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A MODEL FOR CALCULATING THE EROSION
OF A COMPOSITE MATERIAL

Yu. V. Polezhaev, V. P. Romanchenkov, UDC 532,525.6.011,55.011.6
I. V. Chirkov, and V. N. Shebeko

We generalize experimental data and present a model for calculating the erosion of some com-
posite materials subject to impact by solid particles.

By the "erosion" of a material (an "obstacle") we mean a process in which the mass of the material is
carried away under the action of a stream of particles impinging upon it. The erosion of a body immersed in
a high-speed flow of a gas-particle mixture (so-called two-phase flow) is affected thermochemically at the ex-
pense of heat and mass transfer in the gaseous boundary layer. In order to separate these two processes we
concentrate our attention, in the present paper, on two-phase flows over bodies with flow speeds less than
2000 m/sec or with temperature due to drag not exceeding typical values of body surface temperatures arising
from "pure" thermochemical decomposition (2000°K for quartzitic glass composites).

Despite this limitation, we need to analyze, where possible, a wider range of interaction rates in order
to observe how the dynamics of the material decomposition mechanism changes, beginning with the region
of influence of elastic forces and ending with the effects of high-speed impact. A large number of experimen-
tal and computational papers (see, e.g., [1]) have been devoted to the study of high-speed impact of single
particles. As the lower limit of the range of high-speed impact, the authors of these papers assume a speed
Vp, for which a pressure is generated at the point of contact of the particle and obstacle which is significantly
higher than the flow limit under compression for both materials, In the case of colliding metals this situation
already applies for Vp = 1000 m/sec.

Unfortunately, the majority of the papers published are devoted to the study of the high-speed collision
of homogeneous materials, mainly, the impact of a metallic particle onto a metallic target, Many authors
note, however, that in the case of high-speed impact the target material parameters of primary significance
are the hardness and the density [2]. The most interesting result to be noted here is the practically linear
dependence of the mass Ger of the target material eroded away on the kinetic energy of the particle (G V%,/2)
In Fig.1 we show the experimental data from [1] for the case of the impact of steel particles onto a lead target.

In contrast to the impact of a single particle, in the case of multiple impacts each previous particle not
only carries away some mass of target material but also changes the properties of the layer of target material
remaining; moreover, during the impact interaction waves of compression and rarefaction propagate in this
layer., In particular, even in the case of impact by micron-sized particles on a homogeneous material
(quartz), numerous microcracks and spalls appear [3]. This complicates the use of arbitrary parameters
relating to the initial material, such as hardness, elasticity modulus, etc., when treating experimental data
for the case of multiple impact.

Parameters used in the case of single impact (crater volume, depth of penetration, etc.), which are of
frequent occurrence in the literature, cannot be used for treating experimental data relating to multiple
impact. A more accurate and more preferred parameter in this case is the damage intensity parameter
G, defined as the ratio of the outflow Gey of eroded material to the specific particle flux Gp reaching the
target surface.

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 37, No. 3, pp. 395-404, September, 1979. Origi-
nal article submitted February 9, 1979.
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Fig. 1. Dependence
of a lead target ero-
sion intensity on the
specific kinetic ener-
gy of steel particles,
Vp km/sec.

We recall that in the investigation of thermochemical decomposition, presented in [4], there was intro-
duced a very convenient energy characteristic of the process, viz,, the effective damage enthalpy
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where qg = (@/cp)y(e—L) is the convective heat flux to the surface; Ig, enthalpy of the decelerated flow; Iy,
enthalpy of the gas at the wall; G, efflux of eroded material; eaTw, return radiation from the damaged sur-
face; and (G/Cp)o, heat-transfer coefficient. For large speeds of the incident flow the numerator of this ex-
pression can be simplified to (&/cp)ole = (o//cp)ouw/z and then the effective enthalpy turns out to be equal to
the ratio of the specific kinetic energy of the gas stream to the dimensionless thermochemical damage rate

ﬁk = Gk/(a/Cp)o:
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Upon forming an energy balance for the erosion damage process, we can introduce, by analogy with (1),
an effective enthalpy of the mass eroded away, viz.,
=G,V )/(2G.ea = V2/(20). ' @)
This parameter characterizes the erosional firmness of the target material. In accordance with the experi-

mental data relating to the high-speed impact of single particles onto a metallic target [1], the quantity Her
does not depend on the speed Vp and is, in the main, determined by the.ratio of the hardness Hp of the

target material to its density p(:
Her o0 (HB“/PO)'

We consider now the nature of the change in the process of the particle's interaction with the target as
the speed V increases. To a first approximation we can identify, in turn, three interaction mechanisms
which apply for small, moderate, and high-impact speeds, respectively.

1) elastic compression of the material of the target and of the particle, but with no crater formation

or erosion damage;

2) formation of local zones of plastic deformation; formation of craters and of microcracks in the target

material;

3) plastic flow of the target and particle materials takes place, resembhng somewhat the penetration
of a jet of one fluid into a half space filled with another fluid.
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Fig. 2, Variation of impact speed, critical for the onset of damage, with
the size of the impacting particle for the case (a) of single particle impact,
and (b) multiple particle impact. The data are for 1, a farget of quartz
glass, and 2, 3, target of glass Textolite. Vpit, m/sec; dp, “m,

Fig. 3. Variation of the erosional damage intensity as a function of particle
impact speed for different sized particles: For curve 1, dp = 5000 um; for
curve 2, dp = 500 um. Vp is given in m/sec.

For brevity, we shall speak of these three interaction mechanisms as the elastic, the transitional, and
the hydrodynamic phases of impact, respectively. The last of these is associated, obviously, with the phenom-
enon of high-speed impact, mentioned earlier. v

Before going on to a mathematical description of a law describing erosional damage, we find it desirable
to establish limits separating the impact speeds appropriate to the three phases.

In connection with single particle impact, we can use the theoretical and experimental data given in [5];
here, the pressure at the point of contact of the particle with the target material at the beginning of the transi-
tional phase is close to the flow limit o for uniaxial strain of the target material, while, at the end of the
transitional phase the pressure is more than 3 times orp.

If we denote the lower limit of the transitional phase by V, = Vrjt, We can calculate it from the condi-
tion that the kinetic energy of the particle, GpV%J/Z, is converted into work of overcoming the elastic forces in
the target material. Hence, we obtain

Verit 1/01/91' : 3)

However, if we use experimental data for millimeter-sized particles to support our calculations relative to
(3), we obtain agreement with [3] with respect to V¢yijt for micron-sized particles., This circumstance com-
pels us to revise the law for the variation of the speed Vcrit with the particle size in the following way (see
Fig, 2):

Vegit 0 (alop) " °dy P 4

Very likely, it is this fact which gives rise to the so-called "scale effect,” concerning which there are many
points of view (see [6]).

In accordance with the earlier remarks relating to the pressure on the surface at the point of contact of
the particle with the target material, we can estimate the upper limit of the transitional phase of the impact
process as Vp = 2Vepit. Thus, we postulate an equal extent of the elastic and transitional phases on the
velocity scale.

A law to describe damage due to erosion must, apparently, be a relationship which takes into account
the impact speed and the particle size, but also a number of physical parameters characterizing the target
and particle materials. It is also desirable that this law have a single mathematical description for the
transitional and hydrodynamic phases for both single and multiple impacts, The following equation for the
relative erosional damage intensity G meets these requirements:

_ Y [l_ex (———Vcﬁt—v” )] 5
2Her P O-SVcrit ' (3)

il

The form of the function (—}(Vp) is shown in Fig. 3 for various values of Hg, and Verit.
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Fig. 4. Variation of the effective erosional damage enthalpy as a
function of particle size for the case of single impact (open data
points) and multiple impact (solid data points). Data points 1 are
for iron impacts onto aluminum with 3 < V, < 10 km/sec. For sili-
cate particles impacting onto glass Textolite, the data points 2 are
for 0.7 < Vp < 4 km/sec and the data points 3 are for Vp > 1 km/
sec. Data points 4 are for corundum particles impacting glass
Textolite for V, > 1.0 km/sec. Units for Hey are ki/kg; units for
dp are pm, ‘

Fig. 5. Comparison of the experimental and calculated erosional damage
intensity data for various particle speeds, sizes, and densities. For
curve 1, dp = 140 um and p, = 2500 kg/m®; for curve 2, dp = 90 um and
pp = 3900 kg/m3; for curve 3, dy, = 20 pm and pp = 2500 kg/m?, -

The relation (5) reflects two fundamental aspects of a computational model of the damage process which
hold for both single and multiple impacts of particles with a target,

I. The erosion damage energy of the target material (or the effective enthalpy) He, does not depend on
the particle impact speed Vp (this, however, does not eliminate the dependence of Her on other parameters
such as particle size dp and collisional frequency n).

II. In the transitional phase of the impact process, the start and extent of which are determined by the
parameter Verit (see the equations in [4]), the dependence of the relative erosional damage intensity G on the
speed Vp, as well as on the size and density of the particles, is substantially stronger than in the hydro-

dynamic phase. :

For Vp > 2V ¢yt the relation (5) goes over into the simpler equation (2), which can be used for the ex-
perimental determination of Her. The closer the range of the experimental studies is to Vpit, the higher
are the degrees of the approximate formulas for the dependence of G on Vp.

In Fig, 4 we present experimental data showing how the effective erosional damage enthalpy Hey depends
on the diameter of glass or aluminum particles (the density pp here varies from 2500 to 2700 kg/m? for the
case of single particle impact over a range of particle impact speeds varying from 1000 to 5000 m/sec. The
bulk of the points is for the impact onto glass Textolite; however, we show for comparison the results from
[3] for experiments involving homogeneous glass targets and the results from [2] for aluminum targets. We
see that for dp in the range from 1 to 5 mm that Hgp is practically independent of particle size, whereas, in
going over to micron-sized particles (from 0.4 to 5 um), the magnitude of the effective enthalpy turns out to
be an order of magnitude higher,

It is of interest to compare the data of Fig. 4 with the value of the effective damage enthalpy L.¢f in the
case of thermochemical action of a gaseous flow [see Eq. (1)], It is well known, for glassy materials of

quartz glass type, that
Ieff = C(Tw - TD) + 'r [AQvap+ 7 (IE'"— Iw)],

i.e., the effective enthalpy is made up of heat, which goes toward the heating and melting of the material,
AQp +AQm) = c(Tw—Ty), as well as the vaporization AQvap and blowing in the boundary layer y(I, — Iy) of
the fraction {I') of the eroded mass, TFor single-particle impact the thermal effect of blowing is, of course,
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Fig. 6. Schematic for the motion of a particle in the shock
layer: 1) the shock wave; 2) surface of the target.

Fig. 7. Influence of the parameter K = 3/4C(p/pp)(A/dp) on the
degree of slowdown of a particle in a compressed gas layer

of thickness A and densify p: 1) UV = 0.2;5 2) U3V = 0.15; 3)
U/Veo = 0.15 4) UV = 0.05.°

absent; however, for ultrafine particles the quantity Heg ) is found to be close to the maximum possible thermo-
dynamic enthalpy of quartz glass

AQy + AQy, - AQrap~ 14000 K/kg. .

The more coarse the particles in relation to the characteristic scale of the target material structure,
the more likely there will be mechanical break-off of the material but no vaporization of individual grains
during the impact process, By taking note of an approximate equation for the heat of fusion and the energy
required to break all the mechanical bonds, we can, subject to crude estimates, adopt the following range
for the variation of Heyp for glass plastics:

?

n

5 (AQut AQuy) < Hor <IAQn -+ AQ m -+ AQ yap] (6)
where the factor ¢f on the left-hand side of Eq, (6) represents the fraction of glass fibers in the target material
and also the degree of material strength in the three principal directions {n = 3 for isotropic three-dimensional
glass plastics and n = 1 for anisotropic unwoven Textolites).

Figure 4 also shows experimental data for the values of the effective erosional damage enthalpy during
multiple particle impact. Two circumstances present themselves here: There is practically no dependence
of Hey on the particle diameter, and the value of the effective enthalpy during multiple impact is substantially
less than that for single impact [it is close to the minimum level indicated by inequality (6)].

Thus, indeed, we have essentially transformed, both quantitatively and also qualitatively, the dependence
in the case of multiple impact of the critical speed Vcrit for erosional damage on the particle size (Fig. 2).
However, we need, first of all, to make more precise what is meant in this case by the critical speed. In the
case of multiple impact, there is probably no explicit threshold for the onset of erosional damage since with
an infinite increase in the particle flow or the time of the experiment, no significant increase in the mass
carried away is observed even in the case of very small speeds Vp- Therefore, by analogy with thermo-
chemical damage, we assume that there is a value of Gapijt = w corresponding to the onset of erosional
damage, where w is a specified small positive number (in our case w = 0,005), It is also necessary that
the erosional damage process has a stationary character, i.e., the quantity G should not depend on the time
of the experiment.

We now formulate a third condition for a calculational model, one which establishes a correspondence
between the erosional damage processes for single and for multiple impacts.

For the same particle sizes and densities the ratio of the critical speeds for single and for multiple

impacts, viz., Vcrit(l)/v crit(n), is proportional to the square root of the ratio of the corresponding effective
erosional damage enthalpies:
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This relationship can be justified by the fact that the effective enthalpy Her(n), as a characteristic of
the energy for breaking of the bonds in the target material, must reflect the change in its capacity to deform
elastically, such deformations taking place during the multiple bombardment of the surface (in particular, the
formation of microcracks, a decrease in values of the flow limit and of the maximum elongation).

We can arrive at an analogous conclusion also from empirical relationships between the number of
cracks and the strength of glass [10].

According to the Egs. (4) and (7), in the case of multiple interaction, a lowering of the critical speed
Vcrit 1S observed with an increase in the particle diameter dy for dp < 100 um, while the effective enthalpy
Her(1) is weakly dependent on the diameter d,;,. Then, for large values of dp, there is an essential lowering
(in agreement with the data of Fig. 4) of the value of the effective enthalpy Hey(1) and, consequently, almost
a stoppage in the lowering of the speed Verit (Fig. 2).

There is at present too little experimental data to assert that this frequency is maintained even for
dp > 1 mm, and not only for glass Textolites but also for other elastic materials.

In Fig, 5 we present calculated curves showing how the damage intensity G depends on the impact speed
for various particle diameters; we have also plotted experimental points for a number of glassy materials
described in [8, 9]. «

It is evident that the calculated curves satisfactorily describe the basic tendencies in the variation of the
erosional damage intensity with the two-phase flow speed Vp and also with the diameter dy, of the solid par-
ticles,

In conclusion, we go into some more detail concerning the gasdynamics of two-phase flow, As the
previous analysis shows, it is necessary to determine the impact speed Vp, of the particles with the target
surface fairly accurately,

High particle speeds are attained in the case of a supersonic flow past a target, resulting in the forma-
tion of a shockwave in front of the blunted part of the target; behind this shock wave the particles are slowed
substantially in a layer of compressed gas, In the majority of the experimental studies the speed of the par-
ticlesis either generally not recorded or else the measurements are made in the unperturbed flow far from
the target surface. Therefore, we give a simple engineering method for estimating this effect for a neighbor-
hood of the stagnation point, which allows for a more precise treatment and a comparison of the results of the
experimental studies,

The motion of a particle in the shock layer has certain features. We note, first of all, that the gas flow
behind the straight shock wave is slowed down abruptly, its speed becomes subsonic, and the velocity profile
through the thickness of the shock layer decreases practically linearly. Therefore, the particles in the shock
layer always have a sufficiently large speed in relation to the slowed-down gas. In experimental gasdynamics
the greatest interest attaches to those cases in which the particles arrive at the target surface with significant
speed. Moreover, by virtue of the large Reynolds number, we can take the drag coefficients of the particles
to be constant, equal for spheres to Cq = 0.44 in the case of subsonic flow and to Cgq ~ 1.0 in the case of super-
sonic flow. If the particle shapes are nonspherical, then, to determine C3 we can use a number of semi-
empirical relations, e. g., those given in [7].

The motion of a particle along the axial streamline in the shock layer is described by the equation (see
Fig. 6)
e _ gV =UP
dy Vp
where K =(C4Sp/2mp)A [K = (3/4)Cq4lp/ pp)(A/ dp) for a sphere]; U=U,y, where y=y/A is the coordinate in the shock

layer of thickness A for a gas of density p; Vg, U, speed of the particle and also of the gas; myp, pp, and S,
respectively, the mass, the density, and the midsection area of the particle.

, (8

For U/Vp < 0.3 this equation may be approximated with good accuracy by the linear equation

Wy KV, = — 115K, )

dy
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which has the simple solution
Vy _ LI5U, [{_KV.
1 KV. 1.750,

—K—l)exp(K(y'-l)) -+ Ky - IJ. (L0)

It follows from (10) that the particle speed at the surface is determined by puttingy = 0:

KE— = —LZ'—SU—’ (—ﬁ?—-- —K— 1\) exp (—— K) + 1] . (11)
V., KV.,, 1.75U1

This equation is shown graphically in Fig. 7.

If in the incident flow the particles and the gas are in a state close to equilibrium, then the Mach num-
ber, starting with which the condition U/Vp < 0.3 is satisfied behind the shock wave, is determined from the
relation

7 2.86

M= T

1.86 —x'
where n is the isentropic exponent,

By way of an example, we determine the speed of a spherical particle of diameter dy, = 10 m and of
density pp = 2500 kg/m?® close to the surface of a target after a flight with initial speed V., = 1500 m/sec
through a shock layer of thickness A =2-1072 m and density p = 5 kg/m?; the speed of the gas behind the shock
wave is U; = 300 m/sec. For this data we easily calculate that K = 0.3 and that U;/V, = 0.2, Using Fig. 7,
we find that Vy/V,, = 0.78 and that Vi, = 1170 m/sec. Obviously, it is necessary to take such a change in
particle speed into account when treating experimental results.

If in the motion of a spherical particle through the shock layer two consecutive flow regimes are
realized, viz., a supersonic flow and then a subsonic flow with different Cq values, then the determination
of the particle speed at the surface must be made in two steps. First, we need to find the coordinate y at
which the particle is slowed to the speed of sound, For this we use equation (10), written in the form

® = & (0) exp (Ky) + Ky, (12)

where
&b = KV, I, @(0) = _ KV,
1.75U, 1.75U,
With an accuracy sufficient for practical purposes, the solution of this equation is given by the relation
Le7
%0
g =220 (13)
K o (0)

Then, knowing the coordinate y, we determine the speed to which the particle is slowed on the remaining por-
tion of its trajectory as would be done for a new shock layer.

NOTATION
Uand V are the velocities of gas and particle, respectively;
G is the specific mass flow;
E} is the dimensionless thermochemical damage rate;
G is the relative damage intensity;
Heop is the effective enthalpy of eroded mass;
HB0 is the Brinell hardness;
eff is the effective damage enthalpy;

Ie, Iy are the enthalpy at incident flow and surface temperatures;

(@/cp)q is the heat-transfer coefficient;

€ is the emissivity;

o is the Stefan—Boltzmann constant;
T is the temperature;

o is the density;
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orp is the yield limit;

d is the diameter;

c is the heat capacity;

r is the fraction of vaporized material;

Y is the blowing coefficient;

AQm, AQvap are the specific heats of fusion and vaporization;

of is the glass fiber fraction in target material;

w is the specified small positive number;

Re is the Reynolds number;

C4q is the drag coefficient;

m is the mass;

S is the midsection area;

A is the shock layer thickness;

y is the shock layer coordinate;

M is the Mach number;

" is the isentropic exponent;

K, ¢ are the quantities defined following Egs. (8) and (12), respectively;
Subscripts

©, 1, andw relate to the ambient flow, the flow behind the shock wave, and the flow at the target sur-

face, respectively;

subscripts p

and 0

relate to the particle and the target wall, respectively;

subscripts er

and k are for erosion and thermochemical damage, respectively;
subscript crit refers to the critical velocity.
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