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NOMENCLATURE

A Elemental area
a,c Constant

cll‘022'CO Empirical constant

Dp Particle tangential displacement
ey Normal restitution ratio

er Tangential restitution ratio

ey Total velocity restitution ratio
eg Directional restitution ratio

Crater depth

Mp Mass of a particle

P Hydrostatic pressure

q Artificial viscosity

S Deviatoric stress

t Time

V,v Particle velocity

Yy ‘ Normal velocity component

VT Tangential velocity component
Vol Crater volume

v Volume

X,y Cartesian coordinates

Y, Yield strength

YRT Yield strength at room temperature
B Angle

6 Rotation correction factor

= Total stress

€ Strain or erosion rate

[TDY Lame constant

p Density

T Shear stress
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Subscript
T
N
1
2
t
0

XX, Yy
Superscript

Tangential
Normal
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Static condition

x and y direction

Time derivative
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ABSTRACT

In this research an investigation was conducted to study the ash
particle rebound characteristics and the associated erosion behavior of
alloys and coatings which are widely used in gas and steam turbines. A
three-component LDV system was used to measure the restitution parameters of
15 micron mean diameter coal ash particles impacting superalloys and
coatings at different angles. The presented results show the variation of
the particle restitution ratios with the impingement angle for the coated
and uncoated surfaces. The experimental results were used to develop
correlations for the restitution parameters for coated and uncoated
superalloys. In addition, a theoretical model based on elastic-plastic
theory has been developed to simulate single solid particle impacts on solid
targets. The theoretical results are presented for a hard tool steel
particle impacting a mild steel target. The results show the variation of
rebound velocity, rebound angle and particle kinetic energy loss with impact
velocity for oblique and normal impacts. The erosion behaviors of many
alloys and protective coatings have also been investigated experimentally at
high temperatures using a specially designed erosion tunnel. The erosion
results show the effect of velocity, temperature and the impact angle on the
erosion rate (weight loss per unit weight of particles). Erosion models
were developed for these materials based on the experimental erosion data
and correlations of the restitution parameters. The developed rebound and
erosion models have been used to predict particle trajectories and blade
erosion in a two stage turbine operating in particulated environments. The
predicted results show the three dimensional particle trajectories through
the turbine blade passages and the spacial distributions of the blade

erosion over the pressure surfaces of the turbine blades.




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 process of heavy oils,
synthetic fuels and pulverized coal. In commercial and military aircrafts
and naval installations, some of the mechanisms that cause solid particle
ingestion are vortex generated during landing and takeoff, sand storms,
volcanic ashes and thrust reverser efflux at low speed blows sand, ice and
dust into the engines. In steam turbines, the solid particles are
principally boiler scales, mainly iron oxide, that breaks off and becomes
en:.rained in the steam. Filters and separators can remove a large
percentage of the solid particles, but significant amounts of small
particles still pass through and enter the engines.

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 increase of pressure loss and change of
the blade geometry. Continued operation under particulate flow conditions
adversely 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
compositions, physical, thermal and mechanical history and microstructure,
Several nickel and cobalt base alloys were 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
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 mose widely used coatings
are diffusion coatings, overlay coatings, plasma sprayed coatings and ion
implantation coatings. Chromium, platinum, iadium and silicon additions
have been used in order to improve erosion-corrosion resistance of the

coatings.



Although physical, chemical and mechanical properties of turbine alloys
and coatings are documented satisfactorily, there is not enough data about
their rebound and erosion behavior, especially at high temperature.
Therefore, an experimental investigation has been conducted to study coal
ash particle rebound characteristics and associated erosion behavior of many
alloys and coatings subjected to particulate flows at high temperature. A
3-D LDV system was used to measure the restitution parameters of coal ash
particles impacting alloys and coating at different angles. The
experimental results were used to develop correlations for the restitution
parameters for coated and uncoated alloy surfaces. These corelations can be
used to mocel particle-surface interaction in theoretical studies. A
theoreticallmode] of single solid particle impact on a target of ductile
material has been developed. The model is based on the elastic-plastic
theory and Rankine-Hugonior relation. The predicted results are presented
for 9.5 mm diameter hard steel particle impacting a target of mild steel at
different impact angles. The erosion behaviors of alloys and protective
coatings have been investigated experimentally at high temperature using a
specially designed erosion tunnel. The erosion results show the effect of
the main erosion parameter, 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.
The developed rebound and erosion models have been used to predict particle
trajectories and blade erosion in a two stage gas turbine for 15 micron

weight average coal ash particles,



EXPERIMENTAL SET-UP

The experimental set-up consists of the following: a) the erosion wind

tunnel, and b) solid particles rebound facility.

Erosion Wind Tunnel

The high temperature erosion test facility was designed to provide
erosion and rebound data in the range of operating temperatures experienced
in compressors and turbines. In addition to the high temperatures, the
facility properly simulates the erosion parameters which were determined to
be important from aerodynamic's point of view. These parameters include
particle velocity, angle of impact, particle size, particle concentration,
and sample size, Close attention was given to the aerodynamic effects to
insure that important parameters, such as the angle of impact, are not
masked or altered.

A schematic of the erosion test facility is shown in Fig. 1. It
consists of the following components: particle feeder (A), main air supply
pipe (B), combustor (C), partic'e preheater (D), particle injector (E),
acceleration tunnel (F), test section (G), and exhaust tank (H).

The equipment functions as follows, A measured amount of abrasive grit
of a given mixture of constituents is placed into the particle feeder (A).
The particles are fed into a secondary air source and blown up to the
particle preheater (D), and then to the injector (E), where they mix with
the main air supply (B), which is heated by the combustor (C). The
particles are then accelerated by the high-velocity air in a constant-area
steam-cooled duct (F) and impact the specimen in the test section (G). The
particulate flow is then mixed with the coolant and dumped in the exhaust
tank, Figure 1 shows that the tunnel geometry is uninterrupted from the
acceleration tunnel into the test section. In this manner the particle
laden flow is channeled over the specimen and the aerodynamics of the fluid
passing over the sample are preserved.

A detailed description of the wind tunnel and the particle feeder is
given in Ref. [1].



Solid Particles Rebound Faciljity

The rebound facility consists of three main components: (i) rebound
wind tunnel, (ii) Laser Doppler Velocimeter (LDV) system and (iii) data

acquisition system.

Rebound Wind Tunnel:

The rebound wind tunnel is schematically shown in Fig. 2. The tunnel's
main components are: particle feeder (A), main air supply (B), particle
injector (C), acceleration tunnel (D), test section (D), exhaust filter (F),
and cyclone (G). Tunnel aerodynamic design and functioning are similar to
those of the erosion wind tunnel. This facility is capable to provide
rebound data in the range of operating velocities experienced in gas
turbines at room temperature. The test section has a transparent window

through which the LDV measurements have been taken.

LDV_System:

The LDV system used in the measurements of the particle restitution
characteristics is shown schematically in Fig. 3 and described in detail in
references [2] and [3]. It consists of a laser tube, optics, frequency
shifters and the photo-multipliers. The light source is a five Watt argon-
ion Spectra Physics, model 164-09 laser tube. The laser beam leaving the
tube is separated in the dispersion prism into components with different
wavelengths. Three beams with the highest intensities are used to measure
the three velocity components. The two beams with green (0.5145 um) and
blue (0.488 um) colors are sent through an optical train in the axial
direction. The third beam with purple color (0.4765 um) passes through a
second optical train whose transmitting optics are inclined at 30 degrees
from the axial direction. Each beam is polarized through a polarization
rotator and split into two equal intensity components in the beam splitter.
After passing through the focusing lenses, the two beams of each color cross
and produce a set of fringes. Six beams cross at one common measuring
volume producing three sets of fringes, one for each color. TSI model 9189
beam expanders were used to increase the spatial resolution, improve the
single-to-noise ratio, and reduce the measurement volume diameter 3.75

times. Two separate beam collimaters, one on the blue-green optical train



and the other on the purple optical train, were installed before the beam
splitters for precise control of the probe volume characteristics. In
particular, it was possible to ensure that the focused beams intersected at
their beam waists to avoid frequency broadening effects and maximize signal
quality. The scattered light from the particles in the measuring volume is
collected in the off-axis backward scatter mode. Frequency shifters were
used on all the three beams to sense the flow direction and reduce fringe
bias errors. The analog data from the photomultipliers in the receiving
optics mixed with the signals from frequency shifters are transferred to
three separate signal processors. The characteristics of the LDV system
used are compiled in Table 1.

Data Acquisition System:
The data acquisition system consists of three signal processors, an

external circuit and a personal computer with the associated hardware and
software. While the data acquisition is software driven, the data timing is
controlled by an external circuit. The LDV signals coming from the photo-
multipliers are processed in the three TSI 1990 counter type signal
processors. The processed data are collected by an IBM PC/AT compatible
computer for further calculations and data storage. The control of the data
transfer and the synchronization of data coming from the three different
channels are performed by the external circuit.

The logic for the data acquisition system is as follows: The frequency
of the internal oscillator clock in the CTM-05 counter-timer is specified
initially through the interactive software. This clock generates a square
wave at the selected frequency and the period of the wave determines the
coincidence window for the data coming from the processors connected to the
three LDV channels. During the data collection, the external circuit is
activated in order to detect the arrival of data ready signals. Whenever
the external circuit receives a data ready pulse, it sends a data inhibit
signal to the associated processor, preventing it from acquiring new data.
When all the three data ready signals arrive within the specified
coincidence limit, the circuit holds the data at the output buffers of the
processors, and instructs the computer to transfer them into a file through

the digital input port. The external circuit is then reset through the



digital output port of CTM-05, the processors are reactivated and the

procedure is repeated until a specified number of samples is collected.
TEST CONDITIONS AND TESTED MATERIALS

It is well known that particle velocity, particle impingement angle,
particle characteristics and material sample temperature strongly influence
the erosion rate. These parameters were varied in the present test program
for the different tested materials listed in Tables 2 and 3. The properties
of the superalloys can be found in Refs. [4] and [5]. The particle velocity
was controlled by varying the tunnel air flow. The particle impingement
angle was set by rotating the sample relative to the flow stream direction.
The sample temperature was varied by heating the flow stream which heats the
sample to the desired temperature. The experimental measurements were
obtained for particle velocities ranging between 600 and 1200 ft/sec at
temperatures ranging from ambient to 1500°F. Flat rectangular specimens
were used in the tests. The erosion test specimens were 0.5 inch wide,

1l inch long and 0.25 inch thick, while the rebound test specimens were 0.25
inch wide. Test data were accumulated by setting the particle impingement
angle at 15, 30, 45, 60 and 90 degrees for each of the different test

temperatures and particle velocities.
RESTITUTION RATIO TEST RESULTS

The rebound dynamics of particles can be described in a statistical
sense only. This becomes obvious when one examines the number of geometric
situations that might occur at impact. After an incubation period, the
target material will become pitted with craters, and in fact after a
slightly longer period, a regular ripple pattern will form on the eroded
surfaces. Thus, the local impact angle between the small particles and the
eroded surface may deviate considerably from the geometric average. Also,
the individual impact angle and velocity of a particle depend on its
size. Furthermore, the particles themselves are irregular in shape, some
with sharp corners. As the particle approaches the specimen, the
orientation of the particle is, for the most part, random. Thus, some

particles will impact on a flat surface and do very little work on the



target material. Others will impact with a corner oriented in a manner
similar to that of a cutting tool and will remove material from the surface.

The restitution coefficient or restitution ratio is a measure of the
kinetic energy exchange upon impact of two objects. Since the erosion is
dependent on the erodent particle kinetic energy loss upon impacting the
target, the restitution ratio will give a good indication of the type of the
particle-material interaction. An erosive impact occurs when the
contaminant particle is much harder than the target material. Therefore,
the restitution ratio will be a measure of the distortion of the target
material rather than distortion of the erosive particle.

Grant and Tabakoff [6] investigated thoroughly the rebound
characteristics of high speed eroding particles. It was concluded that the
restitution ratio V2/Vl, which is directly related to the particle kinetic

energy loss during an impact, does not give sufficient information in regard
to erosion. Therefore, the restitution ratio was broken down into a normal

velocity restitution ratio VNZ/VNl (the normal component of the particle

velocity after impact divided by the normal component of the particle

velocity before impact), and a tangential velocity restitution ratio VT2/VTl

(the tangential component of the particle velocity after impact divided by
the tangential component of the particle velocity before impact) as shown in
Fig. 4. The previous measurements at various incidence angles, temperature
and flow velocities indicate that these r.itios are mainly dependent upon the
impingement angle for a given particle material combination [6].

In this investigation, the fly ash particle rebound conditions are
measured using laser doppler velocimetry for particle laden flows over some
of the sample materials listed in Tables 2 and 3. Figure 5 shows the fly
ash particle size distribution, while Table 4 lists its chemical
composition, The experimental results are presented in the form of

tangential (VTZ/VTl)' normal (V total velocity (V2/V1) and the

N2/ VN1)

directional (ﬁZ/ﬁl) restitution ratios. Due to variations of the particle

size and shape irregularities, the individual particle restitution ratios
vary over a wide range. These variations are depicted in the restitution
ratio histograms shown in Figs. 6 through 9. In these figures, the vertical
axis répresents the number of times that the restitution ratio was found to

be between the limits designated by the scale at the horizontal axis. So



that the average of the measured impact velocities and angles have been used
in restitution parameter calculations. The average of the particle impact
velocities for the present investigation was 320 fps in all the particle
restituion experiments.

Figures 10 through 13 present the results for M246 alloy with and
without coatings, while Figures 14 through 17 present similar results for
X40 alloy with and without coatings. Although the restitution ratios of
M246 and X40 alloys had been reported in the last year, it has been
rereported for completeness. The figures present the variation of the
restitution ratios with the impact angle up to 90° range. The restitution
ratios were assumed unity at 0° angle. The symbols in the Figures 10
through 17 represent the mean values of the experimentally measured
restitution parameter at each impact angle. To facilitate the use of these
experimental data in particle trajectory and erosion computations, empirical
equations were obtained using a least square polynomial curve fit of the
measured mean values of the restitution parameters. The curves in Figures
10 through 17 represent the polynomial curve fits and may be expressed by
the following equations:

RT22
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THEORETICAL MODEL OF SOLID PARTICLE IMPACT
ON A TARGET OF DUCTILE MATERIAL

Introduction

The problem of describing solid particle impacts which cause erosion is
very complex one and has not yet been solved completely. Theoretical codes
based on the numerical solutions of the particle dynamic equation have been
proposed. They have been used in analyzing rebound characteristics of
materials which can be considered to behave in a ductile manner, Hutchings et
al. [7] developed a computer model of oblique impact of a rigid sphere against
rigid-plastic solid. They used it to predict the variation of rebound velocity
and rebound angle with both impact angle and impact velocity for 9.5 mm
diameter hard steel sphere impacting a mild steel target. The model
underestimated the angle of rebound and failed to predict rebound velocity at
normal impact. Sriram and Kosel [8] extended Hutchings et al. [9] model to
include the elastic energy stored in the target, and the rotational energy of
the particle. The model also employed a flow stress rathzr than friction
force. The model overestimated the rebound velocity for high impact angles and
predict a weak relationship between rebound angle and velocity. The numerical
solution main difficulties occur because of the unknown conditions of the
materials during impact which necessitates that some assumptions must be made.
A completely different approach has been employed in the present investigation
to analyze solid particle impact on a ductile material target.

Theoretical Formulation

A theoretical model of a single solid particle impact on the target of
ductile materials has been developed based on the elastic-plastic theory and
Rankine-Hugoniot relation for pressure correlations in the plastic region. The
effect of strain rate on the strength of material is also included in this
model. It has been assumed that the impacted target and particle behave like
time varied elastic-plastic bodies under the influence of strain rate. Due to
the ductility of the investigated materials, the fracture mechanism is not
included in this model. The constitutive equations and the equations of motion

are solved independently. Lagrangian formulations of conservation of mass,
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momentum and energy have been employed to provide the geometrical distortions
of target and particle. The yield condition, which depends on the strain rate

and strain energy, is used to define the interface of elastic and plastic flows
in the materials.

The Governing Equations:

The governing equations written in two dimensional Cartesian coordinates

are:
Equation of Motion:
. 4z ar
, 8% Zxx | Txy (33)
t at ax - dy !
. az or
8y _ ¥y | XY
Pr 8t T ay T ax (34)
where
XX - SXX “ (P+Q) )
S =38 - (P + 35
yy = Syy - B @) (32)

‘ﬂontinuitx Equation

vo_ ax 8y
v ax ‘ dy (36)
- 6+ €

XX yy

° n_a_i ] -ﬂ.
‘xx T 8x ! yy Oy (37)

14



Energy Equation
Txy Exy) (38)

.

E=-(P+q) V+V (Sxx €x + Syy eyy +

, 1s defined as:

where velocity strain, ;x
(39)

;o .0y, ex
€xy ax * dy

Equaticus of State:
(40)

Sip = 2w (egy -

<l<e

)+aii'
(41)

W

7 - u(éxy) + 6xy

Xy
where subscript ii represent the subscripts xx, yy or zz.

Hydrostatic Pressure: o
In the elastic limit, hydrostatic pressure has been expressed as follows:

(42)

P=-(A+u) InV,

where A and g are Lame constants.

Beyond the elastic limit, empirical Hugoniot formulation is used:
2 3
P=a(n-1) +b(np - 1" +c(n -1 (43)

where n = 12 ,
v o
a, b and c are constants.
Artificial Viscosity:
In the above equations the artificial viscosity "q" has been expressed as
follows: ‘
(44)

<>

2 V.2
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where C, = 2

0

Von Mises Yield Condition:

2 2 2
Sl + S, + S5 - 3 YO <0 (45)

where YO is the yield strength.

For consistency with simple tension tests, when tension occurs in the material,

the pressure is cut off at:
1 ‘ ‘
P = - R (46)

The expression for deviatoric stresses are modified to include small correction

terms "6" for body rotation.

A semi-empirical formulation [10, 11] of yield strength for steel is used

in the numerical calculations.

The Numerical Method

A numerical scheme has been developed using the finite volume technique
with arbitrary mesh configuration. This scheme is consistent, second order
accurate in time and first order accurate in space. For a better unsteady
resolution, the two step explicit MacCormack algorithm is applied to the

governing equations,

Predictor:
™t R L ac A® (47)
1,] 1,]
Corrector:
n+l n . N+1 n
Ui,j Ui,j - At (A + AY) (48)
n+l | n+l . .
A is calculated from Ux* , where U can be replaced by x or y. The operator

A is derived from the finite volume integration around a quadrilateral or

triangular mesh.
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Results and Discussion

The numerical solution has been obtained for 9.5 mm diameter hard tocl
steel cylindrical particle impacting 5 cm wide x 3 cm thickness mild steel
target. The mesh used in the numerical simulation consists of a 151x31 target
grid and a 39x8 particle grid. Besides the stress and strain distributions
through both the target and particle, the numerical solution provides particle
rebound velocity, particle rebound angle and particle kinetic erergy loss for a
wide range of particle impact angles and velocities. Figures 18 through 20
present the variation of rebound velocity, rebound angle and particle kinetic
energy loss with the impact velocity for impact angle ranging from 20° to 90°.
Inspection of Figs. 18 and 20 shows that the predicted particle rebound
velocity and kinetic energy loss satisfactorily agree with the experimental
data obtained by Hutchings et al. [9]. Similar satisfactory results can be
observed in Fig. 19 for impact angle up to 45°. The present results have shown
that the newly developed theory incorporated in the particle impact code can
predict the rebound characteristics for both normal and oblique impacts. With
more accurate empirical model for strain rate, strain hardening and adiabatic

shear band the prediction wiil be much better.
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EROSION TEST RESULTS

The erosion tests were conducted to obtain the erosion rate for alloys and
coatings listed in Tables 2 and 3. The erosion rate is defined as the ratio
between the change in the sample mass and the mass of the impacting particles.
In each test, the specimen was impacted by a pre-weighed dose of particles.
After each particle dose had impacted the sample, its surface was cleaned, the
specimen was weighed, and the change in specimen weight was recorded. The

erosion rate was determined from the relation:

. change in mass of sample
erosion rate = : - (49)
mass of impacting particles

The experimental results show the effect of the main erosion parameters,
namely, impact velocity, impact angle and sample temperature on the material
erosion rate. The erosion test results had been presented in the previous
final report for IN-738, FSX-414, M246 and X40 alloys and C, N, RT22, RT22B,
RT44, RT44B and chromium carbide coatings. These superalloys and coatings are
widely used in gas turbine components. In the present investigation, the
erosion behavior of coatings and alloys intended for steam turbine component
have been studied. The experimental data for 410 stainless steel and LCl-1B,
LC-1H, SDG-2207 and plasma spray coatings have been presented in this final
report. Since the solid particles in steam turbines are mainly boiler scales,
chromite particles have been used in the present investigation. The chromite
particle chemical analysis is listed in Table 5, while figure 21 shows its size

distribution.

Impingement Angle Effect on the Erosion Rate

It is well known that erosion rate is a function of particle impingement
angale. For a ductile material, erosion rate increases from zero at 0°
particle impact angle to a maximum as impact angle is increased. After
reaching a maximum, the erosion rate decreases to a minimum value at 90°. On
the other hand, erosion rate of a brittle material increases from zero at 0°

impact angle to a maximum value at 90°.
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410 Stainless Steel:

AISI Type 410 is a hardenable 12% chromium stainless steel. It offers a
wide rénge of mechanical properties and has good resistance to corrosion and
oxidation. Among its many applications are steam turbine components.
Therefore, it has been included in the test program.

The variation of 410 stainless steel erosion rate with impingement angle
is shown in ng. 22 for two velocities. The figure indicates that 410
stainless steel has ductile erosion behavior with maximum erosion rate at 25°
impact angle. This figure, also, illustrates qualitatively the strong effect

of particle impact velocity on the erosion rate.

LC-1B Coating:

It is a detonation gun coating céntaining about 65% chromium carbide, the
balance being 80 Ni/20 Cr alloy (nichrome). The nichrome powder size was 44y
fraction. It has developed for steam turbine components. The impingement
angle effect on the erosion rate of LC-1B coating exhibits a brittle erosion
pattern with maximum erosion rate at 90° as shown in Fig. 23. 1Initially the
erosion rate increases rapidly with impingement angle increase reaching maximum
in the 30°-45° range of impingement angle after which it remains approximately

congtant.

LC-1H Coating:
LC-1H is a detonation gun coating containing 80% chromium carbide, of

Cr7C3 composition, and 20% nichrome. The nichrome powder used for LC-1H is of

finer size than the powder used for LC-1B, being a 20y fraction. This coating
was developed for steam turbines. Figure 24 presents the variation of LC-1H
erosion rate with impingement angle. The erosion rate reaches the maximum
value at 90° which indicates the brittle nature of LC-1H coating. Inspection
of Figs. 23 and 24 reveals that LC-1H coati'.g has better erosion resistance
than LC-1B coating at both test velocities. The superiority of LC-1lH over
LC-1B, which employs powders mixed in the same ratio, is attributed to the
finer particle size powders (20u) used for LC-lH. In the range of 45°-90°
impingement angle, LC-1H shows small increase in the erosion rate with

increasing impingement angle.
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Plasma Spray Coating:
It is a plasma deposit of 85% Cr3C2 and 15% FeCrAlY powder. This coating

was given a 72 hours exposure at 1022°F before testing. The erosion test
results show continuous increase of plasma coating erosion rate with increasing
impingement angle as shown in Fig. 25. The figure indicates that the erosion
rate curves follow the familiar form of brittle erosion with maximum at 90°.

The velocity effect on the erosion rate can be clearly observed in Fig. 25.

SDG-2207 Coating:
SDG-2207 is a super D-Gun coating made from a powder mix containing 89%

Cr3C2 and 11% inconel 718 powder. The influence of the impingement angle on

the erosion rate of SDG-2207 coating is presented in Fig. 26 for 750 and 1000
fps particle impact velocity. The figure illustrates that the coating exhibits
brittle erosion pattern with maximum erosion at 90°. The erosion rate shows

small variation with impingement angle in 45°-90° range.

Comparison Between 410 Stainless Steel and Coatings Erosion Rates

Figures 27 and 28 present erosion rates for 410 stainless steel, LC-1B,
LC-1H, SDG-2207 and plasma coatings at oblique (30°) and normal (90°) impact
angles for 750 and 1000 fps impact velocities. At small impact angle (£30°),
the tested coatings showed better erosion resistance than 410 stainless steel.
Therefore, at small impact angles, these coatings provide good erosion
resistance and prolong the life of the steam turbine components, significantly.
SDG-2207 coating, whose erosion rate is one half the erosion rate of 410
stainless steel, offers the best erosion resistance at 30° impact angle and 750
fps impact velocity as shown in Fig. 27. However at impact velocity of 1000
fps, LC-1H coatings exhibits the lowest erosion rates (40% less than 410
stainless steel erosion rate) compared to the other coatings.

At large impact angles (>35°),a the coatings erosion rates were much
higher than stainless steel erosion rate due to the coating brittleness.

Figure 28 indicates that the 410 stainless steel erosion rate is less than one

third the erosion rate of the best coating (SDG-2207) at 90°.
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Velocity Effect on Erosion Rates

The influence of particle impact velocity on 410 stainless steel and
coatings are shown in Figs. 29 through 33 for different impact angles at sample
temperature of 1022°F. In these figures, the solid lines represent power law
curve fit of the experimental data at each angle. The velocity exponent, n,
obtained by curve fitting is listed in the figures for each impingement angle.
For 410 stainless steel the velocity exponent varies from 1.55 to 2.25 (Fig.
29). Figure 30 shows that LC-1B erosion rate is proportional to particle
impact velocity to power ranging from 3.53 to 2.19. Velocity exponent obtained
for LC-1H coating is in the vicinity of 2 (Fig. 31). While plasma spray
coating shows vleocity exponent less than 2 (n = 1.32 - 1.87). Figure 33
reveals that SDG-2207 coating has a velocity exponent about 2.5. The different
values of velocity exponent for different coatings for the same test conditions
indicate the material properties effect on the erosion behavior. The variation
of the exponent, n, for each coating reveals that n is dependent on the impact
angle. The strong effect of the velocity on the material erosion rate is

manifested by the high value of the velocity exponent.

Temperature Effect on the Erosion Rate:

To study the temperature effect on erosion rates, the investigated
materials have been tested at ambient, 500°F and 1022°F sample temperature for
partiacle velocity of 750 fps and maximum erosion angles (90° for coatings and
30° for 410 stainless steel). The experimental results are presented in Fig.
34. This figure shows that the temperature has similar effect on the tested
coatings. The coating erosion rates continuously increase with increasing
temperature. 410 stainless steel shows weak temperature effect in the testing
temperature range. Increasing the temperature from 70°F to 1022°F, doubled the
erosion rate of SDG-2207 coating, and increases the erosion rate of the other

coatings by 20% as it can be observed in Fig. 34.
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DUCTILE EROSION RATE MODEL

For analyzing material erosion by éolid particles, the material behavior
has idealized as either "ductile" or "brittle" to enable solutions to be
developed. An ideally brittle material fractures after only plastic
deformation, while ideally ductile material undergoes very large plastics
strains before material removal. For ductile material erosion, further
simplifications have been made by assuming two erosion mechanisms: one at low
impingement angle and another at normal impact. At intermediate impingement
angle, a combination of the two mechanisms was proposed. Following this
approach, erosion models have been proposed for ductile erosion at oblique and

normal impact.

Erosion Model at Low Impingement Angle

Several mechanisms have been proposed for a ductile material erosion at
oblique impact. Cutting [12, 13), ploughing (14, 15) and platelet [16]
mechanisms are some of the described mechanisms. Generally in the erosion
process, the material removal depends on the crater volume formed by the
particle. The crater volume depends on the maximum particle penetration normal
to the surface and also on the particle displacement parallel to the surface.
Since the crater shape is not critical parameter in material erosion, its
geometry can be simplified. The simplified crater depth can be assumed
constant., Although the proposed and actual crater shapes are different, their
volumes are assumed equal.

The normal penetration is a plastic deformation which depends on the
normal force exerted by the particle upon impacting the target. This normal
force depends on the change of momentum between the particle and the surface in
the normal direction upon impact. The tangential displacement depends on the
energy required to remove (or deform) the target material tangentially. This
energy depends on the exchange of tangential kinetic energy between the
particle and target upon impact,

Considering a modified crater shape, the erosion process can be described
in two steps as depicted in Fig. 35. First the particle penetrates the surface
normally, then moves tangentially parallel to the undisturbed surface removing

target material.
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This simplified description of the erosion process is similar to the
machining where the tool is normally fed to a certain depth into the specimen,
then tangential removal of the material occurs by tool-specimen relative
movement.

Based on the above discussion, the crater depth ,h, depends on the force
exerted by the particle which is proportional to the particle momentum in the

normal direction; i.e.:

hox Mp Vg

(50)
where h: an average crater depth,

M,

D particle mass,

VNl: normal component of the particle impact velocity.

The tangential particle displacement depends on the energy required for
material removal which is proportional to kinetic energy exchange between the

particle and the target tangentially upon impact.

2 2
Dp & Mp (Vqpy - Vopp)
2
v
2 _TI2
« Mp Vpqp (1 - (Vz )] (51)
T1

where DT: an average particle displacement in the tangential direction,
VTl: tangential component of particle impact velocity,
VTZ: tangential component of particle rebound velocity.

Since, tangential restitution ratio, ET’ is defined as

R (52)

T VTl

Equation, (51) can be written in the following form:

2

T) (53)

2
DT « MP VTl (} - E
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The volume of the material removed, Vol., depends on the depth,
displacement, D

T i.e.

Vol « h x D

where Vol:
Vl:
By

Using Egs.

Vol « M_ V

(¢4

T
crater volume,

particle impact velocity,
particle impingement angle.

(50) and (53), equation (54) can be written as:

9 2
N1 X Mp Vo (1 - Ep)

2

p
M2 V3 sinB, cos®g, (1 - E2)
P 1 1 T

- W

Consequently, material weight loss can be expressed as follows:

AW = Pe Vol
2 3 2 2
- CO Mp V1 sinﬂL cos ﬂl (L - ET)
where CO : a constant depends on the target material,
AW @ material weight loss,
Pe material density.

Dividing Eq.

expressed as

where ¢

(56) by the particle mass, M, the erosion mass rate can be

P)
follows:

3 2 2
0 MP V1 sinﬂl cos ﬁl (1 - ET)

material erosion per unit mass of particles. Since the parti

mass can be assumed constant, equation (57) can be written as follows:

c

3 . 2
€ = C11 Vl Slnﬂl coszﬂ1 (1 - ET)
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where Cllz constant,
= Co Mp
The above expression of the material erosion rate indicates that the
velocity exponent is three. This value of the velocity exponent agree better
with the most velocity exponent values obtained experimentally. Equation (58)

is similar to the hypothetical erosion model proposed by Grant [6] with
different velocity exponents and f(B)= sinf.

Erosion Model at Normal Impact

Though much experimental information has been obtained on normal impact
erosion, the basic mechanism are not yet agreed upon. The mechanism of ductile
erosion at normal impact can not be described by machining or scratching or
ploughing mechanisms. Finnie [17] proposed hypothetically that ductile
erosion at normal impact can result from multiple impact, battering the surface
back and forth, produce fracture by low- cycle fatigue. The surface
deformation due to multiple’impact has been observed also by Levy [16].

The amount of material plastic deformation depends on the kinetic energy
exchange between the particle and the target at normal impact. So that it has
been assumed in this analysis that material erosion is proportional to change
of particle normal velocity kinetic energy. Therefore, the material erosion

has been proposed as follows:

2 2
BWgq = Cop Mp (Vygp = Vo)
2
v .
2 N2
= Cop Mp Vi (- 72 ) (59)
N1

where AWQO: material removal at normal impacts,

VNl . normal component of particle impact velocity,
VNz » normal component of particle rebound velocity,
022 : empirical constant .

Defining normal restitution ratio, E,, as:

N)
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v
EN - GHZ (60)
N1 '
and dividing by particle mass, the material mass erosion can

be express as follows:

2 2
90 = S22 Y1 (1 - Ey)
2 . 2 2 |
- 022 Vl sin ﬂl (1 - EN) (61)
where €gg ' mass erosion per unit mass of particles at 90°.

Prediction of the Superalloy and Coating Erosion Rates

The total material erosion has been calculated at any angle by
superimposing the two type of erosion described by Eqs. (58) and (61). The

general relationship of the total erosion can be expressed as follows:

e-ec+690

3 2 . 2 2 2 2
- Cll V1 sinﬁl cos ﬁl (1 - ET) + 022 Vl sin ﬂl(l - EN) (62)

where ¢: total mass erosion per unit mass of particles.

Although the experimental results showed that the velocity exponent is in
the vicinity of three, the measured values were different for different
materials. Some of the tested materials show velocity exponent higher than the
predicted values and other show lower values. This might due to the effect of
the other parameters effecting on the erosion rate which are not modeled in
this analysis. Therefore the total mass erosion rate (Eq. (62)) has been
modified to the following form.

- nl . n2 2 nk
€ = C11 V1 sin ﬁl (1 - ET) + C \Y

2 sing (1 - E) (63)

22

where the exact values of the exponent are empirically determined. 1In addition

the erosion rate has been found to vary with target temperature. In this
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study, erosion rate was observed to change slightly with varying target
temperature for most of the investigated materials. However, when the target
temperature approached the level at which the yield strength begins to drop
rapidly, the erosion rate increases abruptly. Therefore, the same approach
used by Wakeman [18] has been employed to corporate the temperature effect on

the erosion rate by using an empirical expression to match the data as follows:

€ = F(T) ERT (64)
where:
f a ‘
F(T) = (55 + 3— - 1 (65)
RT
where ¢ : erosion rate at operating temperature,
ERT : erosion rate at reference temperature,
Y : material yield strength at operating temperature,
YRT : material yield strength at reference temperature,
a : empirical constant.

The ambient temperature has been taken as a reference temperature.
Therefore, F(T) at ambient is equal to one and the erosion rate at ambient
temperature can be expressed by Eq. (63).

Combining Egqs. (63), (64), and (65) gives:

1 . n2 3 2
¢ = F(T) [Cll(vl/IOO)n sin” 8, cos" By (L - ED

+ Cpy(V,/100™ sin®p (1 - EX)] (66)

where ¢: erosion rate, mgm/gm

V: impact velocity, m/s

B: 1impact angle, rad.
The erosion rate model as described above gives the erosion rate as a function
of material yield strength, particle impact velocity, impingement angle and
particle velocity restitution ratios. The restitution ratios have been

calculated using the equations developed earlier. The constants C and C

“11 22
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and the exponents, n's, are determined empirically from the experimental data
by using multiple regression analysis. The term (Vl/loo) is used in place of

V1 to control the magnitude of Cll and 022 in the correlation. Table 6

summarizes the values of the constants and exponents for the investigated
alloys and coatings whose erosion behaviors are ductile.

Using the semi-empirical equations the erosion rates (mgm/gm) have been
calculated for the investigated superalloys and coatings for different
velocities (m/s), impingement angles and temperatures. Figures 36 through 39
represent predicted erosion rates against measured erosion rates for INCO-738,
FSX-414, M246 and X40 alloys. The material yield strength for the superalloys
have been substituted into the temperature parameters, F(T). These terms have
been plotted against target temperature in Fig. 40 for each material. The
temperature parameters value have been used in the calculations involved with
the erosion rate equations., Figures 41 through 43 show comparison between
calculated and measured erosion rates for N, RT22 and RT22B coatings. Due to
lack of information about coatings yileld strength, it was not possible to
calculate its temperature parameters. The figures show that the calculated

erosion rates correlate well with measured erosion rates.
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PARTICLE TRAJECTORIES AND BLADE EROSION IN A TWO-STAGE TURBINE
BASED ON REBOUND AND EROSION MODELS

The proposed rebound and erosjow models have been used to predict
particle trajectories and blade erosion in a two stage axial flow gas
turbine. The investigation involved three major modeling efforts, namely,
(1) modeling the three dimensional flow field in each blade row,

(1i) prediction of the three dimensional particle dynamics under the
influence of the flow field aerodynamic forces and the interactions with
blades, hub and shroud, and (iii) blade erosion computation based on
particle impact data and erosion model of the blade material.

Particle Trajectories

Due to their higher inertia, the particle trajectories in turbomachines
generally differ from the flow streamlines and particles tends to impact the
blade surfaces and hub and tip walls. In addition, the particles migrate
radially under the influence of centrifugal forces as they acquire
circumferential velocities either through blade surface impacts or under the
influence of the flow field. Therefore, accurate particle-surface impact
modeling is accential for particle trajectory computations.

The particle trajectory calculation consists of numerical integration
of the particle three dimensional equations of motion in the flow field, up
to the point of blade, hub or casing impact. The magnitude and direction of
particle rebound velocity after these impacts are predicted by using rebound
model developed for the particle-material combination under consideration.
Such computations have been conductred based on the proposed rebound model
to investigate the trajectories in the flow passages of a two stage turbine
for fly ash particles with different diameters. The detailed description of
computation technique and results can be found in Ref. [19] which has won
the best paper award,

Figure 44 shows samples of particle trajectories projected in §-z plane
for four selected particle diameters of 2.5, 15, 40 and 135 microns. The
figureS clearly indicate that the particle deviation from the streamlines
increases as the particle diameter increases due to increase of particle

inertia. So that most of the large particles tend to impact the pressure
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side of the first stator and some impacts the leading edges, while small
particles follow the flow streamlines with a few or no impacts (Fig. 44a).
At the first stator exit, the large particle absolute velocities are much
lower than the gas velocity. Therefore, they enter the first rotor with
very high negative incidence angles which causes the large particles to
impact the blae suction surface near the rotor leading edge. After
rebounding, they impact the rotor blade pressure surface near the trailing
edge. In the second stage, similar behaviors can be observed for the small
and large particles. |

The projection of particle trajectories in r-z plane is shown in Fig.
45 for the different particle diameters. The results demonstrate the strong
influence of blade impacts on the large particles, which are centrifuged
towards the tip after the blade impacts. This leads to high pérticle
concentrations near the blade tips resulting in higher erosion damages at
tip.

Particle trajectory computations provide, also, particle impact
location coordinates, the impact velocity magnitude, and impingement angle
relative to the blade surface at each impact location. Figure 46 shows
impact locations for 15 microns particles in a two stage turbine over the
blade pressure surfaces. The effect of particle centrifugation are
noticeable in the absence of impacts near the blade hubs. The particle size
effect on the blade impacts is illustrated in Fig. 47. This figure
represents the impact location over the first rotor pressure surface for
different particle diameters. Figure 47 shows that particle migration
towards the tip increases with increase of particle diameter which leads to

increased particle impacts towards the blade tips.

Blade Surface Erosion

The prediction of turbine blade erosion is based on the particle impact
data as determined from the trajectories and erosion model developed for the
particle-material combination. Based on the erosion models developed for
M246 alloy and N and RT22 coating, the blade surface erosion have been
predicted in a two stage turbine. The results are recently presented in the
5th International Symposium and Exposition on Gas Turbines in Cogeneration,

Repowering and Peak-Load Power Generation in Budapest, 1991 [20]. Some of
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these results are shown in Figs. 48 through 51. These figures present the
spacial distribution of the erosion parameter (material weight loss per unit
mass of particles per unit surface area) over the blade pressure surfaces in
the two stage turbine for uncoated (M246 alloy) and coated surfaces (N and
RT22 coatings). Although the coatings did not change the erosion pattern
significantly over the blade surfaces, they remarkably reduced the blade
erosion. Comparing the values of maximum erosion at the mid span of the
trailing edge (Fig. 48) reveals that the uncoated blade maximum erosion is
one order of magnitude the maximum erosion of coated blade. Figure 49 shows
that the reduction of the maximum erosion at the rotor tip leading edge is
70% for N coating and 95% for RT22 coating. This strong influence of the
blade coating on the erosion can be clearly seen in Fig. 50 and 51 which
show the erosion parameter of the second stage. This remarkable improvement
of coated surface erosion prolongs greatly the blade life and reduces the

blade material degradation due to particulated flows.
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Table 1: 1DV Characteristics

Purple Blue Green
Wave length XA (um) 0.4765 0.488 0.5145
Fringe spacing A (um) 2.784 2.851 3.0
Diameter of measuring vol 0.052 0.053 0.056
(mm) at e 2 intensity location
Length of measuring vol (mm) 0.603 0.617 0.651
No. of stationary fringes 19 19 19
Table 2 - Tested Superalloys
Superalloy Chemical Composition
INCO IN-738 16 Cr, 8.5 Co, 3.4 Al, 3.4 Ti, 2.6 W,
1.75 Mo, 1.75 Ta, 0.9 Cb, balance Ni
- MAR-M246 10 Co, 10 W, 9 Cr, 5.5 A1, 2.4 Mo, 1.5 Ta,
1.5 Ti, balance Ni
X40 25 Cr, 10 Ni, 7.5 W, balance Co
FSX-414 29.5 Cr, 10.5 Ni, 7W, 2 Fe, balance Co
AISTI 410 12 Cr, 1 Mg, 1 Si, balance Fe
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Table 3 - The Tested Coatings

Coating Treatment Substrate Thickness Heat
(mils) Treatment
C Aluminized X40% 3 --
N Aluminized M246%* 3 --
RT22 Platinum Aluminized M246 5 yes
RT228 Rhodium/Platinum M246 3 yes
Aluminized
RT&44 Low Rhodium/Platinum X40 3 no
Aluminized
RT44B Rhodium/Platinum X40 3 no
Aluminized
Chromium- Chromized INCO 718 5 --
Carbide
LC-1B -- INCO 718 200 yes
LC-1H -- INCO 718 200 yes
SDG-2207 -- INCO 718 300 yes
Plasma spray -- INCO 718 250 yes

*X40: Cobalt based X40 Superalloy.
**M246: Nickel based MAR-M246 superalloy.
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Table 4: Chemical Analysis of Fly Ash

Chemical Percentage
Silicon Dioxide (8102) 48.08
Iron Oxide (Fe203) 20.05
Aluminide Oxide (A1203 21.16
Magnesium Oxide (Mg0) - 0.93
Sulphur Trioxide (803) 1.20
Moisture Content 0.13
Loss of Ignition 0.73
Available Alkalies as NaZO 0.64
Undetermined 7.08

Table 5. Typical Chromite Powder Analysis

Constituent Typical Range
Chromium Oxide (Cr203) 45.5 - 46.5
Iron Oxide (FeO) 19.5 - 20.5
Alumina (A1203) 13.5 - 15.5
Magnesia (MgO) 9.3 - 10.5
Calcium Oxide (Ca0) 0.2 - 0.4
Free Silica 0.8 - 1.5
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FIG. 44 PROJECTION OF PARTICLE TRAJECTORIES IN 6-z PLANE




FIG. 45

PROJECTION OF PARTICLE TRAJECTORIES IN r-z PLANE.
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FIG. 49. FIRST ROTOR PRESSURE SURFACE EROSION RATE x 10° (mgm/gm/cm?)
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FIG. 51. SECOND STATOR PRESSURE SURFACE EROSION RATE x 105 (mgm/gm/cmz)
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