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Dynamics and Erosion Study of Solirl Particles in a Cascade**

Nomenclature

a - particte acceleration, P - pressure force on spherical particles,
ł - particle angular acceleration, Re - Reynolds number,
.B - reference frame fixed in blades, l - time,
ó - position vector of a particle in -B, Tno - total ga§ temperatufe,

|] - atgle between particle velocity and u, l)) w - velocity in x, y and z directions,
tangent to surface, V - velocity relative to blade,

7 - position vector of .86 relative to Ę x, y, z - axes fixed in -B,
.Co - drag coefficient, X, ,Y, Z - axe§ fixed in Ę,
C1o - drag coefficient at Reynolds number a; - blade angular velocity,

less than 1.0, v/ - a form of the stream function.
Co - specific heat of gas at constant

pressure, - Subscripts
Ó - drae force on the particles, 1 - before collision,
d, - particle mean diameter, 2 - aftęr collision,

.E9 - origin of the axes X, Y, and, Z fixed i - inlet to stator,
in E, n - nórmal to surface,

Z - position vector of p relative to axes p - particles,
fixed in Ą t - tarLgent to surface.

s(Re) - correction function for the drag on
sphere, Superscripts

ź - blade height, B - relative to Ą
,żp - ma§s of one particle, Bo - relative to the origin of the axes x, y,
pc - gas viscosity, and z fixed in B,

ńt,ńz,i, - unit vectors in the direction of x, E - relative to E,

_ y, and z axes, p - pańicle position,
Nr, Nz, Na - unit vectofs in the direction p* - a point that coincides with p at a cer

of X, Y, atd Z axes, tain instance of time.

* Department of Aerospace Engineering, University of Cincinnati, Ohio.
** This work was sponsored under Grant Number DA-ARO-D-I24-G-l54, U. S. Army Research

Office - Durham.
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Introduction

This investigation was undertaken to determine a thęoretical approach to calculatę the
dynamic behaviour of solid particles entrained by a gas flow in a two-dimensional stationary
cascade of a turbine or a compressor blading. By dynamic behaviour, it is meant, the path
the particles follow and their velocity histories through the pas§age taking into consideration
both their collision with the blade surface and subsequent rebound from it.

The equations of motion of solid particles moving in a stream of gas were formulated,
assuming that the only force exerted on the particles is the drag force which causes the parti_
cles acceleration, In order to determine the solution of the equations of motion, informa-
tion about the drag coefficient for spherical particles, the gas properties in the channel,
thę ręstitution ratio, and the rebound to incidence angle ratio were required.

Drag coefficient formulas for spherical particles werę determined for different ranges
of Reynolds number. The properties of the gas werę calculated at all points of a square
grid constructed in ihe cascade channel by solving numerically the equations of motion of
gas flow in the cascadę. The gas properties were assumed to be unchanged due to the pre-
sence of solid particles. Extensiye experimental data was collected to study the collision and
rebound phenomenon of the particles with the blade's wall. This data was used to determine
fo}mulas for the restitution and rebound to incidence angle ratios for the particles.

The effect of flow parameters such as particle mean diameter, particle material density,
initial nondimensional particle velocity, and initial gas velocity on the particle trajectories
and velocities are discussed.

From this research work one can calculate the energy lost due to impacts, the frequency
of impacts at ęach location on the blade surface and create an ero§ion model of the blades.
This will help to design turbomachine blades for optimum erosion as well as aerodynamic
characteristics.

The study of particle trajectories in stationary flow fields in pipes and nozzles have
been reported in many articles fl,,2,3]. However, none of these investigations take into
consideration the collision of particles with the wall or the cascade type flow. An experi-
mental study [4] was.madę by the authors to determine the dynamic behaviour of solid
particles in stationary cascades. The patterns of their trajectories and velocities were the
same as predicted by the present study. The locations of the blade surface subjected to
severe erosion as detęrmined from this study, agrees with the physical observations oferosion
tests made on cascades and real engine stators.

Drag force on a spherical particle moving in a stream of gas

Consider the motion of a spherical particle in a steady, very slowly moving incompres-
sible gas flow. The inertia forces can be neglected compared to the viscous forces and,
for no body forces, the Navier-Stokes equations become,

gtadp:puY2(V). (1)
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The continuity equation of the gas may be written as

divlĘ;:o . (2)

Taking the divergence of both sides of Equation (1) and using Equation (2) gives

divgradP:v.V(P):v2(P):0. (3)

S.llving Equation (3) according to Durand [5], the pressure on the spherical particle
nrrface is given by

,_ _ep,*!ł,*l. (4)T
The.r,elocitycomponentsof thegas ug,ugandwninthex,yandzdirectionscanbede-

::r,mined from Equation (2) (Reference [5]). These velocity components afe:

,n.:|v^l+T(h-,),

*-|v^l+TG+Ą,

(5)

where
l . -n-.r:^,l x" l y' * z'

The shear force can be determined at every point on the surface ofthe sphere from the
partial derivatives of Equations (5) at the wall. It may be shown that the resultant of the
pressure differences relativę to the undisturbed flow pressure and the friction forces has the

same magnitude at all the points and equals

( Spn|Vn*|)ld,.

Hence, the total drag force acting on the sphere can be determined by multiplying the given

resultant force per unit area by the area ofthe surface ofthe sphere. This gives

ń:3npndoVn_. 0)

_ If the particles are moving with a velocity i, in a stream of gas moving with a velocity

Ę, the whole resistance force on the sphere may be written as,

b:znpnd,o(Vn-Y), (8)

For higher Reynolds number, Equation (8) can not be considęred valid, a correction
for this equation which is a function of the ,Reynolds number was then required. The cor-

(6)
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In Equation (9) the Reynolds number dependent function g(Re) has different forms
depending on the range ofthe Reynolds number. It should have a value ofone for Reynolds
numbers, less than 1.0. Its value can be determined theoretically from the solution of the
Navier-Stokes equations for Reynolds numbęrs up to 4. The experimęnta! data for drag
coefficients on a sphere has to be used to determinę g(Re)for Reynolds ngmbers greater
than 4 and within the practical Umit of Reynolds number for particulate gas flow in turbo-
machines. Equation (10) shows that the function g (Re) can be given as a ratio between the
drag coefficient at any Reynolds numbęr and the Stokes drag coefficient at small Reynolds
number.

The formulas for the drag coefficient for spherical particles as defined in Equation (9)
are given below for diffęrent ranges of the Reynolds number.

rected Equation (8) has the

where

form:

ń :3npn do(Vn - Vr\ g 7ne1 , (9)

(10)

(1 1)

particle using a higher

(12)

coefficient of spherical

(13)

(I4)

mean

Re C^
9(Re):g,E:ą

n-24 nL o:ń 0<Reś 1.0.

A solution of the Navier-Stokes equations of motion of a solid
order term (Batchelor [6]) gives,

24CD:ŃG+}Re| 1,0<Reś4,0,

The experimental data given by Schlichting [7] for the drag
particles were fitted and the drag coefficient was giverr by

Detailed discussion of Equations (11) through (14) may
Figure 1 gives the fitted drag curve as compared to the

shows good agreement.

. Cn:2I.94I6Re-o,7L8+0,3240 4,0<Reś2000.

For higher Reynolds number one may write,

Co:0.4 Re>2000.

The Reynolds number in Equations (11) through (1a) is based on the particle
diamęter and the magnitude of the gas velocity relative to the particle or,

R":TKą-żJ (15)

be found in Reference [8].
experimental results and it
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Equations of motion of solid particles entrained by the gas flow

In order to derive the equations of motion of solid particles entrained by gas flow in
a cź§cade, it is convenient to define the axes sy§tem§ as shown in Figure la.

The frame .B is fixed in an arbitrary blade of the cascade with rl1 ,ń, and n. a set of non-
pa,rallel, noncoplanar, right handed unit vectors in the direction of the axęs x, y and z,
nnpectively, The point Bo,the origin of ,B, is taken to be the intersection of the plane tangent

o<Reś10

co=ff tl *-'|" n" ) 1.o < Re ś 4..)

cD=(21.s416 Re o71B*o.:ząo) 4.o<Rc s 2aC]

Re>2ooc

EXPERIMENTAL RESULT S

F|TTED CURVE

1 10 _ 1C' 10. tc'ć^p^ - *
Re = ', . ll\/o -Vo ,

Fig. 1, Drag coefficient for spherical particle Fis. 1a

to the blade row at the entrance and the bladę axial chord at the mid-plane that divides
the blade height into two equal parts, Fuńher, frame B moves with an angular velocity

'Ó" io a reference frame E fixed in space. In E, Ń r, Ń" and Ń. are unit vectors in the di-
rection of the mutually perpendicular set of axes X, Y, and Z fixed at a point .E'q, which is
ńe intersection of the engine axis and a plane normal to it and tangent to the blade row at
ńe entrance.

Consider the motion of a solid particle p in frame B. Lęt b be the position vector of p
rclative to Bg, Z be the Position vector ofp relative to Eo, and 7 the position vector of .Bo

relative to Ą (s"ee Fig. 1a).

From Fig. la, it can be shown [9, 10] that the acceleration of any particle p is given
br

E-,p E_p* B_p E_B B_p
o, : a + a ł2a x V ,

E-p
*,here a - the accęleration of p in E,

E-p*
a - the accelęration in E of a point p* that coincidęs with p at thę instant under

;..nsideration,
B-p
a - thę acceleration of p in the relative frane B,

B,p
V - the relative particle velocity, and the last term in Equation (16) is the Coriolis

acceleration of p.

j Prace In;fP z. itj-72
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Acłording to Newton's second law of motion
E-p

fll, a :D, (17)

where mp is the mass of one particle given by:

*;* po. (18)

Now substituting Equations (9), (16) and (18) into Equation (17) one obtains
E- p E-p* B-p E-B B-a: a + a +z(,"r'r:|u+r(^")] (i-'il (19)

Equation (19) can be further simplified by evaluating the different terms
uł-:';' 

,z+uł *(uru *ą:: (-ańr)xć
clt

* ai 1 x {con, x |x nń, + y oń 2 + Q o + R)fu]}
or 

E-p*
a : -a2ypńz-a2(zr+R)ńr. (20)

Also, the acceleration ofp relative to .B can be written as,

B-p
a :ioirł iuńr+'żeń3 . {2t)

Furthermore, the Coriolis acceleration term can be reduced to

z 1o ro *ui'1 :, yl-. rń r) x (* nń, t i oń, + ż pfu)f
Or 

E-B B-p
2(o xY):2cożnńz_2ayr7g. (ż2)

Substituting Equations Q0), (2l) and (22) into Equation (19), it reduces to,

iir+(yo- a2 yo+2aż)ńr+|żr- a2(zr+ R) -2ayrf ng

:Wuo 
ł; n r^"||@n_ u,i)ńt + (un_ a o) nz + (wu_ w,)ńr]. (23)

Rearranging Equation Q3) and defining the coefficient C which is a measure of the
particles translational characteristic time &s,

C::+ s(Re). (24)
Ppd,

Equation (23) may take thę expanded form,

ir:C (un-u) ,

io:C(tsn-ur)+a2yn-2cowr, (25)

ż r: C (w 
n - w ) + @2 k p+ R) + 2crlu, .
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In Equations (25) the y distance is measured in a straight line and not a curve which
limits the validity of the equations to the case where the radius R of the cascade row is
relatively large. For the solution of the two-dimensional problem it is assumed that,

co:0, Wr:Wn:Q.

Substituting these assumptions into Equations (25), they reduce to

in:C(un-ic),

io:C(un-i),
Equations (27) and, (28) are the equations of motion of solid particles entrained by the

gas flow in a two-dimensional stationary cascade, These equations are two ordinary non-

linear differential equations that cari be solved numericaJly for a given increment of time.

The solution gives the x and y coordinates of the particle as well as its velocity. components

as it passes through the cascade channel.

Restitution ratio and rebound to inciłIence angle ratio for soliil particles impinging the blaile

In order to continue the solution of the equations of moiton of the particles after the
point of collision with thę blade, it was required to study the impact and rebound pheno-

m€non of the particles and blade walls. The value of the particle velocity after rebound

and the angle of rebound can be used as initial conditions in the equations of motion after
impact. The loss in particle momentum due to collision can be found from the loss in its
velocity which was termed "restitution ratio" and was defined as the ratio between the parti-
cle velocity after and before collision (Vp,lYp,). The direction of the particle after it collides
with the blade can be determined from the rebound to incidence angle ratio of the particle,
This was defined as the ratio of the angle between the direction of the rebound particle
velocity and the tangent to the blade surface at the point of impact and the Óngle between the

direction of incoming particle velocity and the tangent to the bladę surface at the point
of impact (§rlf ). Since it was very difficult to predict theoretical formulas for these ratios,
it was required to deterrnine them empirically and ęxarnine their behaviours with the dif-
ferent flow parameters and particle and target materials.

Experiments were performęd in which the gas pafticle flow tunnel [1 1] was used to
inject particles of different sizes in thę flow and photograph their impact with a set of blades

fixed at the tunnel's test section. Particle diameters of 300, 1000 and 2000 micron§ were

used. Particle material density po : 68.7 lbltt3 and the blades węre made of stainless steel. The
experiments showed primarily, that thę restitution ratio and rebound to incidence angle

ratio may be takęn as a function of B, only. Other parameters seem to have little effect

on these ratios. The ręsults of these experiments are shown in Figs. 2 through 7. Figure Ż
shows that thę restitution ratio is independent of the velocity of the particle before impact,
a decrease in restitution ratio is shown to be mainly due to an increase in B1 as shown
from tlre three curves in Fig. 2. Figure 3 shows that the restitution ratio is also independent
of the place of collision; the distance r measured in the axial direction for which the gas

velocity has different values at the suction as well as pressure sides of the blade. This mean§

15*

(26)

(21)

(28)
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that the restitution ratió is not a function of the gas velocity at the point of collisiorr.
However, the higher the gas velocity, the higher will be V^ andhence V*will have a higher
value. Again B, has the more prominent effect. The data points in the plot of Figs. 2 and
3 are for particle diameters 300, 1000 and 2000 microns and they are uniformly distributed
along the curves, which means that the restitution ratio is independent of the particle dia-
meter. Similar results were reported [12] concerning the independence of Vr,fVo, on do

.Bl= 30"

,d

6o'

SUCTIQN PRESSJRE
SiDE SIDE

3oo t1

1ooo
2ooo

60 7a Bo. 90 1oo
Vc ft / Sei

Fig. 2. Change in restitution ratio with Vo,

AXl,Ąl_ DlS,iANcE Y ]N.

Fig. 3. Change in restitulion ralio with x

for particle diameters from 15 to 300 microns. In Fig. 4 the ratio of the particle velocity
tangent to the surface after and before colli§on were plotted versus B1 and may be considered
constant for all particle diameters. The dotted line was used to represent thę data on Fig. 4
and may be expressed by the following equation

Yr,,l Vo,,= 0.95 + 0.00055 § I, (29)

Fig. 4. Drop in particle relative tangential velo-
city due to collision

Fig. 5. Drop in particle relative normal velocity
due to collision

ooi

The change in particle velocity duę to impact is then mainly due to the contribution
of thę change in its normal velocity. The change in the ratio bętween particle velocity
normal to the blade surface after and before collision as a function of B, is shown in
Fig. 5 for different d, The dotted curve represents the datain the figure and may be written
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as follows:

B\

słJcTloN PREsstJRESIDE slDE

Ę,: 
r,o - o.02 l 08B, + o,0ool417 p? . (30)

Equations (29) and (30) are sufficient to define the particle velocity and direction after
collision. It may be convenient, hovewer, to determine directly curves that give the re-

stitution ratio and the rebound to incidence angle ratio as a function ofthe incidence angle

fr.
sUcTloN PRE5SIFES|DE slDE

=[

3i

.l

:i

q
d^= 3oo A' 1ooo

2ooo
" 

\bo a

"^.^'r]. 9.
a0
o a

d Tłr'
^, o}€oć

x:̂
\A

q.

a

Fig-, 6. Nondimensional angie

N
o

.l
i\,, ll \p" V^

l p\] źa
fl77 / /. -.b

30 4Q 50 60 70 aopl -DEGREEs

Drop in particle relative velocity due to
col1ision (restitution ratio)

(32)

60 7a 80
p| -DEGREES

of rebound Fig. 7.

Figure 6 gives §rl§, as a function of P, . The dotted curve is obtained by substituting
Equations (29) and (30) into thę following relation

u;,:**",l(Ę,Ł),*u,f (31)

The restitution ratio vęrsus B, is shown in Fig, 7. Equations (29) and (30) together
with the following equation, were used to plot the dotted curve in Fig. 7

Once the particles and blade materials are known, fundamental experiments can render
the required information about the impact and rebound phenomenon. This information
can then be used in the solution of the equations of motion of particles entrained by gas

flow.

Gas flow properties in the cascade channel

Consider the nonviscous, irrotational, compressible steady gas flow moving in a sta-

tionary cascade of a turbomachine, the equations of motion [13] are:

l) Combined momentum and continuity equations.

d^= 3OO 4 o
o *P 1oooi,;;'^o,,E4F . 2ooo A 

^- . >t. R
. "u Ą*-

fu.f9qb

a'v _fu.falin Rl _a(h|hpg1\] dy _a(ln|p,]) ', :o.
dl* dy' 

*L a* - ó- ] ar- ay ay-"' (33)
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where

I0v
' hpn ay

1avuo:Ęn 
a*

2) Combined state and energy equation

b:lr-';J-
Ps, L 2C,Tt]

(34)

(35)

(36)

Fig. 8. Mesh Points for turbine stator Fig, 9. Mesh points for compressor guide vane

Figures 8 and 9 show the mesh points in the cascade of a turbine and compressor blades
resPectivelY. The dimensions of the cascades are given on the respective figures. The com_
Puter Program [1a] was modifięd to give the solution of Equations (33) and (36), that is,
the gas velocity in the x and y direction, un atd un, as well as the gas density pn at every
mesh Point and then store the data cjn magnetic tapes. These gas properties at the mesh
Points maY be interpolated to give the gas condition at any point in the cascade channel.
Thesę values were needed to determine the step by step solution of Equations (27) and (28).

Numerical examples

The dYnamic behaviour of solid particles suspended by gas flow in thę turbine stator
and'the compressor guide vanes shown in Figs. 8 and 9, were calculated by solving the equa-
tions of motion of the particles, Equations (27) and, (28). Cases where the particle mean
diameter was given thę values 1000, 200 arrd 4O microns, the particle material density was
taken to be 34,68.7 and 151 lb7ft3 and the initial particle to gas velocity varied from 0.15
to 0.6 were considered. Calculation of these cases węre used to study the effect of do, F,
and Vo f Yn,, on the particle dynamic behavior. At a distance far upstream from thi
entrance to the turbine oI compressor st&tors, the inlet gas flow conditions were: gas inlet
velocity Vs,:742.64 ft/sec in the axial direction, the gas density pn,:0.0761b/ft3 and

Fig, 9. Mesh points for compressor guide vane
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the gas inlet tota1 temperature Ęo: 60"F. Gas flow properties, p n, un ald, rg at evęry mesh

point were computed by solving Equations (33) and (36). The computer program given

by the authors [15] may be used for thę special case of two dimensional particle trajectories

to determine the dynamic behaviours of the solid particle in the stators of the turbine and

the compressor. The impact and rebound characteristics wefe described using Equations
(31) and (32). The drag coefrcięnt for spherical particles was represented by Equations

(11) through (14), The results of this investigation are summarizędia the next paragraph.

Turbine stator

The turbine blading of Fig. 8 was used in this study. Airfoil and cascade dimensions

were given in References [16] and [8] respectively. The particles'were assumęd to enter the

stator uniformly at a distance one inch upstream from the blade leading edge. Eleven

pańicles were taken to enter the turbine stator at equal tangential distancę apart. Figure 10

shows the trajectories of the eleven particles for dr:1000 microns,'while Fig, 11 shows

the corresponding nondimensional velocity distribution of these particles, Similar curyes

for the trajeitories and nondimensional velocities of eleven particles of mean diametęrs

equal 40 microns are shown in Figs. 72 and 13, respectively. The first and the last Pańi-
cles were not taken exactly at the leading edge but slightly shiftęd in order to determine

uniquely the direction of motion of the particle after collision. From Figs. l0 and 12, which

showtheparticletrajectoriesforconstant poandYo,|Vnritmaybeobservedthat,ingeneral,

..1.o _ o.5 o.5 1,o

231,

AXJAL DlsTAl\cE _ x, ltl,

Fig. 10. Particle trajectories

AX|AL D|5TANCE -x. lN.

Fig. 11. Particle nondimensional absolute velo-
city

1,5 2-o 2.5

the particles can be divided into three main trajectory groups according to their initial
place of impact[4]. The flrst group of particles are the ones that hit the upper part of the

blade leading edge, travel laterally in the nozz7e, may or may not hit the opposite blade

pressure side, then move outsid e the nozzlę. The second group consists of the particles

that hit the pressure side of the blade thęn leavę thę nozzlę. Finally, thę last group of par-

ticlęs are the onęs that hit the lowęr part of the leading edge, travel laterally and may or
may not hit the opposite blade suction side or blade pressure side, then move away from

§
>o TURBINE 5TAToR

do = 1ooc microns

i, =6a,673 lb/ftJ
y^7y^= 0,3

At = o.ooo2 seconds
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the nozzle. It maY be interesting to note that the fact a particle may or may not hit the
oPPosite blade after hitting the blade leading edge and. moving laterally, depends on the
Pitch, the blade camber and the solidity, which are geometrical considerations. Another
factor is the mechanism of the impact and rębound phenomenon for a certain particle
target material combination. Factors that męasure the particles path deviation from the

TURB|NE STA

AxlAL DSTANCE _ X
-l0 -o.5 oo c.5 1.o 1,5 2.0

AXlAL DlsTANcE-X (lN.)

Fig. 15. Particle nondimensional absolute velo-
city (effect of dp)

n
,J

q

cJp = 40 microns
Fp " 68.6ZS tb l rt3
V^lV_ = 0,3
'| -l

^t = o.ooco675ecónds

_o5 o.o
AX|AL DisTANcE -X,

AX|AL DlsTANcE -X, |N.

particle nondimensional absolute velo-Fig. 12. Particle trajectories Fig. 13.

city

gas streamlines are the particle diameter, density and gas and particle velocities. The band
width of the Particles going out from the stator narrows as the particle diameter decreases,
and less imPacts were observed, particularly with the blade suction side. From Figs. 10
and, 12 it maY be shown that the areas subjected to erosion are the blade leading edge and
Pre§sure sides. (The suction side erosion may be due to particles of higher diameter rejected
bY the turbine rotor and rebounding back to hit the rear part of the stator,s suction side[8]).
The amount of erosion, however, is dependent on the momentum loss d_ue to impacts and
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the frequency of impacts. Figures 11 and 13 show that the particles experience loss in mo-

mentum due to collision, the initial rate of increase of the particle velocity is higher for
particles of smaller diameter and that the smaller diameter particles attain higher veloci-
ties. The particles tend to reach a corresponding constant velocity depending on theif
respective relaxation time.
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In order to show the effect of particle mean.diameter, d, on the dynamic behavior,

the three typical particle trajectory groups were considered. Figures 14, 16 and 18 show

the trajectories of the three typical particles for dn equals 1000, 200 and 40 microns while
p, and VrrlVn, remain constant, Figs. 15, I'7 and 19 show the nondimensional velocity

distributions of thesę particles. Figures 14, 16 and 18 show that particles of smaller diame-

ters experience less lateral motion after colliding with the leading edge due to thęir smaller
inertia, as the gas stream tends to force them to decrease their path deviation from gas

streamlines. Figures 15, 17 and 19 indicate that particles with smaller diameters attain
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higher yelocities in the same gas stream, while starting from the same initial velocity.
Also, the velocity drop is a function of the respective angle of impact.

The ęffect of particle matęrial density po onthe dynamic behaviour of the solid particles
for a typical trajectory type was illustrated by the trajectories of Fig. 20 for pr:34, 68,7
and 151 lbft3, with a constant dp:200 microns and a constant Vr,f Vn,:0.3. Figure 21
shows the corresponding particles nondimęnsional velocity distributions. These figures
,show the particles with smaller pnhave less deviation from the gas stream than those with
higher p, and that they achieve higher velocities.
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Thę effect of the particle initial nondimensional velocity on thę trajectories and velo-
cities for one of the typical particle group§ was shown in Figs. 22 and,23. Figure 22 shows
the particle trajectories for Vrrf Vnr:0.15, 0.3 and 0.6, constant dp:20O microns and cons-
tant p r: 6g.7 1b/ft2. Figure 23 shows the velocities of these particles everywhere in thę nozz-
le, nondimensionalized with respect to the initial gas velocity of the free undisturbed stream.
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The figures show that particles with smaller initial velocity experience less deviation from

the gas streamlines due to their smaller inertia. The particles tend to reach the same respec-

tive velocity near thę end of thenoz.zJę irrespective of their velocity history. In the mean-

time, higher particle initial velocity relative to the gas corresponds to the case of smallęr

,eas velocity ibbtive to the particles. The effect of initial gas velocity would be that, higher

gas initial velocity for particles entering the nozzle with the same, speed density and diame-

ter, will cause the particles to follow more closely the gas streamlines and attain higher

relocities. In general, it may be obsęrved that particle mean diameter has more influence

on thę particle dynamic behavior than the particle material density. On the other hand,

the initial particle velocity see,rns to have smaller effect on the particle behaviors since

they tend to reach a constant velocity irrespective of the value of V^f Vn,

Compressor guide vanes

The compressor blading of Fig. 9 was given in detail in Ręfęrence [8], while the airfoil

dimensions were given in Refęrence [17]. This cascade was used in this investigation.

Trvelve particles were entered in the nozzle at a distance equal 0.88 inch upstream from

the blade leading edge, The trajectories of these particles for dr:1000 microns, pp:68.7
lb/ft3 and Vo,1Vn,:0.3 are shown in Fig. 24. Figure 26 shows the trajectories of similar

groups of particles having the same p, and Vo,|Vn, and for do of 40 microns. Figures 25

aló, 27 show the corresponding nondimensional velocity distribution. Due to the fact

that compressor blades have smaller leading edges, the distance between the first two

particles and the last two particles of Figs. 2A and 26 wętę taken smaller than the distances

between other particles in order to show the groups of particles that hit the blade blunt

ieading edge. Particles are divided into four groups, the group that initially hit the uPPer

part of the leading edge and move laterally, may or may not hit the opposite blade pressure
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side then leave the nazzle. The second group are the particles that movę without touching
the blade surface§. Because compressor quide vanes have smaller blade thickness and
camber than a turbine stator, this group was not observed in the case of a turbine stator.
The third group of particles hit the blade pressure sidę and then leave thę nozz!ę. The final
group hit the lower part of the leading edge and move laterally, may or may not hit the
opposite bladę suction side or blade pressure side, then leave the nozzle.It may be noticed
that similar conclusions to that for the turbine stator case can be made for particles mo-
ving in compressor quide vanes with one additional observation, that the amount of im_
pact is smaller for the case of compressor stator.
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The effect of dp, Fp and Vo,f Vn, on the dynamic behavior of the particles moving in a
complessor quide vane are simi|ar to the effects for the case of turbine stator. Similar to
the case of turbine stator, compressor §tator parts thaŁ arę subjected to more impacts
and hęncę more.erosion, are the blade pressure side and leading edge.

Experimental erosion investigation

The erosion test facility was designed in such a manner that the erosion could be mea-
sured without destroying the aerodynamic environment. Care was also taken to insure
that the surface finishes of the specimen were simjlar prior to testing. The erosion was
determined by measuring the weight of the specimen before and after testing. The abra-
sives used were alumina (AlrO.) and quattz (SiO2) obtained from commercial suppliers.

Parameters such as angle ofattack, particle velocity, and duration oferosion,can strong_
lY influence the extent ofthe erosion damage and hence received close attention in this stu-
dY. Other parameters such as particle concentration, particle diameter, and. specimen con-
figurations were tested sufficiently to d,etermine the effect, if any, that they have on the re_
sults. For further information see Reference [18].
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Effect of angle of attack

One of the more interesting features of erosion of ductile materials is the manner in
rvhich the angle at which particles strike the target surface influence the metal removal
rate. Figure 28 illustrates these results for 2024 aluminum alloy at different particle velo-
cities, For all of the velocities tested, the angle of maximum weight loss occurs at an angle
of approximately 20 degrees. As thę angle of attack increases from this value, the erosion
reduces to a residual value at 90 degrees,
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, Effect of particle velocity 
\

The early investigators of erosion proposed that the plocess was proportional to the
kinetic energy of the oncoming particle. This predicted relationship states that the erosion
per unit mass of impacting particles is approximately proportional to the particle velocity
on power two (i.e., e-Vz). However, experimental observations have shown that the ve-

locity exponent is normal§ greater than two. Some investigators found that a velocity
€xponęnt as high as three could be expected if the cutting depth of the particle is assumed
as a function of the material strength. Finally, Sheldon and Kanhere [19] developed a
particle penetration equation based on indentation hardness theory which predicts that
the velocity exponent may be as high as three. Despite these analyses, the exact reason
for the velocity exponent being greater than two is perhaps the single most controversial
issue in the study of erosion.
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The effect of velocity was investigated at angles of attack of 20 degrees and 90 degrees.
These results are presented in Fig. 29. Tbe influence at thę other angles of attack was illus_
trated in Fig. 28. The data for 20 degrees impact indicate that the velocity exponent is
approximately 2.8 (i.e., t-Y',8).

Efrect of particle size

It has been found that the particle size can influence the rate of erosion. This parameter
is plotted in Figs 30 and 31 for alumina particles at two different angles of attack; 20 and.
90 degreęs. These data indicate that the erosion damage increases with particle size up to
some Plateau value. Further, the influence of particle sże on erosion is more pronounced,
at higher particle velocities. It is felt that this phenomenon is primarily a result of t}re sma-
ller particles embedding themselves into the specimen material and increasing the specimen
weight.

Fig. 30. Effect of particle diameter on erosion
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Fig. 31. Effect of particle diameter on erosion

conclusion

For a given particle bladę material combination, the restitution ratio and rebound
to incidence angle ratio may be determined from fundamental test data. The equations
of motion of Particles entrained by gas flow in a turbine or a compressor stator were solved
using the formulas.describing the impact and rebound phenomenon, propel drag coeffi_
cient and gas conditions. The solution of the particle's equations of motion gives the par-
ticle trajectories and velocities in the cascade channel. The effęct of particle mean diameter
do , material density F , and, initial particle and gas velocities on particles dynamic behavior
was discussed. A decrease in do, p, ot V,lVn or increase in initial gas velocity tends to
stretch the trajectories in the axial direction. The particle mean diameter has mote effect on
the Particles dynamic behavior than the particle material density. The initial gas and par-
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ticle velocities have §maller influence. The parts of the blade subjected to thę maximum
2mount of collisions, and hence, erosion damage are the blade leading edge and rear part
of the plessure side. For a turbine stator three types of particle trajectories were observed

n,hile for compressor quide vanes the same three groups exist plus a group of particles
that does not hit the blade at all. From the erosion experiments it was found that maximum
erosion occurs at an angle of approximately 20 degrees, With the increase in the particle
velocities and diameters the erosion increases. The results of this investigation, correlated
with experimental erosion tests may be used to design turbomachinery stationary blades

for optimum least erosion characteristics.
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Batlanie łlynamiki cząstek stałych i ich erozyine działanie w palisadzie

s tre szczeni e

Oblicza się trajektorie i prędkości'cząstek stałych niesion ych przez przepływ ściśliwy w palisadzie
turbiny i sprężarki. Badano eksperymentalnie i uwzględniono przy rozwiązywaaiarównań ruchu cząstek
mechanizm zderzenia i odbicia cząstek staĘch od ścianki łopatki. Badano wpĘw średniej średnicy cząs_
tek stałych, gęstoŚci materiału, z którego są zbudowane otaz początkowych prędkości cząstek i gazu
na ich charakterystyki dynamiczne w palisadzie. Ponadto przeprowadzono badania doświadczalne mające
lacelaznalezienie wpĘwu kątapadania, prędkości cząstek i ich rozmiarów na erozjęłopatek. Przedysku-
towano obserwacje dotyczące erozji łopatek.

łrccłeAosarrne AIłIIaMIłKn TBepAbIx qacTlllł Il opo3llfl B pemeTne

Pes Io}{e

flponogurcx pacqeT TpaęKToplrź rł cropocreź rrep4lx IracTIIII B cxnuaóuov IIoToKe, IIpoTeKaIoIIIeM
tepes ryp6nrłEylo trWI KoMllpeccop}ryrc pe[IeTKy npotfnrreź. 9rcnepnrłenra.rrbHo IłccJIeAoBaJIcfi Mexa-
HE3M yAapoB Ił oTpaxeHd TBep.qED( qacTIłII oT cTeEKIł JIoIraTKE, roroprd trptrEIłMaIIc, Bo BErMaEIłe
IIpE pelileHtr x yparrłerłuń.ryExel{I{fl qacTtrIl. ŻIcclegoaałocr BJII{rHI.re cpeAEero ItraMęTpa TBep,FIx qac_

TEq, ffIoTlłocT!{ MaTepI{aJIa, E3 KoToporo o.Htr cocTofiT, a TaKxe HaqaJ{EEBx 3llaseHtrź cKopocTtr qacTtrq
lł ra3a rła rłx AtrlrąMIilIecKEe xapaKTeprIcTIłItE B pemeTre. Kpove Toro, rrpoBoAI,IJIEcb gKctreptrMeHTaJlb-
HEIe trcaJleAoBŹulu' c IIeJIbIo orrpeAeJleHll-' BrIEaExfrrTIIaI7MeHI{r, cKopocTtr qacTlłq,1ux pa3MepoB }Ia gpo_

3IłIo JIoIIaToK, O6cyxgarorcx pe3ynBTaTbl Ha6mogeanfi 3po3trIł JIonaToK.


