
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The number and initial positions of seeded particles 
upstream the first NGV are distributed conformed to (CG&E 
ash distribution of 0-150μm) and according to concentration 
(1-50 mg/m3). Iterations are repeated until convergence in 
the total mass of particles.  

EROSION PREDICTION 
The development of erosion prediction models used in 

turbomachinery began with the experiments carried by Grant 
and Tabakoff [19]. The derived correlations depend upon the 
particle material and size and the impingement velocity and 
angle for a given target surface material. Later, Tabakoff and 
Wakeman [20] developed a hot erosion test tunnel for turbine 
blades. For this HP turbine the Nickel based super-alloys 
used for the first and second stages, Tabakoff and Hamed 
[21] obtained experimentally an erosion correlation for the 
Nickel based alloys given in milligrams of material by grams 
of impact particles as follows:  

     2
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e and en are the tangential and normal restitution factors and 

    18693 
st

.

st
)T(F   is the temperature correction factor 

function of yielding strength of the target material. 
   

The values of local mass erosion in ‘mg’ are calculated and 
cumulated on the meshes’ faces and used to compute the 
equivalent nodal erosion rates (mg/s/mm2) given by  
                                     

N

iip
e

q m
A

E
1

1                                (6) 

Once the erosion depths are estimated, the new coordinates 
of vanes and blades are determined.  

RESULTS AND DISCUSSION 
Samples of trajectories and impacts through the vanes 

and blades (reduced number of ash particle for clarity) are 
depicted in Fig. 5 and Fig. 6. The small size particles of size 
10 m tend to follow closely the gas path as are affected by 
the flow structures. As seen, many of these particles stick to 
the flow path and cross the vane passage without impacts, 
whereas others hit prematurely the leading of first NGV from 
hub to shroud (Fig.5), and deflect slightly away from the 
blade suction side, whereas others bounce and follow closely 
the pressure side. Particles bouncing off from the leading 
edge are extremely deviated to reach the trailing edge, and 
many of them hit directly the pressure side and collect near 
trailing edge while incurring high number of impacts. No 
impacts are visible over the vane suction side except along a 
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narrow strip. As particles acquire high acceleration and high 
efflux angles beyond vane throat, they enter the next blade 
row and their direction changes with respect to the relative 
frame. These small particles induce several impacts mainly 
over the first part of suction side from leading edge and then 
deviate around the suction side, while others keep close to 
this surface an impinge on the rear of blade pressure side 
where they tend to collect after receiving an increment of 
acceleration. A dense flux of small particles arrive at the 
second NGV have (Fig. 5) and hit the leading edge and the 
fore part of suction repeatedly and then deviate from the 
suction surface both downward and upward and also reach 
the trailing edge, while many others cross the channel 
without interactions. Small ash particles are sensitive to the 
secondary flows at the aft part of second vane; see the side 
view. At the second rotor interface the flux of small particles 
change in direction and reach the blade leading edge at high 
incidence angles (Fig. 5), hence incurring some impacts 
along a strip from the suction side, while others after 
deflection reach the trailing edge with many impacts. As 
seen, the two fluxes of particles deviating from both sides 
join towards the vane exit. Through the second rotor, large 
numbers of small particles deflect owing to the high 
centrifugation imparted and large number of ash particles 
cross the tip clearance and follow closely the direction of 
leakage flow; see top and side views.  

 

 
Figure 5. Sample of ash particle trajectories (size 10 m): 

Top view (top), side view (bottom) 
 

The trajectories of large particles i.e. 100 m deviate 
considerably from the flow streamlines (Fig. 6) and tend to 
follow ballistic trajectories due to their high inertia compared 
to drag force. When reaching the first NGV, many of them 
hit along the leading edge and bounce to impinge repeatedly 
on the pressure side. Those bouncing off around the suction 
side deviate in a parabola trajectory to reach the next blade at 
leading edge. The main flux of particles strikes directly the 
pressure side and reaches the trailing edge after multiple 
bounces to be entrained by the high efflux velocities. Some 
of ash particles arriving at the first rotor with different angles 

of direction cross the blade channel without impacts, while a 
large number of them hit the leading edge and the fore part of 
suction side and bounce around the blade leading edge to 
reach the last part of pressure side. Many of particles follow 
ballistic trajectories and hit the pressure side and those 
arriving at high negative incidence hit the pressure side 
beyond the second half, while others cross without further 
impacts. Large size ash particles deflect upward due to high 
centrifugation and many of them cross the tip clearance, as 
seen from the side view. At the interface between first stage 
and second stage, fluxes of ash particles reach the second 
vane at different incidences to hit the leading edge and the 
fore of suction side and divert in a bow shape trajectory. 
Many others when bouncing off they turn around the leading 
edge from pressure side and continue their ballistic 
trajectories where only few of them reach the trailing edge. 
Particles at high incidence angles hit a large area of suction 
side and deviate in ballistic trajectories to reach the aft of 
pressure side of next blade. Some of particles are deviate 
downward after some impacts on suction side. The majority 
of particles after impinging on the pressure side tend to 
collect at the exit of second vane where they are accelerate 
due to high efflux gas velocity. At the second rotor blade, 
large ash particles reach the rotor blade at high incidence 
where a number of them hit the suction side and bounce to 
follow a bowed trajectory, while others bounce off from 
leading edge and follow ballistic trajectories to reach the 
opposite blade from suction side. Owing to high inertia and 
centrifugation, large particles divert upward (Fig.6) and 
crowd near the blade tip and many of them cross the tip 
clearance, as visible from both views.  

 

 
Figure 6. Sample of ash particle trajectories (size 100 m): 

Top view (top), side view (bottom) 
 
When seeding fly ash particles of sizes distributed 

according to (CG&E 0-150μm), the particles with a Stokes 
number below 0.1 generally tends to follow the flow 
streamlines, whereas that with Stokes number beyond 10 
generally collides with the surfaces and more likely the 
suction side of vanes and blades. On the other hand, ash 
particles with higher Stokes numbers tend to impinge on the 

Small particles are centrifuged  
and crossing over the tip 

Large particle are highly centrifuged 
and crossing over the tip 
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pressure sides of blades via ballistic impactions. Figures 
from 7 to 14 depict impacts patterns of the vanes and blades 
resulting from ash particle of size from 0-150 m. According 
to Fig. 7 the majority of particles are shown to reach the fore 
and mid of pressure side at velocities up to 150 m/s, and 
about 200 m/s beyond the mid of blade. After the throat, 
these velocities become extremely high and reach even 300 
m/s near the trailing edge, owing the extreme gas flow 
velocities. In addition, there are several impacts seen over a 
narrow strip from the suction side. The subsequent erosion 
rates (mg/g) computed by equation (5) using the local 
impingement velocities and angles as well as the blade 
surface temperature. According to Fig. 8, the erosion patterns 
spread around the leading edge over a strip from suction side 
owing to large frequency of impacts but with low rates of 
erosion. Over the first-third of pressure side the frequency of 
impacts are lower and occur at moderate erosion rates. High 
frequencies of impacts are visible over the two- thirds and 
more near the hub and shroud. Higher erosion rates are found 
beyond the throat of the first vane reaching 11.2 mg/g as 
related to the high efflux gas velocities.  

 
 

Figure 7.  Sample of impact velocities (m/s) in the first NGV: 
Pressure side (left) and suction side (right) 

 
 

 
Figure 8.  Sample of local erosion rates (mg/g) in the first NGV: 

Pressure side (left) and suction side (right) 
 
As particles reach the first rotor blade at high velocities and 
incidence angles they incur impacts related to different 
particle sizes. Impacts on the upper pressure side are 
attributed to large particle size, whereas for the small 
particles are downward. As seen from Fig. 9, no impacts are 
found on the hub even with tiny particles owing to high 
centrifugation. High impact velocities are visible on the 
leading edge and over the blade suction side as entrained by 
the high efflux velocity at exit of first vane reaching 251 m/s. 
Because of turning angles imposed by first vane and the 
bounce off from trailing edge, high numbers of particles hit 
the fore part of suction side and over the blade pressure side 
beyond the throat with high velocities except near the root. 
The subsequent local erosion rates (Fig.10) show visible 
scattered points of high erosion rates at the leading edge 
attributed to the optimum impingement angle, as well as a 
strip of low erosion rates attributed to high impingement 

angles. A large strip of moderate erosion rates is seen over 
the suction side from leading edge due to high impingement 
angles, but rates become higher when impingement angles 
are near the optimum. On the pressure side, moderate erosion 
rates are visible at the last third of blade followed by a region 
of high erosion rates reaching 8.2 mg/g because of high 
impact velocities and impingement angles near the optimum. 
The hub is exempt from erosion. 

 
Figure 9.  Sample of impact velocities (m/s) in the first rotor blade: 

Pressure side (right) and suction side (left) 

       
Figure 10. Sample of local erosion rates (mg/g) in the first rotor 

blade: Pressure side (right) and suction side (left) 
  

As the flux of particles reach the second vane at high 
incidence angles, they hit the leading edge and the fore of 
suction side extending to the blade tip due to centrifugation 
(Fig.11), in addition to the upper last third of pressure side 
due to ballistic particles bouncing off from suction side. High 
impacts velocities reaching 468 m/s occur over the leading 
(Fig.11) and extending to the blade tip due to previous 
centrifugation. As consequence, local high rates of erosion 
reaching 27.1 mg/g are visible at upward of blade (Fig.12) 
and near the tip. On the contrary, low velocities are seen over 
the lower part from the leading edge as related to the small 
particle size.  

 

Figure 11. Sample of impact velocities (m/s) in the second NGV: 
Pressure side (left) and suction side (right) 

LE LE 

m/s 

LE LE 

(mg/g) 

m/s 

LE 
LE 

(mg/g) 
LE 

LE 

(m/s) 
LE LE 



6 

 

  
Figure 12. Sample of local erosion rates (mg/g) in the second NGV: 

Pressure side (left) and suction side (right) 
 

Ash particles that reach the second rotor at high incidence 
angles follow ballistic trajectories and impinge on the suction 
side over the upper part corner, as seen from Fig.13. Large 
size particles are more likely to impinge on the upper of 
blade suction side with velocities reaching 383 m/s. For mid 
and small sizes, ash particles tend to impinge along the 
leading edge and the fore of suction side with velocities 
about 200 m/s. Due to high centrifugation, the large particles 
are seen to cross over the tip and in the course induce 
impacts and erosion over the blade tip and shroud. As 
consequence, moderate erosion rates are observed over the 
leading edge (Fig.14), whereas high erosion rates of 20.7 
mg/g are visible towards the blade tip owing to high 
centrifugation. 

 

Figure 13. Sample of impact velocities (m/s) in the second rotor 
blade: suction side (left), pressure side (right)  

 

       
Figure 14: Sample of local erosion rates (mg/g) in the second rotor 

blade: suction side (left), pressure side (right)  
 

When comparing between all the components, the first NGV 
is subject to more impacts distributed over the whole of 
pressure surface with a higher frequency of impacts near the 
hub and shroud and over the two-third of chord. For the 
second NGV, impacts are seen over the fore of suction side 
extending to the shroud corner and over the upper corner 
from trailing edge. The first rotor blade is subject to several 
impacts mainly over the fore of suction side and the aft of 
pressure side due to a dense flux of particle arriving at high 
incidence. For the second rotor, erosion is practically over 
the upper part of suction side with high rates near the tip 
because of upward deviation and centrifugation. 

The computations of the trajectories of ash particles 
seeded upstream the first NGV, which the particles size and 
number is conformed to ash CG&E size distribution (0-150 
m) and concentrations profiles 1-50 mg/m3. The results of 
erosion patterns are plotted in terms of the equivalent erosion 
rates (mg/s/mm2) but the erosion patterns are presented and 
discussed for the extreme concentration of 50 mg/m3.  
The high speed of rotation and high gas temperature and 
expansion flow velocities result in higher erosion rates. The 
first vane pressure side is extremely pitted by the large 
number of impacts, practically spreading from the root to tip 
(Fig.15). The critical regions of erosion are beyond the throat 
and towards the trailing edge characterized by high 
equivalent erosion rates of 8.8x10-5 mg/s/mm2 attributed to 
the crowd of particles of high frequency of impacts and 
velocities.  

 

 
 

Figure 15. Equivalent erosion rates (mg/s/mm2) in the first NGV, 
pressure side (left) and suction side (right) 

 
The predicted equivalent erosion rates of the first rotor blade 
(Fig.16) depict extreme erosion spreading along the blade 
leading edge due to its direct exposure to a dense flux of 
particles entering at high velocity and direction. In addition, 
there is a region of erosion covering the aft of pressure side, 
with a spotted corner of equivalent erosion rate of 8.4 
mg/s/mm2.  
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Figure 16. Equivalent erosion rates (mg/s/mm2) in the first rotor 
blade: Suction side (left), pressure side (right), shroud (bottom) 

 
In the second vane, ash particles hit the leading edge and 
extending to the fore of suction side and towards the tip 
(Fig.17), in addition to a large area over the second half of 
pressure side. High equivalent erosion rates are observed 
around the leading edge with a clear spot of extreme erosion 
wear of 6.9x10-4 mg/s/mm2 attributed to the crowd of 
particles near the blade tip. Intense erosion wear is clear 
around the leading edge extending to the tip and revealing a 
spotted region where the vane is expected to fail. 
 

 
 

Figure 17. Equivalent erosion rates (mg/s/mm2) in the second 
NGV: Pressure side (left) and suction side (right) 

 
The predicted equivalent erosion rates for the second rotor 
blade (Fig. 18) show that the erosion spread along the blade 
leading edge and extends over the suction side in a large 
triangular area from the tip corner. The pressure side has a 
large pitted area but of low erosion rates. The particles 
infiltrating due flow leakage and those heavily centrifuged 
cause erosion wear over the blade tip.  An equivalent erosion 
rate of 4.1x10-5 mg/s/mm2 is at the top of blade from suction 
side owing to high centrifugation and large frequency of 
impacts. The shroud is heavily eroded (Fig.18) due to 
particles centrifugation, starting from the front of blade tip 
with large stripped areas of erosion that follows the blade 
shape and the wake. The blade failure is characterized by a 
stepped material removal. The spotted areas of extreme 
erosion wear seen in the different components require 
adequate coatings. 

 
 

        
 
 

 
 

Figure 18. Equivalent erosion rates (mg/s/mm2) in the second rotor 
blade: Suction side (left), pressure side (right), shroud (bottom) 

 

The cumulative mass erosion was computed as 
consequence of fly ash ingestion for concentrations from 1 
mg/m3 to 50 mg/m3, considering duration of one day and 
operation at takeoff conditions. The local mass erosion as 
distributed among the nodes of impacted faces of grids 
elements permitted computing the local penetration depths, 
and thus the new coordinates of the eroded vanes and blades 
geometry are determined. Tables 1-4 present the results of 
the estimated mass erosion of each component and the 
geometry deteriorations after one day of ash ingestion. The 
concerned parameters are the mass rate of particle, erosion 
mass of vanes, blades, hub and shroud, as well as the 
geometry deteriorations (percentage) in terms of chord 
reduction and tip clearance increase. It is clear that the 
material removal and the geometry changes are related to the 
type of ash particles and the concentration and duration of 
exposure.  

 
 

Table. 1 Erosion parameters of first vane 
 

Concentration 
(mg/m3) 

Particle 
rate 
(g/s) 

Erosion  
first vane 

(mg) 

Chord  
reduction 

(%) 

Erosion  
hub 
(mg) 

Erosion 
shroud 
(mg) 

1 3.72E-4 84.2742 1.23E-3 0.44465 0.56932 

5 1.86E-3 437.040 5.54E-3 1.97158 3.28252 
10 3.71E-3 889.482 1.20E-2 3.71739 6.80787 
20 7.42E-3 1783.28 2.38E-2 8.45497 12.5565 
30 1.11E-2 2670.29 3.55E-2 12.0913 20.7830 
40 1.48E-2 3574.90 4.92E-2 17.0915 26.9532 
50 1.85E-2 4481.39 5.47E-2 20.0880 35.1979 
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Table. 2 Erosion parameters of second vane 
 

Concentration 
(mg/m3) 

Erosion  
second 

vane (mg) 

Chord  
reduction 

(%) 

Erosion  
Hub 
(mg) 

Erosion 
shroud 
(mg) 

1 29.66039 0.00946 0 47.2489 

5 147.9045 0.03377 0 273.483 
10 294.0399 0.05984 0 554.825 
20 619.3242 0.11539 0 1186.10 
30 973.5814 0.17723 0 1756.56 
40 1270.78 0.22495 0 2388.31 
50 1583.105 0.26422 0 2900.62 

 

Table. 3 Erosion parameters of first rotor blade 
 

 

Concentration 
(mg/m3) 

Erosion  
first blade 

(mg) 

Chord  
reduction 

(%) 

(%) Increase  
in tip 

clearance  

Erosion  
Hub 
(mg) 

Erosion 
shroud 
(mg) 

1 39.8066 0.00742 0.08366 0 19.4834 
5 159.704 0.05036 0.42169 0 101.515 
10 307.397 0.10379 0.83547 0 205.575 
20 594.668 0.21189 1.52386 0 399.422 
30 896.585 0.30391 2.32481 0 589.877 
40 1194.28 0.43931 3.10770 0 786.185 
50 1451.52 0.49573 3.92475 0 1002.53 

 
Table. 4 Erosion parameters of second rotor blade 

 

Concentration 
(mg/m3) 

Erosion  
second 

blade (mg) 

Chord  
reduction 

(%) 

(%) Increase 
In tip 

clearance 

Erosioh
ub 

(mg) 

Erosion 
shroud 
(mg) 

1 1.75819 0.00006 0.02840 0 11.0275 
5 7.58871 0.00015 0.11014 0 38.8296 
10 18.03632 0.00034 0.19496 0 80.4051 
20 39.74279 0.00053 0.41802 0 164.906 
30 53.56652 0.00086 0.63171 0 239.485 
40 67.15032 0.00097 0.78370 0 302.743 
50 99.08849 0.00145 1.01640 0 406.737 

 
The material removal and geometry deterioration as plotted in 
figures from 19 to 20 reveals a noticeable increase with ash particle 
concentration for duration of one day. Depending on the 
concentration level, the mass erosion of first vane is varies from 
84.27 mg to 4481.39 mg, leading to an average overall erosion rate 
of 2.752 mg/g which is almost constant independently of particle 
concentration. On the other side, the mass erosion of shroud varies 
with the concentration in between 0.569 - 35.19 mg whereas that of 
hub is in between 0.44– 20.08 mg. The estimated average (from 
root to tip) reduction of the first vane chord as estimated is in 
between 0.00123 - 0.0547 %, depending on the concentration. 
 

 
 

 
Figure 19.  Erosion and geometry degradation of first  

and second NGV after one day    
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Figure 20.  Erosion and geometry degradation of first  
and second rotor blades after one day    

  
Figure 21 depicts the original (dashed line) and the 

deteriorated profile of the mid-span after one day of ash 
particle ingestion at the concentration of 50 mg/m3. The 
alterations in the profiles in terms of blade thickness and 
chord reductions become clearer from the throat to the 
trailing edge, as characterized by a noticeable material 
removal and a tapering of trailing edge. These alterations in 
first vane geometry are mainly through an increased throat 
area, which affects the turbine operation and cooling. For the 
same concentration and operation condition, the mass erosion 
of second vane is in between 29.66 - 1583.1 mg, and 
subsequently the overall erosion rate has an average value of 
4.916 mg/g almost independent from particle concentration, 
which is higher than the first vane since the number of 
particle is lesser. The mass erosion of shroud is so important 
and varies with the concentration from 47.24 mg to 2900.62 
mg, but no evidence of erosion of the hub. The average 
reduction in chord is about 0.26422 % for the highest 
concentration. Figure 22 depicts the deteriorated second 
vane, revealing a leading edge blunting in addition to damage 
of cooling slots leading to an overheating. The mass erosion 
of first rotor blade is noticeably increasing with particle 
concentration from 39.80 mg to 1451.52 mg (Fig. 20), but 
the estimated overall erosion rate is almost constant at an 
average of 2.645 mg/g. In addition, the mass erosion of 
shroud increases with particle concentration from 19.483 mg 
to 1002.53 mg, but the hub is exempt from erosion. The 
predicted geometry deterioration depicts an average up to 
0.4957 %, whereas the increase in tip clearance is more 

significant (Fig. 20) and varies from 0.08366 % to 3.9247 %. 
According to Fig. 23, erosion wear distorted the leading edge 
of first rotor blade and profile flattening over the fore of 
suction side as well as thickness and chord reduction and 
blade material removal from the aft of blade pressure side 
and over the blade tip. The mass erosion of second rotor 
blade is noticeably increasing with particle concentration 
from 1.758 mg to 99.088mg (Fig. 20), and the overall erosion 
rate has an average of 1.905 mg/g that differs from the first 

rotor blade as explained by the difference of number of 
impacts and rates of erosion typically limited to the tip corner 
of blade. The shroud mass erosion varies with the particle 
concentration from 11.027 mg to 406.737 mg, but no clear 
erosion on the hub. The predicted geometry deterioration 
with concentration depicts an average decrease in blade 
chord up to 0.00145 %, lower compared to the first rotor. 
However, the increase in tip clearance is more significant 
(Fig.20), as it varies from 0.0284 % to 1.0164 % because of 
removal material from the tip of blade and shroud. As 
exhibited by Fig. 24, the erosion phenomenon tends to flatten 
the suction side of the upper blade progressively and the 
thickness. It may be recapitulated that the mass erosion of 
vanes are higher in comparison to the rotor blades owing to 
their larger dimensions, higher flow velocities and larger 
number of particles ingested as compared to the rotor having 
more blades.  

The decreases in aerodynamic performance of this two-
stage turbine are mainly due to changes in the vane throat 
passage area, blunting of leading edge and flattening of 
suction side and an increase in tip clearance as well as 
surface roughness. These alterations in geometry affect the 
static pressure distribution and aerodynamic loading, in 
addition to the flow leakage and mixing losses over the blade 
tip due to increased gap. As the material removal, the 
changes in profiles and surface roughness are predicted 
reasonably well, the aerodynamic performance degradation 
could be estimated as variations in total pressure loss 
coefficient via 2D aerothermodynamic model or by 
processing the flow solution, according to the methodology 
developed by Ghenaiet [10] for a fan stage.  

 
Figure 21. Eroded mid-span profile of the first NGV 

(dashed is original) 
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Figure 22. Eroded mid-span profile of the second NGV,  

(dashed is original) 
 

 
Figure 23. Eroded mid-span profile of the first rotor blade,  

(dashed is original) 
 

 
Figure 24. Eroded mid-span profile of the second rotor blade,  

(dashed is original) 

CONCLUSION 
The dynamics of particles through two-stage axial turbine 

was simulated and the subsequent erosion wear was assessed. 
In the first vane, high erosion levels are found beyond the 
throat attributed to high impact velocities and impingement 
angle near the optimum. These impacts lead to significant 
variations in the directions of particles to the next rotor 
blade. In the second vane, the critical regions of erosion are 
visible over the leading edge and top corner. In the first rotor 
blade, regions of erosion spread along the leading edge and 
extend to tip corner of blade as well as the second-half of 
pressure side, whereas in the second rotor, erosion is mainly 
concentrated at the upper part of blade suction side. The 
critical erosion wear presents a serious problem since it 
affects the cooling slots and alters the throat area and 
therefore the turbine operation. The present results for 
erosion wear and geometry deteriorations may help to 
envisage adequate surface coatings for the critical regions. 
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NOMENCLATURE 
A Area (m2) 
CD drag coefficient 
CL lift coefficient 
d diameter 
q equivalent erosion rate (mg/g/mm2) 
en 
e 

normal restitution factor 
tangential restitution factor 

FD drag force 
FS Saffman force 
F(T) temperature correction factor 
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) 
 Shape factor 
 density (kg/m3) 
 speed of rotation (rd/s) 
 yielding strength of the target material 
 tangential co-ordinate 

Subscript 
e 
f 
i 
n 
p 
r 
s 
st 

z 
1, 2 

element 
fluid 
impact 
normal 
particle 
radial 
shear 
room condition 
tangential 
axial  
at impact and rebound  

 
 
 
 
 
 
 
 
 


