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A study has been conducted to predict blade erosion of gas turbine engines. The blade
material erosion model is based on three dimensional particle trajectory simulation in the
three-dimensional turbine flow field. The trajectories provide the special distribution of the
particle impact parameters over the blade surface. A semi-empirical erosion model, derived
from erosion tests of material samples at different particulate flow conditions, is used in the
prediction of blade surface erosion based on the trajectory impact data. To improve the
blade erosion resistance and to decrease the blade deterioration, the blades must be coated.
For this purpose, an experimental study was conducted to investigate the behavior of
rhodium platinum aluminide coating exposed to erosion by fly ash particles. New protective
coatings are developed for erosion and thermal barrier. Chemical vapor deposition technique
(CVD) was used to apply the ceramic TiC coatings on INCO 718 and stainless steel 410.
The erosive wear of the coated samples was investigated experimentally by exposing them to
particle laden flow at velocities from 180 to 305m/s and temperatures from ambient to
538C in a specially designed erosion wind tunnel. Both materials (INCO 718 and stainless
steel 410) coated with CVD TiC showed one order of magnitude less erosion rate compared
to some commercial coatings on the same substrates.
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INTRODUCTION

Gas and steam turbines operate in environments
where the ingestion of solid particles is inevitable.
In industrial applications and power generation,
such as coal-burning boilers, fluidized beds and gas
turbines, solid particles are produced during the
combustion of heavy oils, synthetic fuels and pul-
verized coal. In commercial and military aircraft
and naval installations, some of the mechanisms
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that cause solid particle ingestion are vortices
generated during landing and takeoff, sand storms,
volcanic ash and thrust reverser effiux at low speed
which blows sand, ice and dust into the engines. In
steam turbines, the solid particles are principally
boiler scale, mainly iron oxide, that break off and
become entrained in the steam. Filters and separa-
tors can remove a large percentage of the solid
particles, but significant amounts of small particles
still pass through and enter the engines.
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Due to their higher inertia, the solid particles
deviate from the flow streamlines, impact the blade
surfaces and cause severe erosion damage. This
damage is manifested by pitting and cutting of the
blade leading and trailing edges and an increase in
the blade surface roughness. The overall effects of
the above phenomena are to increase the pressure
loss and to change the blade geomefry. Continued
operation under particulate flow conditions ad-
versely affects the performance of the engines, as
well as their lives, and can be detrimental to their
reliability.
Gas turbine materials have developed rapidly

beyond the conventional ferrous alloys consisting
of steels and stainless steels of various composi-
tions. Several nickel and cobalt base alloys have
been developed and have been used widely in the
hot section of gas turbines in order to meet complex
high temperature corrosion phenomena. Chromium
additions have been used and they contribute to
an improvement in high temperature strength
and oxidation resistance. Protective coatings have
been used to enhance superalloy resistance to hot
erosion-corrosion. Some of the most widely used
coatings are diffusion coatings, overlay coatings,
plasma sprayed coatings and ion implantation
coatings. Chromium, platinum, radium and silicon
additions have been used in order to improve the
erosion-corrosion resistance of the coatings.
Although physical, chemical and mechanical

properties of turbine alloys and coatings are docu-
mented satisfactorily, there is insufficient data
about their rebound and erosion behavior, espe-
cially at high temperatures. Therefore an experi-
mental high temperature facilities were built at the
University of Cincinnati sponsored by DOD, DOE
and NSF for performing experimental study on
"Turbomachinery Erosion and Particulate Flow
Rebound" at high temperatures. Different types of
solid particles were investigated such as: quartz
sand, fly ash, volcanic ash, iron chromite, different
types of catalyst and many others. The experi-
mental results show the effects of the main erosion
parameters, namely, velocity, temperature and
impact angle, on the erosion rates. Erosion models
have been developed for the tested materials based

on the experimental erosion data and restitution
parameters.
Ceramic coatings such as refractory metal car-

bides, nitrides, and oxides have been investigated
very intensively because of their high resistance to
erosion and corrosion. Titanium carbide (TIC),
titanium nitride (TIN), and alumina (A1203), are

widely used as wear resistance coatings for cemented
carbide cutting tools. These coating materials and a
bulk substrate, being tough enough to stop cracks
generated at the surface and hard enough to prevent
plastic deformation are attractive for design of
turbomachinery components operating in a parti-
culate flow environment.
The erosion resistance of ceramic coatings is

strongly dependent on the coating process and on

the substrate material [Qureshi and Tabakoff
(1988), and Tabakoff (1989)]. Two basic coating
techniques have been developed throughout the
years: chemical vapor deposition (CVD) and phys-
ical vapor deposition (PVD). Our previous works
demonstrated the excellent protection provided
by CVD coatings for cemented tungsten carbide
exposed to particulate flow environment [Shanov,
Tabakoff and Metwally (1992), and Shanov,
Tabakoff and Hamed (1994)]. In this study, two
substrate materials, INCO 718 and stainless steel
410, both coated with CVD titanium carbide, were
investigated.

ANALYSIS

The equations governing the particle motion in the
turbomachinery flow field written in cylindrical
polar coordinates relative to a frame of reference
fixed with respect to the rotating blade are:

d2rp
dT2 F +rp\dr +co

d20p drp {dOprp
dT2 Fo 2-d--r \ dT q- co (2)

d2zp
dT2 =Vz, (3)
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where rp, 0p, Zp define the particle location in
cylindrical polar coordinates, and co is the blade
angular velocity. The centrifugal force and Coriolis
acceleration are represented by the last term on the
right hand side of equations (1) and (2). The first
term on the right hand side ofequations (1) through
(3) represents the force of interaction between the
two phases, per unit mass of particles.
Under the particulate flow conditions in turbo-

machines, the effects ofthe forces due to gravity and
interparticle interactions are negligible, compared
to those due to the aerodynamic and centrifugal
forces. The force of interaction between the two
phases is dominated by the drag due to the relative
velocity between the solid particles and the gas
flow. The force of interaction per unit mass of solid
particles is given by

4pp d

(4)

where V and Vp are the gas and particle velocities
relative to the blade, Vr, V0, Vz, represent the
relative gas velocity components in the radial, cir-
cumferential and axial directions, respectively, and
/9, pp are the gas and solid particle material den-
sities, d the particle diameter, and CD the particle
drag coefficient. This coefficient is dependent on the
Reynolds number, which is based on the relative
velocity between the particle and the gas. The empir-
ical relations used to fit the drag curve over a wide
range of Reynolds numbers were discussed by
Tabakoff and Hamed (1986).

and surface materials. The particle rebounding
conditions are determined from empirical correla-
tions based on the experimental measurements of
the particle impact and rebound velocities, V1 and

V2 correspondingly near the metal surface using
Laser Doppler Velocimetry. The LDV measure-
ments are obtained near the material samples set
at various angles relative to the particle laden flow
in a special tunnel described by Tabakoff [1992].
The restitution ratios were found to be mainly
dependent upon the impingement angle [Tabakoff
and Malak (1985)] for a given particle-material
combination.
The following empirical correlations were ob-

tained for mean value of fly ash particles restitution
parameters in terms of the impingement angle
[Tabakoff (19908)].

For MAR-M246 Alloy:

VT2
eT

VT1
.00 0.00832249/31 8.09523 10-5/32

1.78601.10-612, (5)

VN2
eN

VN1
1.00 0.00809841/31 0.00122611/32

+ 2.30864 10-5/3 1.2922 10-7/3 4
1,

(6)

where VT and VN are the tangential and the normal
velocity components, and/31 particle impingement
angles.

For Rhodium Platinum Aluminide Coating

Particle Trajectories

The particle trajectory calculations consist of the
numerical integration of the equations (1)-(3) in
the flow field, up to the point of blade, hub, or tip
impact. The magnitude and direction of particle
rebounding velocity after these impacts are depen-
dent on the impacting conditions and the particle

VT2
eT

VT1

VN2
eN

VN1

1.0 0.0217/31 + 4.0459 10-4/32

1.882 10-63,

1.0 0.03624/31 + 8.0027 10-4/12
5.5885,10-6/.

(7)
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The particle trajectory after each blade impact
and the particle distribution over the blade row are
influenced by the rebound correlations and the
local turbine blade geometry as reported by Hussein
and Tabakoff (1973). The blade airfoil, hub and
casing geometry must therefore be accurately repre-
sented in the trajectory analysis as it strongly
influences the predicted particle dynamics.

TABLE

MAR-M246 alloy Rhodium platinum alumi-
nide coating (RT22B)

C1 0.41861 0.02077
C2 0.02739 0.00012
N1 2.32 3.70
N2 0.60 1.5
N3 2.25 4.3
N4 2.94 3.73

Turbine Blade Passage Flow Fields

The large flow turning angles generally encoun-
tered in turbine blading produce large pitchwise as
well as radial and axial flow field variations. The
description of the 3-D flow field in the blade
passage is required for accurate prediction of the
particle trajectories. In the present study, the flow
field in a blade passage is synthesized from a
number of blade-to-blade stream surface solutions
using Katsanis’ code [Katsanis (1965) and (1977)].

Blade Erosion Model

The erosion model consists of a semi-empirical
equation [Tabakoff (1984)] in which the values of
the constants are determined from the experimen-
tal measurements.

(VlN1

C1 l--/ sinN2/31 COSN3/1 [1 e:]

-]- C2 ,l--J sin2 fll [1 e]. (9)

In the above equation, the erosion mass parameter,, represents the ratio of the eroded mass of target
material to the mass of impinging particles; V1 and
/31 represent the impact velocity (m/s) and impact
angle (degree) respectively, and eT and eN are the
tangential and normal restitution ratios given by
equations (5) and (6) for M246 and by equations
(7) and (8) for RT22B.
The values of constants C1, C2 and the

exponents N1, N2, N3 and N4 are given in the
following table for fly ash particles impacting
samples of the blade materials under investigation
[Tabakoff et al. (1990b)].
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FIGURE Erosion rate variation with the impingent angles
at V1 366m/s and T=815C.

Figure gives a graphic presentation of the
erosion characteristics of the blade material and
coating under investigation. According to the
experimental data, the coating reduces the erosion
rate by an order of magnitude. Both curves exhibit

typical ductile material erosion behavior, with
maximum erosion rate of 35-50 for MAR-M246
and 30 for RT22B. The computation of blade
erosion combines the model for the mass erosion
parameter (9) with the results of the particle
trajectory calculations. The latter provides the
impact velocities, impingement angles and impact
locations for a large number of particle trajectories.

CALCULATION PROCEDURE

Two separate computer codes are used, one for
calculating particle trajectories in the blade pas-
sages and another for predicting the blade erosion.
The output of the particle trajectory code consists
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of three files. The first file provides the input for
particle trajectory plots. The second file contains
all particle exit conditions from a given blade row.
It is used as input to provide the initial conditions
for the particle trajectories in the following blade
row. The data are first adapted to a new frame of
reference, which is fixed in each blade row. The third
file contains all computed particle impact data,
including the impact locations, the impact velocity,
and impingement angle relative to the blade surface.
The code for blade surface erosion computations

uses as input the third particle trajectory output file
containing the blade impact data. The appropriate
empirical equations for the blade material erosion
and the blade surface geometry are also needed in
the blade erosion simulations. The output from this
program includes the blade erosion pattern, as well
as the distribution of the impact velocity, impinge-
ment angles, and the frequency of particle blade
surface impacts, over the blade pressure and suction
surfaces.

RESULTS AND DISCUSSION

The particle trajectory and blade erosion analysis
were carried out through an industrial axial flow
turbine. The blade impact data from the trajec-
tories of 5,000 ingested 15 gm particles were used to
obtain the erosion results. The trajectories were
simulated in the gas turbine of standard inlet air
equivalent conditions at 10,000rpm and 50kg/s
weight flow. At the turbine inlet the particles were
assumed to enter axially at the same velocity as the
gas, and they were distributed in proportion to the
mass flux, using random number generators.

Typical particle trajectories for MAR-M246
blade material and blade erosion patterns are
presented for the same blade material with and
without RT22B (rhodium platinum aluminide)
coating. In addition, the particle blade impact data
that influence erosion, including the impact fre-
quency, impact velocity, and impingement angle
distribution over the blade, are presented to gain
insight into the blade erosion phenomena.

Particle Trajectories

The particle trajectories were computed for both
coated and uncoated blades, but no significant
differences were observed between the two cases.

Particle Impact Locations

The particle impact locations on the blade suction
and pressure surfaces are shown in Figs. 2 and 3,
respectively. Comparing the two figures, one can
see that in general the stationary blade pressure
surfaces are subjected to many more impacts than
the suction surfaces. Figure 2 shows that in the guide
vane, the blade pressure surface impacts increase
toward the trailing edge with no radial variation in
the impact pattern. The stator blade impacts are
more evenly distributed over the pressure surface
with the exception of a reduced impact zone near
the leading edge. The stationary blades suction
impacts are seen to be mostly restricted to the zone
near the leading edge (Fig. 3) with most of the
blade suction surface not subject to any particle
impacts. The rotor blade suction surface is sub-
jected to more impacts near the tip because of the

STATOR ROTOR

TIP

FIGURE 2 Particle impact location for stator and rotor on
the blade pressure surface.
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FIGURE 3 Particle impact locations on the blade suction
surface.

negative incidence angle of the particles at the rotor
inlet (Fig. 3).

Blade Erosion

The blade erosion prediction is based on the
particle computed impact data as determined from
the particle trajectory calculations, and erosion
model [Eq. (9)]. The blade mass erosion rate (mgm/
gm/m2) is defined as the blade mass removal per
unit area of the blade surface per unit mass of
ingested particles. Since the stationary blade suc-
tion surfaces are subjected to fewer impacts, their
erosion is insignificant. Thus, the erosion predic-
tion results are presented only for pressure surfaces
of the fixed blades.

Figure 4 shows the distributions of the predicted
stator and rotor pressure surfaces impact fre-
quency, impact velocity and impact angles. The
surface impact frequency is defined as the number
of particle impacts per unit area of the blade
surface per unit mass ingested particles (gin/cruZ).
The impact velocities and impingement angles are
expressed in (m/s) and (degree). The parameters for
stator from hub to tip are not changing too much,
but for rotor they are. Figures 5 and 6 show the

stator and rotor blade pressure surfaces erosion for
uncoated and coated blades. From Figs. 5 and 6, it
is evident that coatings reduce the magnitude of the
stator and rotor blade pressure side erosion.
The estimated stator and blade overall erosion

characteristics (15 gm fly ash) for M246 alloy and
rhodium platinum aluminide coating (RT22B) are
shown in Tables II and III.

Impact Angle Effect on the Erosion Rate for
TiC Coatings

An experimental study was conducted to investi-
gate the behavior of coated metal substrates
exposed to erosion by chromite particles. Chemical
vapor deposition technique (CVD) was used to
apply titanium carbide (TIC) on nickel based alloy
INCO 718 and stainless steel 410. Another group
of specimens made of the same substrate materials
was subjected to surface treatment by nitriding in
glow discharge plasma (ion nitriding). The erosive
wear of the samples was investigated experimen-
tally by exposing them to particle laden flow at
velocities from 180 to 305 ms-1, temperatures from
ambient to 538C and impingement angles from 20
through 90 degrees in a specially designed erosion
wind tunnel. The erosion results show the effect of
the velocity, temperature and the impingement
angle on the erosion rate.
The effect of the impingement angle on the

erosion rate of the tested CVD coatings is pre-
sented in Figs. 7 and 8. Inspection of Fig. 7 shows
that the TiC coating erosion rate increases with the
impingement angle and reaches a maximum at 90
for both metal substrates. The TiC coating reveals
better protection on stainless steel 410 substrate
than on INCO 718 substrate when it was impacted
by particle mass of 20 g chromite powder. Inspec-
tion of the eroded surfaces, shows that the coating
does not have any cracks and plastic deformations.
This behavior, we believe, is related to the fine

grained structure of the coating and its good
adhesion to the substrate. TiC coating provides
excellent erosion protection to INCO 718 and
stainless steel 410.
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FIGURE 4 Rotor pressure surface impact frequencies, impact velocities, and impact angles.
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FIGURE 5 Rotor suction surface erosion rate (mg/g/cm2)
for M246 and RT22B coating.

FIGURE 6 Rotor pressure surface erosion rate (mg/gm/
cm2) for M246 and RT22B coatings.

TABLE II

Materials M246 alloy RT22B coating

Pressure side Total erosion (mgm/gm) 1.55 10-3 1.015 10-4

Total impact (imp/gm) 8.10 105
Surface area (cm2) 156.16

Suction side Total erosion (mgm/gm) 8.09 10-6 6.34 10-8

Total impact (imp/gm) 1.75 104
Surface area (cm2) 253.18

TABLE III

Materials M246 alloy RT22B coating

Pressure side Total erosion (mgm/gm) 8.64 10-4 3.99 10-5

Total impact (imp/gm) 8.19 105
Surface area (cm2) 143.19

Suction side Total erosion (mgm/gm) 1.62 10-5 1.86 l0-7

Total impact (imp/gm) 1.25 105
Surface area (cm2) 389.73
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angle. These patterns indicate the ductile nature of
the surface nitrided layers. Similar behavior
showed uncoated INCO 718 and stainless steel
410 exposed to particulate flow environment. The
ion nitrided specimens did not reveal any improved
erosion resistance compared to the uncoated metal
substrates, although the increased surface hardness
by the nitriding process. It seems that the glow
discharge plasma has affected the substrate in a

negative way. Similar to the ion implantation
process, the forced diffusion into the substrate
could create structure defect layers. A detailed
study is required which should involve surface
healing after the ion nitriding by a proper thermal
treatment.

FIGURE 7 Titanium carbide coating erosion rate vs. impinge-
ment angle. CONCLUSIONS

7.00
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.E 5.00

.,.
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FIGURE 8 Erosion rate variation of ion nitrided metal sub-
strates with impingement angle.

Variation of the erosion rate with the impact
angle for the ion nitrided substrates used in this
study is shown in Fig. 8. The erosion rates for both
specimens pass through a maximum at 30 impact

The presented results provide a detailed description
of particle trajectories and blade surface erosion
pattern through an expander turbine for both
coated and uncoated blades. The results of particle
trajectory computations show no significant varia-
tion in the computed three-dimensional trajectories
for coated and uncoated blades, which indicates
the insignificant effect of coating on the particle
dynamics through the turbine blade rows. The
blade surface erosion results show that the rotor

represents the most critical blade row erosion. In
the stator blade, the maximum erosion is at the
trailing edge near the hub. The maximum erosion
at the outmost radial locations and the erosion
pattern is quite similar to the impact frequency
distribution over the blade surfaces. The coating
has a very strong effect on the erosion levels. The
maximum erosion rates for the coated blade rows

are, at least, one order of magnitude less than the
uncoated ones, since the coated blade life will be
one order of magnitude longer. In addition, this
study demonstrated that the CVD titanium carbide
coating provides excellent erosion protection for
INCO 718 and stainless steel 410 when subjected
to impact by chromite particles at elevated
temperatures.
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NOMENCLATURE

CD

r
V
V1
Vp
z

/1

0

Pp

particle drag coefficient
particle diameter
restitution ratio
force of interaction between the gas and the
particle

radial distance from the turbomachine axis
gas relative velocity
impacting particle velocity
particle relative velocity
axial coordinate
impacting angle
erosion rate
angular coordinate
gas density
particle density
rotor speed (radians/s)
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