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Erosion in the vicinity of the front point of a blunt body over which a dusty hypersonic 
stream flows is investigated. A three-velocity model of the motion of a multiphase medium is 
used to describe the process. The coefficient of erosion as a function of the parameters of 
the oncoming stream is determined as a result. The so-called screening effect, earlier studied 
experimentally in [i], is explained by particle deceleration in the dense dust layer above the 
eroded surface. It is shown that the steady character of the flow in the vicinity of the 
critical point is disrupted when dust is present if the mass concentration of particles in the 
undisturbed stream exceeds a certain critical value. 

A number of papers [2, 3] have been devoted to the investigation of particle motion in 
hypersonic shock layers, but without allowance for the influence of erosion products. Erosion 
in the vicinity of the critical point of a subsonic, slightly dusty stream was investigated 
in [4]; the dependence of the erosion volume on the parameters of particle collision with the 
wall was assumed to be known and was borrowed from experimental research. The calculated 
model of erosive destruction suggested in [5] was used in the present work. 

i. Two-Layer Flow of a Mixture in the Vicinity of the Critical Point. Let us consider 
a compressed layer on the flat face of a cylinder in a hypersonic equilibrium stream of a 
monodisperse mixture of gas and solid particles. The velocity vector of the oncoming stream 
is parallel to the axis of the cylinder, so that the flow is axisymmetric. We set the origin 
of coordinates at the center of the face, denoting the axial coordinates as x and the radial 
one as y (Fig. i). We take the shape of the shock wave in the vicinity of the critical point 
as roughly parabolic, 

: s - -  y 2 / 2 R ~ ,  

R c and s being the radius of curvature and the standoff distance of the shock wave, respec- 
tively. 

Inert particles entering the compressed layer at hypersonic velocity are slowed only 
slightly and reach the surface of the cylinder having a large store of kinetic energy. De- 
struction of the surface of the body in the stream (erosion) occurs as a result of the nu- 
merous impacts of high-velocity particles. In each act of collision a certain volume of ma- 
terial of particles and body is ejected into the stream, and a dust layer forms above the 
eroded surface. We shall consider the dust layer to be plane and thin. If A is the thick- 
ness of the dust layer, then 

A < s .  (i.I) 

We divide the region of flow in two: the region of relaxation of the monodisperse mixture, DI 
(A ~ x < Xs, y > 0),where a two-velocity model is applicable, and the region of flow of 
the polydisperse mixture, D2 (0 < x < A, y m 0), in which we shall describe the flow with- 
in the framework of a three-velocity, quasi-one-dimensional model. We impose the restriction 
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Pp < P~, Pe ( 1 . 2 )  

on the parameters of the particle flux, where pp is the density of the particle flux; p~ is 
the gas density in the oncoming stream; 9e is the flux density of erosion products. By vir- 
tue of (1.2), the equations of gas dynamics can be integrated in region D~ independently of 
the equations of particle motion. At the boundary of the dust layer (x = A) we demand con- 
tinuity Of all the parameters of the gas stream. Then in region D~ the solution of the dy- 
namic equations for an inviscid gas has the usual form for flow in the vicinity of a critical 
point (e.g., see [6]), 

= p~, ~ = - 2 ~ ( ~ ) ,  ~ = ye'(~), F ( o )  = ~ ,  xl  = ~ - A( i  - ~) ,  ( 1 . 3 )  

where Pc is the gas density beyond the straight section of the shock wave; k c is the veloc- 
ity gradient in the vicinity of the critical point; ~ is a constant of integration, which 
we find from the condition 

A 

~v2pu (A) + 2~y S pvdz = O. 
o 

Using (i.i) and (1.3), we can write this condition in the form 

A 

0 

Thus, the quantity ~ is defined as the average, over the thickness of the dust layer, radial 
velocity component of the gas stream. 

The flow of the gas-dust mixture in region D2 will be described within the framework of 
the Kligel--Nickerson model [7]. We take the mixture to be in temperature equilibrium, while 
we characterize the dynamics of all the erosion fragments by one relaxation�9 parameter T. The 
influence of particles on the parameters of the flux of erosion products in the volume of the 
flow can be neglected by virtue of (1.2). The model equations averaged over the thickness of 
the dust layer have the form (we omit the averaging parentheses) 

pu (•) t a + T ~  yp ,  = o ,  

pU (~) v(A) ~ ~__~._..~yVO v { a 2 - -  -t--~ aP + P---$ (v--%)=O, ( 1 . 4 )  

! - _ ~  yp v = i o ,  t a P~ ( v - , e ) ,  

where u(A) and v(A) are the velocity components of the gas stream at the boundary of the dust 
layer; Je is the mass flux of erosion products from the face surface. 

Equations (1.4) describe the transfer in the radial direction of the mass and momentum 
of components of the mixture. Parameters of the flux of the solid phase are marked by the 
index e. The boundary conditions for the system (1.4) at y = 0 are formulated in the form 

v= % = O, aplay= ~pJay=o. (1.5) 

Since the gas in the shock layer is assumed to be incompressible, the radial pressure 
gradient in the dust layer will be the same as at the boundary x = A. Thus, 

op - - p k W y .  ay 

We assume that Je(Y) = const, and then the solution of the problem (1.4), (1.5) can be repre- 
sented in the form 

P =  Pc' v = ~ y ,  Pe = const, % =  ~kcY" (1 .6 )  

Substituting (i.6) into (1.4), we obtain the system of algebraic equations 

Je 3N2--2N+ P--L 2---(N--~)=t,  3~2= 2-~-(N--~), pe--~2kc A, (1 .7 )  
P q  q 

where q = 2kcT. The expression (1.6), together with the system (1.7), allow us to determine 
the averaged parameters of the dust layer if Je and A are known. 
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By virtue of the law of conservation of mass, the flux of erosion products is connected 
with the particle flux to the eroded surface by the relation 

:~ = -(i + E)(~p%)~= 0, (I. 8) 

where E is the coefficient of erosion. To determine the thickness of the dust layer, we inte- 
grate the equations of motion of the erosion fragment along the axial line 

a~ { (~- ~)' 

at which we set u = --2Nkex. As a result, for nq < 1/4 we have 

(§ 3~ 2 2 

where zz = --1/2 + ~7~-- ~q; z2 = --1/2 -- i~-- ~q; ~ = (i -- 4nq)-~/2; Ue(0) is the velocity 
of escape of erosion fragments from the surface. At the outer boundary of the layer (x = A) 
we must have ue(A) = 0, from which we find 

For small values of ~q we have 

A : x%(O)(l + ~lq ln ~lq), ~]q<<t .  ( 1 . 9 )  

Analyzing this expression, we can conclude that the influence of the counterflow of gas on the 
thickness of the dust layer is insignificant when the interaction parameter Dq is small. 

The initial velocity of the erosion fragments is determined by the velocity of collision 
of particles with the surface, Ue(0) = -XUp(0), I being the coefficient of restitution of 
velocity upon impact. Neglecting the second term inside the parentheses in (1.9), which is 
small compared with unity, we finally obtain 

A~--~%(O), ~q~ t .  (i.i0) 

Thus~ the parameters of the dust layer are determined from the known conditions of collision 
of the particles with the wall. The parameters of the particle flux are determined, in turn, 
by the conditions of motion in the dust layer. 

2. Particle Motion in a Dusty Hypersonic Shock Layer: Particles striking a shock layer 
from an undisturbed stream pass successively through the region D z of pure gas and the region 
D~ of dusty gas. In this case the drag force acting on a particle will depend both on the 
interaction with the viscous gas and collisions with erosion fragments. In the general case~ 
the equations describing the flow of a monodisperse solid phase in a mixture have the form 
[8] 

0 0 
-J7 ~p~uv § 97 m:p = O, 

( 2 . 1 )  
) vp -g.  c' ~ 3 pc~ ( ~ _  3 ~e ~ i ~ -- % I (~e -- ~)' 

psr----~ L \ 

where Ps and rp are the density and radius of a particle, respectively; C D is the drag coef- 
ficient in the gas stream; C A is the drag coefficient in the stream of erosion products. The 
following conditions are satisfied on the shock-wave line and on the line of symmetry: 

x --- Xs, pp  = p p ~ ,  Up = u ~ ,  Vp = O, 

g = O, Opp/#y = O, oup f@ = O, vp = O. (2.2) 

When investigating the erosion of a body in a dusty hypersonic stream, we can simplify 
the problem (2.1), (2.2) considerably. In this case we assume [2] that the following condi- 
tions are satisfied everywhere in the compressed layer: 

I % 1 > % ,  I~ l ,  W~l- 

Moreover, for y2 << R~ we can neglect the curvature of the shock front. Then we set Iv -- Vp] = 
lUp! ' Iv e _ vp i z lUp|in (2.1), while under the conditions (2.2) we can take ms = s~ As a 
result, we obtain the system of equations 
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a 0 
yppup + -~y yppvp = O, 

C' v ' '  3 P e D u  

(2.3) 

where Ip = (8/3CD)(ps/P)r p. We shall solve the system (2.3) under the conditions 

x = s, pp ~ pp~,  u~ = uo~ , Vp = O, (2.4) 

g ~ O, 8pp/Oy ~ O, aup/C)g ~ O, Vp ~ O. 

Further, we take condition.s of particle motion such that C D = const and C~ = const. In re- 
gion D~ the particles move through pure gas, so that we must set Pe = 0 and v = yF'(x~) in 
(2.3). We seek the solution of the problem (2.3), (2.4) in region D~ in the form 

As a result, we have 

pp = pp(~), % = up(x), % = k~(~)y. 

I r X 

= ( , _x )_ -  
up u~ exp --  l~ 

up :=~dx + k2~ = ~ IF' (xl) - k~l, % (s) = 0. 

L e t  us  e s t i m a t e  t h e  d e g r e e  of  s c a t t e r i n g  of  t h e  p a r t i c l e  f l u z  i n  t h e  r a d i a l  d i r e c t i o n .  
O b v i o u s l y ,  kp < k c ,  f rom w h i c h  we h a v e  t h e  i n e q u a l i t y  

where  A =  e - ~ p -  t ; e == P~/Pe" S i n c e  a << 1 f o r  h y p e r s o n i c  c o n d i t i o n s  o f  s t r e a m l i n e  f low.,  t h e  
8 

p a r t i c l e  f l u x  w i l l  be  s c a t t e r e d  s i g n i f i c a n t l y  o n l y  f o r  A ~ e - 1 .  By v i r t u e  o f  t h e  same l i m i -  
t a t i o n s  u n d e r  w h i c h  t h e  p r o b l e m  i s  b e i n g  s o l v e d ,  we m u s t  r e q u i r e  t h a t  t h e  i n e q u a l i t y  Z 0 > s 
be  s a t i s f i e d  and  n e g l e c t  s c a t t e r i n g  of  t h e  f l u x .  

The p r o b l e m  i s  s o l v e d  s i m i l a r l y  i n  r e g i o n  D2. I n t e g r a t i n g  t h e  s e c o n d  e q u a t i o n  i n  t h e  
s y s t e m  ( 2 . 3 ) ,  we o b t a i n  an e x p r e s s i o n  f o r  t h e  a x i a l  c o m p o n e n t  o f  t h e  p a r t i c l e  v e l o c i t y  a t  
t h e  f a c e  s u r f a c e ,  

. r A 

Up ( 0 )  ~ Uoc exp - -  ~ - -  �9 ; @ - -  8 Pe dx. 

0 

The e s t i m a t e  of  t h e  d e g r e e  of  s c a t t e r i n g  of  t h e  p a r t i c l e  f l u x  i n  t h e  d u s t  l a y e r  h a s  t h e  fo rm 

where <pe > is the average density of erosion products in the dust layer. With allowance for 
the condition (i.2), we can neglect scattering of the particle flux when ~ ~ i. Summariz- 
ing all this, we write the equations connecting the parameters of the particle flux at the 
wall with the parameters characterizlng the dust layer: 

(Pp~p)x=o ~" Pp~ uoo' s < Ip, �9 ~ l ,  
! 

3cD <e~> A (2.5) 
up (0) = uoo exp . ~ -- �9 , �9 = ~ -  Psrp 

The parameter ! determines the degree of screening of the surface by the layer of erosion 
fragments. Thus, the screening effect is explained by particle deceleration in the dense dust 
layer. Another mechanism capable of resulting in surface screening is the fragmentation of 
particles in collisions with erosion fragments. This kind of effect was studied in [9], It 
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is observed under the conditions of rain erosion, where drop fragmentation actually is an im- 

portant fact~ 

3. Determination of the Coefficient of Erosion. At a high velocity of particle collision 

with the surface~ the dependence of the coefficient of erosion on the particle velocity has 

the form [6] 

Hen being the effective enthalpy of erosional destruction. With allowance for (2.5), we can 
write this expression in the form 

uL --~"~P (3.1) E : Eoe-~, E o : ~ - - e  
@n 

Further, we assume that in the investigated range of collisional velocities the coefficient of 
restriction of velocity during an impact is constant, I = const. Then from (i.i0) and (2.5) 

we get 

A = See - ~ ,  A~ = )~TI z~ (3.2) 

Substituting (3.1) and (3.2) into the system (1.7), we have 

3~ 2 - 2 ~ -  3~2aqbe ~ i, ~] ~ ~T(3./2)q~ '~, (1 ~- E0e )p = ~c~, (3.3) 

where 

P 8 9srp2kc ' 3C D 9A o 

S i n c e  qq  << 1 a n d  ~ < ~ ,  q = ~ + 0 ( n 2 q ) .  T h e r e f o r e ,  f r o m  ( 3 . 3 )  we g e t  

~ =  t + ~ / 1 §  3(1 + a~e| 
3 (i + ace | + o (~q). 

F r o m  t h i s  we o b t a i n  t h e  e q u a t i o n  c o n n e c t i n g  t h e  s c r e e n i n g  p a r a m e t e r  w i t h  t h e  p a r a m e t e r s  o f  

t h e  o n c o m i n g  s t r e a m :  

r t § ] / ' i  § 3 (l + a~er  (3.4) 

P = ] § E0e-~r s (~ § ~r r 

For Eo = 0 the function p($) has the form of a hump with the maximum at the point ~ = ~m: 

2e-1 ~ - ~  a 
r  W -  , o(~ -), > ~ .  

Here p(0) = 0 and p(r + O, when r § ~. Hence it follows that the function ~(p) has two 
-~ p* 

branches and is defined only in the interval 0 ~ p < P~, = P(~m)" The physical branch 
of the solution is chosen from the condition ~(0) = 0. Finite values of Eo do not alter the 
character of the behavior of the function p(~) but only alter the position of the extremal 
point. Thus, the steady-state solutions indicated above, describing flow in the vicinity of 
a critical point in the presence of a dust layer, do not exist if the particle concentration 
in the undisturbed stream exceeds the critical value, i.e., if p > p*. 

Combining (3.1) and (3.4), we find the functional relation E = E(p, a, Eo). In Fig. 2a 
we present calculated relations E = E(p) for a = i0, 20, and 30 (lines I-3~ respectively) for 
Eo = i. The influence of the initial value of the erosion coefficient can be traced in the 
data of Fig. 2b, where the relations E = E(p) satisfied for a = 20 and Eo = 0.i, 1.0, and i0 
(lines 1-3, respectively) are calculated. The qualitative<agreement with experimental results 
[i] can be noted, although a direct quantitative comparison is impossible since the data in 
[i] were treated using a criterial relation E = E(pp~Up~ Pc' rp)~ Each of the curves in 

- *(a. Eol)~. ~Analyzing these data, we can Fig. 2a, b is determined up to a critical value p - p .~ 
conclude that the screening effect is intensified with an increase in p, a, and Eo. 

The parameters E and Eo depend differently on the velocity of the oncoming stream. Since 
the ratio S/Ip depends little on u~ (hypersonic stabilization), in the general case we set 

m n and estimate the exponent in the law E ~ u~. From Eq. (3ol) we find No ~ u~ 

m = n(l--a~/aln u ). 

Typical curves of the relation m = m(~) are presented in Fig. 3. The calculations were made 
for n = 2, a = 20, and E = 0.I, 1.0, and I0 (lines 1-3, respectively). In analyzing these 
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data, we note the following: i) In the investigation of erosion-resistant materials, experi- 
ments with dusty streams yield an overstated value of the exponent in the law E ~ u~; 2) in 
the investigation of materials with a low erosion resistance (Eo ~ I) the analogous exponent 
will be lower than the standard value for low stream dustiness (p << p*) and higher than the 
standard value for high dustiness (p ~ p*). Th e exponent in the law Eo ~ u~ determined in 
experiments on the collision of single particles is taken as the standard value. 

Let us determine the influence of stream dustiness on the forces acting on the body in 
streamline flow on the part of the particle flux. With allowance for the momentum flux of 
erosion fragments leaving the surface, we have 

F being the effective force. Using the results obtained, we find 

F/F o = p[i + X(i + E0e-2e) ]e -~, 

C DIp e_S/ipp u%" 
where F 0 -- , 

CD s 

Under erosion conditions a collision is almost inelastic (h << i), so that for Eo ~ 1 
we have 

FIFo = p e x p  ( - - ~ ( p ) ) .  ( 3 . 5  

Thus, the effective forces can be lower than for inelastic impact. 

For the criteria p and a we have, in accordance with their definitions, the following 
equivalent expressions: 

t 

CD Pp~ s CD lp 
-- , a ~ ~ t  AO �9 P C D p~ lp CD 

The e s t i m a t e  f o r  t h e  c r i t i c a l  v a l u e  o f  p h a s  t h e  f o r m  

p~ ~ (3ae)-l/2/(i + E0e-2). 

From t h e  c o n d i t i o n  ( 1 . 1 )  we g e t  t h e  i n e q u a l i t y  a >> l ,  f r o m  w h i c h  pe  << 1.  T h e r e f o r e ,  i n  
t h e  f l o w  o f  a d u s t y  h y p e r s o n i c  s t r e a m  o v e r  a b l u n t  b o d y  t h e  d u s t  l a y e r  f o r m e d  i n  t h e  bow p a r t  
o f  t h e  b o d y  c a n  s i g n i f i c a n t l y  a f f e c t  t h e  p a r a m e t e r s  o f  t h e  e r o s i o n  p r o c e s s  e v e n  f o r  a low 
d u s t i n e s s  o f  t h e  o n c o m i n g  s t r e a m .  

F i n a l l y ,  we n o t e  t h a t  t h e  c o n s t a n t  c h a r a c t e r i z i n g  t h e  r e s i s t a n c e  o f  t h e  m a t e r i a l  t o  
e r o s i v e  d e s t r u c t i o n ,  i . e . ,  Hen , a c t u a l l y  d e p e n d s  on t h e  t e m p e r a t u r e  T w o f  t h e  s u r f a c e  b e i n g  
e r o d e d .  I n  t h e  p r o c e s s  o f  d e s t r u c t i o n  a c e r t a i n  s h a r e  o f  t h e  k i n e t i c  e n e r g y  o f  t h e  p a r t i c l e s  
i s  e x p e n d e d  on h e a t i n g  t h e  s u r f a c e ,  s o  t h a t  T w = Tw(~p)  , w h e r e  ~p i s  t h e  f l u x  o f  k i n e t i c  e n e r -  
gy  o f  t h e  p a r t i c l e s .  F rom t h i s  we g e t  t h e  f u n c t i o n a l - r e l a t i o n H e n ~ H e n ( ~ p ) ,  w h i c h  m u s t  b e  

- r a l l o w e d  f o r  i n  t h e  c a l c u l a t i o n s .  A c c o r d i n g  t o  t h e  r e s u l t s  o f  [ 1 0 ] ,  h o w e v e r ,  t h e  t e m p e  a t u r e  
d e p e n d e n c e  o f  t h e  c o e f f i c i e n t  o f  e r o s i o n  i s  m a n i f e s t e d  o n l y  n e a r  a c e r t a i n  t e m p e r a t u r e ,  s p e -  
c i f i c  f o r  t h e  g i v e n  m a t e r i a l ,  c l o s e  t o  t h e  m e l t i n g  t e m p e r a t u r e  T m e l t .  But  i f  t h e  s u r f a c e  
t e m p e r a t u r e  i s  c o n s i d e r a b l y  l o w e r  t h a n  t h e  m e l t i n g  t e m p e r a t u r e ,  one  c a n  t a k e  Hen(T w) z c o n s t .  

T h u s ,  t h e  c o n c l u s i o n s  f o l l o w i n g  f r o m  an  a n a l y s i s  o f  Eq.  ( 3 . 4 )  c o r r e s p o n d  b e s t  t o  t h e  
l i n e a r  s t a g e  o f  e r o s i o n  o f  r e f r a c t o r y  m a t e r i a l s  s u c h  a s  g r a p h i t e ,  t u n g s t e n ,  e t c .  An a d d i -  
t i o n a l  r e s t r i c t i o n  c a n  b e  w r i t t e n  i n  t h e  f o r m  o f  t h e  i n e q u a l i t y  dHen /dT  w << Hen /T  w, d e f i n i n g  
t h e  r e g i o n  o f  t h e  p a r a m e t e r s  w h e r e  t h e  e n t h a l p y  o f  e r o s i v e  d e s t r u c t i o n  a c t u a l l y  i s  c o n s t a n t .  

E/Eo 
0,8 k ~  

0,046 o, ogz, o 0,034 o,068 p 

Fig. 2 

4 

J 

~4 0,8 Cb 

Fig. 3 
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