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AERODYNAMIC EFFECTS IN THE EROSION PROCESS 

J. A. Laitone 
Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

ABSTRACT 

Experimental investigations of velocity effects on the erosion 

of a ductile material by aerodynamically entrained solid particles 

indicate erosion varies with velocity raised to the exponent of order 

four in normal or 90° impacts. For smaller angles of attack,the ex-

ponent is less than four, but greater than two. Previous quantitative 

erosion models do not predict these high exponent values. In this 

study, the two-phase fluid mechanical system is analyzed and an analyti-

cal expression is presented that predicts particle impact speeds 

varying with the fluid free stream spead squared in normal impacts. It 

is shown that the high values found experimentally are the result of 

aerodynamic effects alone. 
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I. INTRODUCTION 

Particle laden fluid flow is common to many industrial processes 

and research areas. As long as forty years ago the flow of water drops 

impinging on an aerofoil was analytically investigated1 by G. I. Taylor 

in an attempt to understand the icing problem on airplane wings. More 

recently, the fields of propulsion, combustion, and energy conversion 

have stimulated new interest in two-phase flows and the subsequent 

erosive wear of material surfaces exposed to these flows. The financial 

losses associated with the erosion of ductile metals has led to many 

. .. 2 - 8 
~nvestl.gatl.ons Although much experimental data has been obtained, 

there exists a discrepancy between the data and analytical predictions. 

This discrepancy justifies discussing the factors that influence the 

erosion of ductile metals. 

Possible Determinants of Ductile Erosion 

1. Particle velocity at impact. 

2. Angle of impact. 

3. Particle number densi ty at impact. 

4; Properties of the carrier fluid. 

5. Particle spin at impact. 

6. Particle material properties and size. 

7. Surface properties and shape. 

8. Stress level in the surface. 

Of these eight factors the first six are part of the fluid 

mechanics of a two-phase flow. It is, therefore, reasonable to investi-

gate whether aerodynamic effects contribute to the prediction of erosion. 
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It is well known that very small particles with low momentum will 

not impact with a surface, as they are completely entrained by the fluid 

flow. In the limiting case of the particle density approaching the 

fluid density, clearly the particles will follow the fluid streamlines. 

For small particles, the slip velocity between particle and fluid is 

small and consequently, the particle Reynolds Number is small. In this 

regime the drag force exerted by the fluid on the particle is propor

tional to the particle slip speed, to its size, and to the gas viscosity. 

As the particle's momentum increases, the trajectories deviate 

from the fluid streamlines. In the limit of very high momentum, the 

particles travel in straight line trajectories determined by their initial 

conditions. In this regime the slip velocities and likewise the particle 

Reynolds Number are high. An approximate experimental law states that 

the drag is proportional to the square of the slip speed, to the density, 

and to the square of the size. 

In actuality, most common flows lie between these two extremes; 

thus we expect particle deflection to occur. Consider a particle entrained 

in a fluid flow which is approaching an arbitrarily shaped surface. 

Take a Lagrangian point of view, that is one traveling with the particle. 

When the particle is far from the surface it "sees" fluid at rest. Now, 

as the two-phase flow approaches the surface, the fluid begins to flow 

smoothly around the surface of the body. Thus the particle experiences 

fluid accelerating away from it in a direction opposite the stagnation 

point. 

Now., returning to an Eulerian or fixed viewpoint, we can explain 

the forces acting on the particle. First, there is a drag force acting 
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to decelerate the particle normal to the surface. This is because the 

fluid close to the body is moving tangential to the surface and the 

particle slip velocity through this fluid is high. Second, there is a 

drag force accelerating the particle in a direction tangent to the 

surface. 

The first drag force acting over the particle's path length 

does work to dissipate the particle's kinetic energy. The second does 

work to increase the kinetic energy. The important result in this dis

cussion is that the particle's kinetic energy on impact will vary 

substantially from its initial value. And the variation depends highly 

on the geometry of the impingement surface. Since in experiments and 

industrial systems, the particle velocity is determined by measuring 

the fluid flow velocity, we see it is incorrect to assume that the 

particle velocity on impact is the same as the measured velocity far 

from the surface. Furthermore, when applying an erosion model to pre

dict wear at a surface, the fluid mechanics must be solved first to 

determine the actual impact speeds and actual impingement angles. 

To analyze this effect more precisely, we consider a two-phase 

gas-solid mixture flowing normal to a surface. The particle impingement 

angle is 90° far from the surface. In the domain of the stagnation 

point, the flow has the same fluid mechanical characteristics regardless 

of whether the flow is about a turbine blade, cylinder, flat plate or 

other blunt object. 
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II. THE TWO-PHASE MODEL 

The constitutive equations are well known9 for flows in which the 

continuous phase is an incompressible Newtonian fluid, and the dispersed 

particle phase is made up of uniform solid particles. If the particle 

phase is sufficiently dilute so that it does not affect the gas flow 

(i.e., the particle volume fraction is of order 10-3 or less), and the 

particle Reynolds Number is of order unity, then Stoke's drag law applies. 

~ 

The equations of motion of a particle with velocity v moving in a p 
~ 

steady laminar gas stream with velocity v are: 

= 

2 
= 

9 

u 
X 

2 P cr U s 

where A is the nondimensiona1 momentum equilibration length (A is a simi-

1arity variable). Physically, A indicates the nondimensiona1 distance 

required for a particle to reduce its initial slip velocity by e-1 . 

If the flow Reynolds Number is large, we can find the gas flow 

from potential theory, the equations of motion can then be solved 

exactly giving a closed form solution. The solution method is given by 

the author in Reference 10. The particle trajectories are given in 

Figure 1 for A 0.5. The particles have an initial position of 

y/Y = B (0 ~ B ~ 1) and x/X = 1, and are traveling with the gas initially. 

Here X and Yare characteristic lengths of the system. 

." 
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~} U, free stream speed 

Particle 
trajectories 
A. = 0.5 

Initial 
impingement 
angle = 90° 
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streamlines 
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.~q speed 
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2.0 3.0 

from stagnation point y / Y 
o 1.0 t Distance 

I 

0.20 '-'----'------I_-I.----L._...L..-~ 
o 1.0 2.0 3.0 

Distance from stagnation point y /Y 

FIGURE 1. 
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Particle trajectories and impact sp-eeds for flmv down 
onto a flat plate. Experiments with equal values of 
A, X and Yare dynamically similar. 



-8-

The speed on impact, q (letting y = X/Y) is given by the magni-

tude of the vector sum of the two cartesian velocity components: 

where 

= 

q = (u. 2 + v 2) 1/2 
p p 

- e 1/2 sin(A -1/4) z 
u -{1/2)z [ 1/2 

(A_l/4)1/2 

v 
p 

-(1/2)z 
Sue 

y 
sinh(A + 1/4)1/2z 

(A + 1/4)1/2 

The independent variable z is the nondimensional impact time and is found 

by solving 

. 1/2 
tan (A - 1/4) z = 

(A - 1/4)1/2 
(A - 1/2) 

Furthermore, the angle of impact (measured from the surface) is 

a = arctan ( ::) 

For a more detailed development of these equations, the reader is referred 

to Reference 10. 

Note that although we are considering normal impacts, as the 

particles approach the surface, they are deflected and the true angle is 

a. From Figure 1 we see that particles approaching at 90 0 to any blunt 

." 
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surface always impinge with angles less than 90 0 except for the rare 

case of impact on the stagnation point. Accordingly, in an experiment 

the angle of attack of a turbine blade or flat surface is not equal to 

the true impingement angle. Also the impact speed, q, given by the 

equation above is seen to increase quadratically with distance from the 

stagnation point (see Figure 1). 

This is an intriguing result because intuitively we expect as the 

trajectory path length increases, the drag work increases. resulting in 

slowing the particle. The result can be explained by examining the 

particle velocity components. As is expected, particles impacting on 

the stagnation point are not deflected by the fluid phase and travel 

in straight line trajectories. As we move away from the stagnation point, 

the particles experience the same deceleration through the fluid in the 

x direction, along with an acceleration in the y direction, due to the 

fluid accelerating away from the stagnation point. The overall increase 

in speed then is due to the magnitude of the vector sum of these two 

-+-
components and in particular is due to the increase in vp in the y 

direction. This important result demonstrates how the particle velocity 

can even increase away from the stagnation point. 

III. PARTICLE VELOCITY 

As the free stream velocity, D, is increased (D is the charac-

teristic velocity of the fluid flow at some characteristic distance, X, 

from the stagnation point; at this distance, it is assumed the particles 

travel exactly with the fluid) the particles have higher momentum and 

consequently the trajectories approach straight lines. In Figure 2, the 
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Particle diameter 80t,Lm 
Particle density 2.65 9 /crn3 

Gas viscosity, 1.80 X 10-4 9 /crn - sec 

Initial conditions: 

YP < Y vp = 0 

xp = X up = U 

y=X/Y=IO 

X = 20.98 crn 

Streamlines ~'\ 

Particle trajectory 
when U = 50cm/sec 
Initial 

0.8 0.6 

x/X 

\' 

Stagnation 
point 

0.4 0.2 

8.0 

- 70 

o 

6.0 

5.0 

4.0 y 
y 

3.0 

2,0 

1.0 

o 

XBL 794 -(054 

FIGURE 2. Particle trajectories for 80 micron quartz. 
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trajectories of 80 micron quartz particles entrained in air are plotted 

for increasing free stream speeds. As is expected, the higher velocity 

particles impact closer to the stagnation point. 

In the previous section we found the impact speed varying quad-

ratica11y with spatial distribution. Therefore, it is expected that the 

impact speed will vary quadratically with the free stream speed. This 

is because the similarity parameter, A, for a dilute two-phase flow, is 

proportional to the ratio of free stream speed to a characteristic di-

mension of the system (i.e. A ~ U/X). So varying spatial dimensions 

with A held fixed is dynamically the same as varying the free stream speed. 

Indeed, a plot of the analytical equation of impact speed, q, as 

m 
a function of free stream speed, U, shows q ~ U where m varies from 

1.00 to 2.13. As evidenced in Figure 3, quartz particles in air with 

very l~rge initial speeds are not subject to deflection and q = cU; where 

c < 1.0. For slower speeds the trajectories deflect and we find q vary-

, l' 1 'h ( 2.13) 1ng non 1near y W1t U i.e. q ~ U . 

This is a critical result for the study of erosion of materials. 

Researchers have attempted to explain why erosion varies with velocity 

exponents greater than two by considering particle-surface interaction. 

These results are valid ,for particles that are not aerodynamically en-

trained. Experiments with single particles dropped on a surface are 

devoid of aerodynamic effects and thus q = U. This study indicates the 

role of aerodynamics in an erosion study. In order to apply an erosion 

model to an aerodynamic system, we require knowing the particle impact 

speed; care must be taken to deduce q from variations in U by solving 

the fluid mechanical system. 
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Particle diameter II0jLm 
q ex: Urn 

2.13 

1000 

Slope,m 

10,000 

Free stream speed, U, (em/sec) 

XBl. 794 -1053 
Effect of free stream velocity on impa! t speed at 
surface. The maximum value of m yield~ q ~ U2 . l3 
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11 
For instance, experiments by Grant and Tabakoff found erosion, 

E, varying with free stream speed to the exponent'four (E ~ U
4

) in 

normal impacts. Their experiment models flow into a flat plate by 

aerodynamically entrained solid particles. Other researchers have pro-

posed explanations for this high exponent based on particle fragmertta

tion8 , and particle penetration given from indentation and particle 

. 12 penetrat10n However, combining the aerodynamic results presented in 

this study with a model such as Finnie'sI3, which assumes the particles 

act as cutting tools with the cutting depth a function of the surface 

2 2 
material hardness, resulting in E ~,q , we find substituting q ~ U from 

Figure 3 that E ~ (U2)2. Thus, E ~ U4, which is confirmed by Grant and 

Tabakoff's experimental result. Incidentally, Finnie's model applies 

to aerodynamic systems even at normal apparent impingement angles be-

cause particle deflection results in actual impingement angles less 

than 90°. 

This analysis indicates that the greater the deflection the 

higher the'veloci'ty exponent. The greatest deflection occurs for fluid 

flow normal to a flat plate. Thus for a plate atashallow angle of 

attack, the fluid streamlines are distrubed to a smaller extent and the 

particle deflections before impact will be less. We expect q ~ urn, 
where m is slightly greater than one. Applying Finnie's model we have, 

E ~ U
2m

• This may explain the exponent values foundll for shallow angle 

. ( . E U2 .8) b' d' ff 1mpac ts 1. e. ,ex: as e1ng an aero ynam1c e ec t and no t a 

particle-surface interaction effect. The shallow angle fluid mechanical 

system is under current investigation. 
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IV. CONCLUSIONS 

The aerodynamic effects of a two-phase flow normal to a surface 

indicate the impact speed varies with free stream speed raised to high 

exponent values. This effect must be considered in any system where 

the particles are aerodynamically entrained. In particular experiments 

of erosion velocity 'dependence must be designed so as to have fluid 

mechanics similar to the real system being analyzed. For instance, 

using a gas-particle jet issuing from a tube to erode a small portion 

of sample material will not duplicate the fluid flow obtained by im

mersing the whole sample in the.f10w. Furthermore, the particle 

velocity in the tube is not the same as that on impact. 

Investigating the erosion near a stagnation point of a turbine 

blade, cylinder, ellipse, or other blunt object shows the impact speed 

varying with the free stream speed raised to the maximum exponent, 2.13. 

This explains the high exponent values found in the erosion of systems 

where particle aerodynamic effects are evident. 

" 
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