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Measurements of Particles Rebound Characteristics on
Materials Used in Gas Turbines

W. Tabakoff*
University of Cincinnati, Cincinnati, Ohio 45221

This paper describes an experimental method used to find the rebound characteristics of small solid particles
impacting different materials. Such data are used for particle trajectories and erosion calculations in turbo-
machinery. The materials which are investigated are: 410 Stainless Steel, 2024 Aluminum, 6A1-4V Titanium,
INCO 718, RENE 41, AM355, L605 Cobalt, and Alumina (A12O3). Particle materials are fly ash of 15 p. In
addition, erosion rate equation was developed for INCO 718 that predicts the erosion rates at high temperatures
very well.

Nomenclature
A, B, a, n, m = empirical constants
ee = /V/3i directional coefficient
CN = VNT/VNI normal restitution ratio
eT = VT2/VTl tangential restitution ratio
ev = V2/Vl total velocity restitution ratio
Vl — particle impingement velocity, ft/s
V2 = particle rebound velocity, ft/s
7^ = material yield strength at the operating

temperature, Kpsi
YSRT = material yield strength at the ambient

temperature, Kpsi
ft = particle impingement angle, radians
ft = particle rebounding angle, radians
e = erosion rate, cmYgm

Introduction

A IRCRAFT engines operating in areas where the atmos-
phere is polluted by small solid particles and industrial

gas turbines burning coal are examples of machines operating
under particulate two-phase flow conditions. The presence of
solid particles in the working media leads to a performance
deterioration of these engines both structurally and aerody-
namically.

Under two-phase flow conditions, the gas and particles ex-
perience different degrees of turning as they flow through the
blade channels. This is mainly due to the differences in their
inertia. The major interacting force between the gas and par-
ticles is the viscous drag. The degree of turning and accel-
eration or deceleration achieved by the particles depends on
the ratio of the viscous forces to the inertial forces experienced
by the particles. This results in a concentration gradient across
the blade channel and causes a change in the properties of
gas and particles. The net result is a change in the blade
surface pressure distribution, which alters the engine per-
formance during the period of particle ingestion.

If the particles are of erosive nature, the problem becomes
more complicated. The impact of particles on the blade sur-
faces can cause severe erosion damage, that leads to structural
failure of the blades. This damage is manifested by pitting
and cutting of the blade leading and trailing edges, and a
general increase in the blade surface roughness. The overall
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effect of the above phenomena, from the aerodynamic view-
point, is an increase in total pressure loss across the blade
row.

The use of pulverized coal as fuel in many power plants
and industrial establishments is inevitable both now and in
the foreseeable future. The major problem confronting earlier
developers of coal-burning turbines is the serious erosion of
turbine blades and other metal parts by the suspension of fly
ash in hot combustion gases. It is possible to remove ap-
proximately 85 percent by weight of the ash in these gases
using cyclones. However, small particles ranging in size be-
tween 1 and 15 JJL still pass through the cyclones and enter the
turbine. Typical ash concentrations for such a turbine are
about 0.000275 mg/cm3 (7.8 mgm/ft3). The damage is caused
principally by erosion of the leading and trailing edges of the
stator and rotor blades. A thorough knowledge of the various
parameters that influence the extent of erosion damage is
required to improve the life and the aerodynamic performance
of turbomachinery operating in an ambient of particulate flow.
This paper presents an experimental method used to deter-
mine the particle restitution coefficients that are used for
trajectory calculations in turbomachinery and in the new de-
rived equations to calculate the material erosion.

Experimental Set-Up
The experimental set-up is shown schematically in Fig. 1.

It consists of an erosion wind tunnel and a solid particles
feeder.

Erosion Wind Tunnel
An existing erosion wind tunnel was used in this investi-

gation. The major advantages of this tunnel are: controlling
the primary variables of fluid velocity, particle velocity, par-
ticle flow rate, and particle sizes in a representative aerody-
namic environment. Provisions are made in the tester design
to allow variation of the angle of attack between the abrasive
particle and the surface of the test specimen.

Figure 1 is a schematic description of the apparatus to fulfill
these objectives. The equipment functions as follows. A mea-
sured amount of dry fly ash is placed into the particle feeder
A. The particles are fed into secondary air source and carried
up to the particle injector C, where it mixes with the main
air supply B. The particles are then accelerated by the high
velocity air in a constant area duct D, and impact the specimen
in test section E. The test dust is then separated from the air
by a cyclone separator G, and collected in the container H.
The test air is further filtered through a commercial 5 ju, fil-
ter F.

The test section is designed such that the particle laden air
is channeled over the specimen and the aerodynamics of the
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Fig. 1 Schematic of erosion research facility.

fluid surrounding the blade sample are preserved. This section
contains several interchangeable inserts so that the fluid pro-
file can be determined using conventional instrumentation,
and the particle trajectories can be recorded using high speed
photographic or laser methods.

Particle Feeder
The particles from the feeder A (Fig. 1) are carried up to

the particle injector. The feeder is designed as a vessel to
operate at high air pressures. However, this pressure is equal-
ized above and below the plunger by a bypass line. This allows
the system to be calibrated under gravity feed conditions.
Further, an electric eye records the plunger rpm so that the
operating conditions are maintained. The metering orifice is
designed to be replaceable. In this manner, a larger (or smaller)
orifice may be used, along with the corresponding rod di-
ameter, to allow versatility of the feeder. In this investigation
the air flow was seeded with fly ash. The chemical composition
of the fly ash is given in Kotwal and Tabakoff.1 [Si = 50%;
Al = 22%; Fe = 20%; S = 1.2%; the remaining are Mg,
Na, Ca, C, and others.]

Laser and Optics (LDV System)
The optical elements of the two-component laser-Doppler

anemometer were arranged in the backward scatter mode, to
measure two simultaneous velocity components of a single
particle using two counter processors. A two-color, 5-W ar-
gon-ion Spectra physics, model 164-09, is used as a laser source.
The laser beams are brought into one common measuring
volume using a transmitting lens of 250-mm focal length. The
crossing angle for the incident 1.5-mm diameter beams was
11.05 deg.

Data Acquisition System
Two signal processors TSI model 1990 and on-line Mine III

23 are used to acquire synchronized data for the simultaneous
measurements of two velocity components. The minimum
time for a particle to cross the measuring volume was eval-

.uated to be 1.4 jusec. Accordingly, the synchronization con-
dition was set to 1 />tsec, which is the time out between the
two data ready pulses received from both signal processors.
A time out of 5 /xsec, after each valid synchronized data point

is tagged in the computer; allows the particle to clear the
measuring volume. The data acquisition program insures that
the sampling data is not obtained more than once from the
same particle.

Development of Particle Rebound Correlations
The erosion of metals impacted by small dust particles as

well as the rebound dynamics of these particles can only be
described in a statistic sense. 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 may form on the eroded sur-
face. Thus, the local impact angle between the small particle
and the eroded surface may deviate considerably from the
geometric average. Further, the particles themselves are ir-
regular, crystalline in shape, with several sharp corners. As
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Fig. 2 Velocity and angle notations.
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Fig. 4 Influence of impact angle on particle velocity restitution coef-
ficient.
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Fig. 5 Influence of impact angle on the particle directional coefficient.
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Fig. 6 Erosive particle velocity restitution ratio distribution.

the particle approaches the specimen, the orientation of the
particle is, for the most part, random. 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 man-
ner where it will remove material in a method similar to that
of a cutting tool.

The restitution coefficient or restitution ratio is a measure
of the kinetic energy exchange between two objects upon
impact. Since erosion is a function of the energy exchange
between the erodent particle and the material impacted, the
restitution ratio will give a good indication of the behavior of
the particle-material interaction. In this investigation an ero-
sive impact occurs when the contaminant particle is much
harder than the target material.

Grant and Tabakoff2 were the first to investigate thoroughly
the rebound characteristics of high speed eroding particles.
The study was carried out on annealed 2024 aluminum alloy.
The data was described using histograms to illustrate its sta-
tistical distribution. It was concluded that the restitution ratio
VJV19 which is directly related to the kinetic energy lost dur-
ing impact, does not give sufficient information in regard to
erosion. With this in mind, the restitution ratio was broken
down into a normal velocity restitution ratio VNJVNl, as shown
in Fig. 2 (the normal component of the particle velocity after

impact/the normal component of the particle velocity before
impact), and a tangential velocity restitution ratio VT2IVTl
(the tangential component of the particle velocity after im-
pact/the tangential component of the particle velocity before
impact). It was found that the normal velocity restitution ratio
does not significantly contribute to ductile erosion. Most prob-
ably the kinetic energy is dissipated by plastic deformation of
the target material without significant material removal.

Measurement Technique
The LDV system was used to measure the impact and re^

bound velocities and angles on different material samples for
different incidence angles. The impinging particle velocities
were measured at four points above the stainless steel sample
as shown in Fig. 3.

At point 1 location, the results obtained include the veloc-
ities of the smaller fly ash particles, less than 2 JJL, which follows
the air flow streamlines without hitting the specimen surface.
Therefore* the velocity at point 2 was selected to represent
the impingement velocity for all impacting angles. Measure-
ments for seven incidence angles fa were performed. The
velocities are normalized with respect to the particle velocity
at the center of the test section that was 98 m/s (320 ft/sec).

The rebounding velocities were measured at four points
located on a line 0.3 mm above and parallel to a specimen
surface. The ratio of the particle velocity after and before
impact, V2/Vly is plotted against the angle of attack (fa) as
shown in Fig. 4. Since the statistical distributions are of im-
portance, the shape of these distributions are cross plotted
on the figure. The parameter V2IVl is directly related to the
kinetic energy lost during impact. The spread in this data
indicates the variable condition of the surfaces and the ori-
entation of the particle at impact. It is evident from this figure
that V2/Vl decreases as the impact angle fa increases from
zero to 75 deg.

The directional coefficient (ft/A) is plotted in Fig. 5 versus
the impact angle fa. Again, these data are plotted with their
statistical distributions.

Figure 6 illustrates a typical histogram of the restitution
ratios for the fly ash impacting at fa = 60 deg over a stainless
steel sample. The vertical axis at this figure represents the
number of times the restitution ratio was found to be between
the limits designated by the scale at the horizontal axis. The
wide distribution of the data is due to the variations of the
particle sizes and shapes irregularity.

Rebounding Results
All the previous results reported in Refs. 3-7 were obtained

for an impact angle range of 15 to 75 deg with flat targets and
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Fig. 7 Influence of impact angle on the erosive particle velocity res-
titution ratio for 410 stainless steel.
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Fig. 8 Influence of impact angle on the erosive particle directional
coefficient for 410 stainless steel.
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Fig. 9 Influence of impact angle on the erosive particle total velocity
restitution ratio for 2024 aluminum.

0.5-

0.0-

experimental
curve fit

I
15 30 45 60 75

Impingement Angle & (Degrees)

Fig. 10 Influence of impact angle on the erosive particle directional
coefficient for 2024 aluminum.
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Fig; 11 Influence of impact angle on the erosive particle total velocity
restitution ratio for 6 A1-4V titanium.

used the two-component Laser Doppler Velocimeter (LDV)
system. The two-dimensional (2-D) particle velocity mea-
surements were conducted in the plane of the impinging par-
ticle velocity and normal to the target surface.

This paper presents the restitution ratios starting at small
impact angles (less than 15 deg) for eight different materials.
Based on the similarity of the rebound characteristics for the
tested materials, the particle impact and rebound experiment
results are investigated to determine restitution ratio corre-
lations representative of the whole group of blade materials.
In all the new tests, 15 JJL mean diameter fly ash particles were
used, The composition and size range of fly ash particles and
the properties for some of the target materials are given in
Ref. 3.

The particle trajectory calculations in the gas turbine com-
bustion chambers8 showed that the particle impact angle with
the chamber walls can be very small for fly ash particles.
However, experimental data for the restitution ratios were
previously obtained for the impact angle, 01? range of 15 to
75 deg. The information about the restitution ratios out of
this range were obtained by extrapolation. In order to increase
the accuracy of the restitution ratios at small impact angle
range, LDV measurements of impact and rebound velocities
were performed for 5 and 10 deg impact angles. The resti-
tution ratios at these small angles were determined for 410
stainless steel, 2024 aluminum, 6A1-4V titanium, INCO 718,

RENE 41, AM 355, L605 cobalt, and alumina (A12O3). Com-
bining these new data with the previous restitution ratios,
least squares polynomial curve fits of the mean values of the
restitution parameters were obtained. These curve fits are
shown as solid lines in Figs. 7-20 together with the experi-
mental points.

The total velocity restitution ratio, V2/Vl7 is plotted against
the impact angle ft in Figs. 7, 9, 11, 13, 15, 17, 19, and 21
for the above specified materials, covering an impact angle
range of 5-75 deg.

The directional coefficient, 02/0i, is plotted against impact
angle fa in Figs. 8, 10, 12, 14, 16, 18, 20, and 22 for all the
tested materials. The normal, VN2/Vm, and the tangential,
VT2/VTl, restitution ratios are also measured and plotted against
the impact angle, but the plots are not presented in this paper.

The following empirical equations represent the variation
of the various restitution parameters with the impingement
angle fa according to the curve fits of Figs. 7-22.

410 Stainless Steel:

ev = V2IVl = 0.76 + 2.01ft - 7.66/3? + 8.11/3? - 2.72/3?
(la)

= 0.15 + 3.85ft - 8.640? + 7.490?'- 2.250}
(Ib)
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Fig. 12 Influence of impact angle on the erosive particle directional
coefficient for 6A1-4V titanium.

1.0-

0.5-

>
ii

0.0-

• experimental
—— curve fit

15 30 45 60
I

75

Impingement Angle 3 (degrees)

Fig. 13 Influence of impact angle on the erosive particle total velocity
restitution ratio for INCO 718.

2024 Aluminum:

ev = VJVl = 0.85 + 1.200! - 5.340? + 5.860?

^ = ft/ft = 0.67 - 4.340! + 27.100?

- 58.410? + 52.140? - 16.390?,

6A1-4V Titanium:

ev = V2IVl = 0.85 + 1.3901

- 7.400? + 9.680? - 3.780?

e/3 = ft/0i = 0.51 + 1.8901 - 4.740?

+ 4.570? - 1.480?

INCO 718:

ev = V2IVl = 0.94 - 1.390? + 1.990?

- 0.870?

eft = 02/0! = 0.52 + 0.3401 + 0.780?

- 2.490? + 1.260?

(2a)

(2b)

(3a)

(3b)
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Fig. 14 Influence of impact angle on the erosive particle directional
coefficient for INCO 718.
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Fig. 15 Influence of impact angle on the erosive particle total velocity
restitution ratio for RENE 41.

RENE 41:

ev = V2IVl = 0.88 + 0.440!

- 1.800? +' 1.320? - 0.300? (5a)

*/3 = PJPi = 0-40 + 2.1101 - 4.370?

4- 3.670? - 1.140? (5b)

AM 355 Steel Alloy:

ev = V2IVl = 0.89 + 0.470!

- 2.860? + 3.050? - 1.040? (6a)

eft = 02/0! = 0.29 + 2.2301 ~ 7.520?

+ 9.610? - 3.850? (6b)

L605 Cobalt:

ev = VJV, = 0.82 + 1.4801

- 6.630? + 7.780? - 2.880? (7a)
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Fig. 16 Influence of impact angle on the erosive particle directional
coefficient for RENE.
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Fig. 17 Influence of impact angle on the erosive particle total velocity
restitution ratio for AM 355.

(7b)

= 0.6 - 4.59/3, + 32.65/3?

- 74.09/3? + 67.28/31 - 21410?

Alumina (A12O3):

ev = V2IVl = 0.83 + 1.280!

- 4.850? + 4.750f - 1-5201

! = 0.93 - 8.390! + 46.700?

- 96.460? + 83.2501 - 25.280?

(8a)

(8b)

where 0j is measured in radians and these equations are valid
within the impact angle range 5-75 deg.

Generalized Restitution Correlations for Fly Ash
Since the same 15 ^ mean diameter fly ash particles and

the same test conditions were used in all the experiments, the
difference in the results are due to the target material effect.
Although the differences in the restitution ratios are quite
large at some of the impact angles, the general particle re-
bound characteristics are similar most of the time. This sug-
gests possible generalized correlations for all the target ma-
terials. Based on this, the particle impact and rebound exper-
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Fig. 18 Influence of impact angle on the erosive particle directional
coefficient for AM 355.
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Fig. 19 Influence of impact angle on the erosive particle total velocity
restitution ratio for L605 cobalt.
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Fig. 20 Influence of impact angle on the erosive particle directional
coefficient for L605 cobalt.

iment results for the tested materials were investigated to de-
termine restitution ratio correlations representative of the
whole group of blade materials.

First, the averages of the mean restitution ratios for the
tested materials were calculated at various impact angles. Least
squares polynomial curve fits were then obtained for the av-
erages. Figures 23-26 show these curve fits together with the
experimental results. The maximum and minimum values for
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Fig. 21 Influence of impact angle on the erosive particle total velocity
restitution ratio for alumina (A12O3)
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Fig. 22 Influence of impact angle on the erosive particle directional
coefficient for alumina (A12O3).

the mean restitution ratios used to determine the limits within
the proposed average polynomials are valid. Least squares
polynomial curve fits were finally obtained for the limit values.
Figures 23-26 show these limit polynomials as dashed lines.

The expressions for the polynomial curve fits the averages
of mean restitution ratios are as follows:

ev = V2IVl = 0.85 + 1.070!

- 4.870? + 5.46/31 ~

^ = 02/0i = 0.33 + 2.130! - 4.960?

+ 4.830? - 1.650}

*N = VN2/VNl = 0.30 + 2.170,

- 6.270? + 6.460? - 2.2401

eT = VT2/VTl = 0.93 - 0.050!

- 0.280? - 0.530? + 0.6901

(9a)

(9b)

(9c)

(9d)

The polynomial curve fits specifying the upper limits:

ev = V2/V, = 0.82 .+ 1.530! - 5.920?

+ 6.850? - 2.5301 (10a)
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Fig. 23 Average polynomial for the influence of impingement angle
on the total velocity restitution ratio.
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Fig. 24 Average polynomial for the influence of impingement angle
on the particle directional coefficient.

^ = 02/0i = 0.48 + 2.110, - 5.420?

+ 5.500? - 1.8501 (10b)

*N = VNJVNl = 0.40 + 2.83A - 9.030?

+ 9.990? - 3.5801 (10c)

eT = VT2/VTl = 0.91 + 0.240a - 0.610?

- 0.160? + 0.6201 (10d)

The polynomial curve fits specifying the lower limits:

ev = VJV1 = 0.84 + 1.02ft - 5.120?

+ 5.800? - 2.0601 (Ha)
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Fig. 25 Average polynomial for the influence of impingement angle
on the normal velocity restitution ratio.
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Fig. 26 Average polynomial for the influence of impingement angle
on the tangential velocity restitution ratio.

(lib)

(lie)

(lid)

= 0.36 + 033/3, + 1.330?

- 2.970f + 1-370}

*N ^ VN2/VNl = 0.25 + 1.52ft - 4.25)8?

+ 4.370? - 1.530}

eT = VT2/VTl = 0.92 + 0.07ft - 1.670?

+ 1.960? - 0.660}

where 0j is in radians. These equations are valid within the
impact angle range of 5-75 deg.

Erosion Prediction
Semi-empirical erosion rate equations were developed for

2024 aluminum, INCO 718, RENE 41, and AM 355 alloys
from the experimental erosion results3'9-10 for fly ash and silica
sand particles of 15 and 165 JJL mean diameters, respectively,
at various particle velocities and material temperatures. The
general form of the semi-empirical erosion rate equation was
determined based on the theoretical considerations and
knowledge of important parameters such as the work input
into the target material due to the particle impacts and the
particle restitution ratios.10-11 In the following equation, the
temperature effect on erosion is implicitly introduced through
the dependency of material yield strength on temperature.

s = A T7^ cos"0i

(1 - + B V,
100 sinmft(l - (12)

Note that the variables at the right side of the equation are
in English units, whereas the erosion rate term at the left side
is expressed in SI units. The conversion between these units
is accounted for in the constant A.

The values of the constants of Eq. (12) were determined
from a multiple regression analysis of the erosion results re-
ported in Refs. 3, and 9-11. The material properties were
obtained from Ref. 12. The following erosion rate equation
was developed for INCO 718 alloy using 15 JJL mean diameter
fly ash particles.

= 0.0928 x 10- - 1

(13)

where e is in cm3/gm and the restitution coefficients eT and
eN can be obtained using previous expressions. Comparison
with the limited experimental data shows reasonable agree-
ment.

Conclusions
The range of experimental particle rebound data was ex-

tended to smaller impact angles (5-15 deg) which are fre-
quently encountered in combustion chambers. New expres-
sions were derived for the restitution characteristics combining
the new experimental data for the smaller impact angles with
the previous data. These expressions were obtained for 410
stainless steel, 2024 aluminum, 6A1-4V titanium, INCO 718,
RENE 41, AM 355, L605 cobalt, and alumina (A12O3), and
are valid within the impact angle range of 5-75 deg.

Generalized rebound correlations were generated for the
tested target materials and 15 JJL mean diameter fly ash par-
ticles. These generalized correlations are representative of the
whole group of materials within the upper and lower limits
which were also specified.

In addition, a semi-empirical erosion rate equation was
developed for INCO 718. In general, this equation predicts
erosion rates reasonably well. This data will be very useful
for particle trajectory calculations in different power systems
and for improved erosion calculations at high temperatures.
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