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A model is proposed for the process of screening of a surface by expelled and re- 
flected particles in a dust flow together with a method for evaluating the screen- 
ing effect in the vicinity of the body's critical point. 

When a dust flow occurs over a body reflected particles and particles of body material 
eroded from the surface may collide with other particles moving toward the surface. A por- 
tion of their kinetic energy is then absorbed and changes the direction of particle motion 
changes, producing the so-called screening effect, which leads to a decrease in intensity 
of material removal as compared to its value in the absence of particle collisions. 

The phenomenon almost always occurs to some degree when a flow holding solid particles 
acts on a body. For example, formation of a screening layer is possible in dusty flows in 
various energy generation devices which use solid fuel, in gas supply equipment channels, in 
air- gas-dynamic tubes carrying two-phase flows, in incidence of a two-phase jet on an obsta- 
cle, in motion of a body in a dusty atmosphere [1-3], etc. 

The screening effect affects the service life of components in various pieces of equip- 
ment, so that its study is a problem of practical importance. 

This question was examined some time ago in experimental studies [1-3] and theoretical 
investigations [4, 5]. However those studies offered no concrete recommendations for quanti- 
tative evaluation of the changes in intensity of material removal G when the screening effect 
is considered. Such estimates are possible on the basis of the model of this process proposed 
by the present author in [6]. 

It should be noted that consideration of the effect of body surface screening by re- 
flected particles on erosion removal of material in the general case is a remarkable complex 
multiparameter problem. Therefore, in developing a mathematical model it is desirable to 
limit consideration to the most significant parameters in the vicinity of the body's critical 
point. Other limitations and assumptions will be noted in the course of developing the model. 

We will consider Fig. la, which schematically depicts a model of the screening layer. 
Here x i is the mean radius of some i-th annular section of the surface with width A; x n is 
the radius of the circle on the surface of the body for which the intensity of G is calculated 
with consideration of screening. 

Upon collision with the body the dust particles rebound from the surface with some 
velocity v2, and remaining within the confines of a layer of thickness h, are set in motion 
by the gas and removed from the surface with a velocity Wp, together with fragments of abraded 
surface material. Since in the vicinity of the critical point (above the body surface) within 
the limits of the layer Wp << vp, it is obvious that accumulation of particles is possible 
here, with increase in particle concentration, as follows from the equation of conservation 
of particle flow 

n ~ 3 n n 

2aA (9~vp+pwu~) ~ x,=2~nA 6'- dv ~ )~,9c ~ w..,, (1) 
I=0 i=0 I=0 

where 9m is the density of the mechanical mixture of particles, assuming (arbitrarily) along 
the surface of the continuous layer; n = Xn/A is the number of divisions of the radius x n in- 
to segments of width A; I is the number of particle centers (i/m 2) in the screening layer (of 
thickness h) in a projection on a plane perpendicular to the velocity vector Vp. 
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i. Diagram of particle motion in screening layer: 
a) flowover model; b) collision model. 

According to the rule of mixtures, for Pm we find the expression 

) 9~ =- Pp 
, GPv/O~+ 1 

w h e r e  G = (PwUw)/PvVp.  Then  f r o m  Eq. ( 1 ) ,  u s i n g  Eq.  ( 2 ) ,  we h a v e  

where 

(2) 

)~=--r~6 9uvr(Gpp/pw@l)RN .= -wpnixl , ( 3 )  

wv, . = �9 Z = X ~ " A ' 1 ' ~i, xi . . . .  ~-i , i , - - O ,  I ,  2 . . . . .  n 

V~ i=O R N  

(at i = 0, xi corresponds to the mean relative radius of a circle, and at i = I, 2 .... , n, 
to a ring). 

Equation (3) will allow us to evaluate the effect of various parameters on the increase 
in density of the layer above the surface by reflected and abraded particles. 

In view of the possiblity of intercollision of particles upon their approach to the sur- 
face the intensity of mass removal G must be considered in a probability formulation as the 
sum 

O-- OoPo@ OzlPl-~ . . . . .  @ GzmPra, (4) 

where Go, P0 are the intensity of mass removal and the probability of its existence for free 
(collisionless) particle flight; GEm Pm is the mathematical expectancy of the intensity and 
its corresponding probability for repeated collisions. Then, for example, 

Gm==Gr+G2, ( 5 )  

which indicates the sum of the intensities of removal created by primary (unperturbed) par- 
ticles G I and secondary particles G 2 which have experienced collision with primary particles. 

To calculate the probabilities P0, Pl, ''', Pm we use Poisson's law 
am 

P ~ =  rnl e x p ( - - a ) ,  ( 6 )  

where m = 0,  i, 2, . . .  are possible values of events; a = ~rR2h is the mathematical expectancy 
of the number of particle centers within the limits of some elementary circular area of radius 
R (see Fig. ib), incidence into which can lead to collision of particles, n 

To determine Pm with Eq. (6) it is necessary to know the value of ~ ~i/~pnz in Eq. (3), 
r,=0 

which can be obtained by solution of the equation of particle motion in the screening layer, 
which we write in the following form: 

dwz2 = A [(w - -  wp) +0 ,167  Re ~ sz (~ _ ~v)~,sz], ( 7 ) 
dx 
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Fig. 2. Particle collision and removal parameters: 
i, 2) collision angles 81, 8 2 for primary and second- 
ary particles with surface; 3, 4) collision velocit- 
ies for primary and secondary particles ~i and u2 
with surface; 5) current relative net intensity. 

where 
A -  36RNPo . Re~  v.dppo. 

dpp,, R e .  ' - -  ~ ' 

= ~X, according to [7], ~ = dw/dx = 4/3~(2 -~), ~ ~ P~/P0' 

We note that in composing Eq. (7) as a particle resistance law use was made of Klyachko's 
expression [8] 

24 
CA ---- (l --0, 187 Re ~ 67). 

Re 

Equation (7) was solved with the following boundary conditions: at x = ~i, WP = 0, w = ~i 
at x i = x n, wpi = Wpni, w = BXn- Moreover, the usual assumptions were made as to sphericity 
of particles, boundary layer thickness was assumed negligibly small, surface curvature in 
the vicinity of the critical point was neglected, and it was assumed that upon rebounding 
particles had negligibly small velocity (v 2 ~ 0, wp " 0), did not rotate or break up, and 
had no effect on the gas flow, that the original particles rebounding from the surface and 
the particles of eroded material had the same size dp; collisions of particles during motion 
along the surface were not considered. 

We will not turn to determination of the quantity GEm in Eq. (4). 

The intensity of material removal G o in the vicinity of the body's critical point for 
free particle flight without mutual collisions will be considered known, and can be found, 
for example, from relationships presented in [9, i0]. In particular, we can write the fol- 
lowing general expression 

2 
Oo = - f ~ j  f (o) f (T, vp, ~ )  ~-- Cv~f (0), (8)  

where Her is the enthalpy of erosion destruction of the material; C is some constant of ero- 
sion destruction; the exponent s is assumed constant for a given material over some Vp inter- 
val at constant temperature; f(0) = G(8)/G m is the ratio of material removal intensity as a 
function of the angle of particle collision with the surface 8 to the intensity at the angle 
of maximum removal. 

Data on f(0) are presented for some materials in [12]. For a typical plastic f(B) = 
sinl,38. 

Determination of the quantity GEm proves to be more complex, since even finding GEl with 
Eq. (5) requires detailed consideration of the particle collision process shown schematically 
in Fig. lb. 

On the basis of equations describing oblique central collision of two bodies moving in 
translation [ii], one can write a system of equations for determining the basic parameters 
of motion of particles after collision in the form 
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Fig. 3. Mathematical expectancy of change in relative 
net intensity: i) steel, s = 2.5; 2) aluminum, s = 3.6; 
3) plastic, s = 2; Vp ~ 500 m/sec. 

JR2+ (l--k)~ (I---R2) ]I/2 - l+ k l/ = , u~= 1 _ _ ~  2, 
4 2 - 

O~ = 90-- 02+ % O~ = arc cos &', ( 9 )  

q~ = arcs~n ( 1 -  k~/-i >2/u l l ,  k u~---ul,~ 
2 j V l n - -  V2n 

where K is the recovery coefficient, equal to the ratio of the absolute velocities of the 
bodies before and after collision, and is dependent solely on the elastic properties of the 
colliding particles. We note that at k = i the collision is completely elastic, while for 
0 < K < i the collision is incompletely elastic. 

The meaning of the other quantities in system (9) should be clear from the diagram shown 
in Fig. lb. 

As an example the variation in collision parameters with relative distance between par- 
ticle centers R = R/dp (without averaging over the arc ~2) for a typical plastic at k = 0.25 
is shown in Fig. 2. 

It follows from the figure that in the interval 0 < R < 0.8 the current net intensity of 
material removal decreases by a factor of approximately two as compared to the intensity of 
removal for free particle flight. 

Estinmtes show that for significant flow enthalpy a significant thermal flux may travel 
toward the eroding surface, which can be described approximately by the expression 

u 2 
p 

qw~ ~(T0--  Tw)+ yg~Vp 2 ' 

where  X i s  a c o e f f i c i e n t ,  e q u a l  t o  0 .3  and 0 .7  f o r  b r i t t l e  and p l a s t i c  m a t e r i a l s ,  r e s p e c t i v e l y  
[131. 

Also using the data of [13] for determination of ~, it can be shown that even for a flow 
density PvVp, where isolated collisions are most probable, a significant heating of the surface 
is sometimes possible, especially if it is metallic. This fact indicates that at high values 
of qw it is necessary to consider the corresponding change in the quantity G o with temper- 
ature [10], and the problem of G determination must be solved in composite formulation with 
consideration of heat exchange. 

For multiple collisions the pattern of particle behavior becomes so complicated that 
computation of collision parameters becomes practically impossible, so that one must use data 
obtained experimentally. To do this it will be convenient to represent Eq. (4) with consider- 
ation of Eq. (6) in the following form: 

O = OoPo+ OxP] = 6o [(l--e) exp (--a) + 81, ( 10 ) 

where P' i = I - P0 is the probability of not less than one particle collsiion; e is the mathe- 
matical expectancy of the quantity Gz/G 0 with consideration of uniform particle distribution 
within a circle of radius R = i which for multiple collisions is regarded as a parameter of 
the process and determined experimentally, or can be computed for a limited number of colli- 
sions. 

Thus, in particular, when only single collisions are considered, which is sufficient 
for the majority of practical cases, the quantity e can be determined in accordance with 
Eq. (5) 

1065 



2Gm I 
f (03).u21 RdR. 

G O 

Results of e(K) calculations for a single collision for some materials using data from 
[8, 15] are presented in Fig. 3. It is evident that e depends significantly on the recovery 
coefficient k, and as k + 1 even indicates the possibility of increasing removal intensity 
in the presence of some screening layer. Data available in the literature [12] on results of 
experimental studies confirm this. 

At significant collision velocities, where Vp > 150-200 m/sec, the recovery coefficient 
lies in the range 0 < k < 0.5, so that e < 1 always, and can be determined approximately from 
calculation results (Fig. 3) or calculated using data on f(8) for concrete materials. 

The discussions of the behavior of the quantity ~ presented above refer to conditions 
where the particle flow has an enthalpy significantly less than the enthalpy of the particle 
material mixture, i.e., 

C~T + v~/2<</-/x, 
where Cp is the specific heat of the particle material. 

For thermally stressed dusty flow action conditions it is possible that 

cpr + 

Then the additional energy liberated upon particle collision may become so high that the parti- 
cles melt, lose stability, and break up. It is then possible, for example, in the case of 
plastics for the so-called thermal destruction mechanism [14] to occur, in which case (for 
plastics) ~ " 0.05-0.2. This means that at significant mass flow densities, as follows from 
Eq. (i0), as exp (-a) + 0, G + G0e, i.e., in the limit mass removal is a multiple of e. 

Results of material tests obtained under such conditions obviously do not reflect true 
resistance to erosion action. It is evident from analysis of Eq. (I0) that for reliable re- 
sults tests of erosion resistance of materials should be carried out at relatively low mass 
flow densities, i.e., at exp (-a) ~ I, where the effect of particle collisions can be neglec- 
ted. The influence of the screening effect obviously must be considered in comparing results 
of material tests obtained with different values of flow parameters, especially in testing 
models of different forms and sizes. 

As exp (-a) + I Eq. (i0) takes on the simpler form 

G "-' Go exp (-- a). 

For convenience in representing results and performing calculations of the screening effect, 
with the aid of Eq. (3) Eq. (i0) can be written in the following form: 

where 

G - -  Goe = exp 1 xi ( l l  ) 
Go ( 1 - -  e) n 

• =: d~p~v| 

6RNp~vp( Gpp/pw + 1) 

Equation (ii) was solved together with Eq. (7) by a computer with parameters varied over 
the range 0.2 ~ ~0.8; I ~ Re~ ~ 104; 10 -4 ~ A ~ I0, which essentially covers all cases of 
practical interest. 

In the calculations the vicinity of s critical point was defined by the limits Xn ~ 
0.2, n = 5 (at n > 5 evaluations showed that G/G 0 varied little). 

We will note that a solution of Eq. (7) can be obtained numerically by any of the known 
methods, however, for example, when the Euler method or the improved broken line method of 
[17] is used, solutions can be obtained easily with progranmmble calculators. 

The results of the calculations performed can be approximated with the expression 

_ ] I 
G--Go8 exp{ ~...-(27,21gRe| exp [--(4,1+ lgA)l, 17 --  2"-~x } (12) 
Go ( 1 - -  ~) 

wi th  the  e r r o r  of  the  approximat ion  not  exceeding 20%. 
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Fig. 4. Calculation of change in relative 
intensity with consideration of screening 
and comparison with experimental data: I) 
alumina; 2, 3) plastic. PvVp, kg/m2"sec. 

When it is necessary to consider the effect on screening of particles of removed mater- 
ial, G can be calculated by the method of successive approximations. In those cases where G 
is small, the intensity can be found directly from Eq. (12), taking G = 0 in the expression 
for z G = 0. 

If the particles of the erosive medium and the removed material move in the vicinity 
of the critical point with almost no delay relative to the gas, determination of G becomes 
even simpler, using the equation 

G--Oos exp ( 1 ) 
G0(l--k) -- 2[~---~- ' (13) 

which can be obtained from Eqs. (ii), (12), as A + ~. Equation (13) can be used for approxi- 
mate estimates and permits determination of the minimum possible values of the screening ef- 
fect. 

As an illustration of the possibilities of the proposed method for evaluating the screen- 
ing effect, Fig. 4 presents results of calculations of the change in relative intensity G/G 0 
for materials tested in [16] and for more thermally stressed regimes as a function of particle 
mass flow density. In the cases considered the calculation results agree satisfactorily with 
experiment. 

NOTATION 

G, intensity of erosion material removal; w, Wp, gas and particle velocities along body 
surface; PvVp, particle mass flow density; Pv, particle mass per unit volume; x, coordinate 
with origin at critical point; RN, body radius; A, width of annular segment; vp, primary par- 
ticle velocity; dp, mean diameter of erosive medium particles adn particles removed from sur- 
face; Pw, density of material surface; Pc, density of particle mixture; pp, density of par- 
ticle material; Uw, linear removal velocity; p, probability; a, mathematical expectancy; R, 
radius of circular collision area; P0', gas density at the critical point; 6, dimensionless 
velocity gradient; D0', gas dynamic viscosity coefficient at braking temperature; Re, Reynolds 
number; Her, enthalpy of erosion distribution; 8, particle-body surface collision angle; f(8), 
angular intensity function; k, velocity recovery coefficient; E, mathematical expectancy of 
change in relative net intensity; ~, heat liberation coefficient; qw, thermal flux to surface; 
~, energy accomodation coefficient; To, Tw, gas braking and surface temperatures; cp, specific 
heat of particle material; Hf, melt enthalpy; A, parameter; ~, parameter; s, exponent. Sub- 
scripts: p, particle; w, surface; i, primary particle; 2, secondary particle; 0, critical 
point, initial value, absence of screening; c, mixture; er, erosion; f, liquid; n, limiting; 
=, removed from layer; v, flow. 
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CHARACTERISTICS OF THE MOTION AND DISTRIBUTION OF THE SOLID 

PHASE IN A JET DISCHARGING INTO A FLUIDIZED BED 

V. K. Lukashev UDC 532.525.2:66.096.5 

A model of the motion of the solid phase from the bed into a jet is proposed. A 
method for calculating the velocity field and solid-particle concentration field 
in the volume of the jet is developed. 

The efficiency of technological equipment with a fluidized bed is often determined by 
processes occurring in jet flow, occurring in the bed during the operation of separate pieces 
of equipment (gas-distribution gratings, pneumatic nozzles, burners, etc.). In order to cal- 
culate and model these processes the characteristics of the motion and distribution of the 
solid particles in the volume of the jet, discharging into the fluidized bed, which have 
never been adequately studied, must be known. Existing studies of jet flows in a fluidized 
bed are concerned primarily with the analysis of the motion of the gas phase [i]. 

The characteristics of the motion and distribution of the solid phase in a jet discharg- 
ing into a fluidized bed can be determined most completely based on the velocity and concentra- 
tion fields. The calculation of these fields, however, is a complicated problem, which can 
be solved only with the use of approximate models for the real mechanism of transport of solid 
particles in the jet. 

We shall base this model on the assumption that the transport of solid particles is de- 
termined completely by the motion of the gas. In the longitudinal direction it is determined 
by the convective component, while convection and turbulent diffusion are responsible for 
radial transport. We assume that solid particles do not affect the nature of the velocity 
field of the gas phase. This assumption is based on well-known experimental data [2, 3], 
which indicate that the volume concentration of the solid phase in the boundary layer of the 
jet is much lower than in the fluidized bed. These data also make it possible to neglect 
the interaction between the monodispersed particles. We assume that the gas phase of the jet 
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