
S T A B I L I Z A T I O N  OF T H E  E R O S I O N  P R O C E S S  A F F E C T I N G  

T H E  M A T E R I A L  OF  A B A R R I E R  U N D E R  R E P E T I T I V E  

I M P A C T  BY P A R T I C L E S  

Y u .  V.  P o l e z h a e v  UDC 532.525.6.011.55.011.6 

The initial period of eros ion is analyzed in the case where a s t ream of solid or liquid par t ic les  
impinges on var ious  mater ia ls .  

The action of a s t r eam of par t ic les  on various mater ia ls  is not simply the sum of individual impact  p r o -  
c e s s e s  involving each par t ic le  alone. A fundamental aspect  of the difference is the change in the erosion rate 
mer  even when the velocity Vp of the s t r eam remains  constant. Experimental  data taken f rom another study 
[1] indicate (Fig. 1) that the l o s s  of mass  m e r  by a nickel or  lead plate depends on the integral mass  mp of 
precipi tated par t ic les  at e i ther  of the two different velocit ies Vp = 82 and 29 m/sec.  

* $ 
These resul ts  demonst ra te  that there are  definite values mp and m e t  beyond which the dependence of 

m e r  on mp becomes a lmost  l inear ,  i .e. ,  the erosion p rocess  of the ba r r i e r  mater ia l  s tabil izes.  Considering 
that at  a constant velocity Vp of the par t ic les  their  specific flow rate Gp at the ba r r i e r  surface also remains  
constant,  one can in terpre t  the integral  mass  mp of precipi ta ted par t ic les  as being equal to Gp multiplied by 
time T 

mp = G1;r. (1) 

A ccordingly,  one can introduce the concept of stabilization time T V for  the eros ion p rocess  and define it as 

"r v = m'z/G p (2) 

In the t e c h n i e a l l i t e r a t u r e , p a r a m e t e r  T V is var iously called "stabil izat ion pe r iod , "  "wear - in  t ime,"  etc.  
Here the te rm "stabil izat ion time" will be used so as to emphasize the s imilar i ty ,  both external  and internal,  
between eros ion and thermal  breakdown. 

It is well known [2] that,  at a constant rate q0 of heat t r ans fe r  at the surface of a body in a rapid s t r eam 
of hot gas, the body begins to wear  not immediately but af ter  a definite period of time (stabilization time) VV, 
the length of which may be related to the heating depth 5 T and to the l inear  velocity V~ of the wear ing sur face ,  
viz. (Fig. 2) 

~v ~ (6T/V=) , (3) 

both 5 T and V~ being calculated for  the quasis teady segment  af ter  stabilization. 

It has been shown ea r l i e r  [2] that, at different values of the thermophysical  pa rame te r s  and velocity 
V:r the thickness S(T) of the layer  of mater ia l  broken away during the stabilization time T = T V is almost  
proport ional  to the quasis teady heating depth 

S ('~ = "~v) "~ 35T, (4) 

with 5 T corresponding to the thickness of the surface layer  within which the tempera ture  drops to e ~2 .7  t imes 
the t empera tu re  of the heated outside surface.  This thickness is equal to the thermal  diffusivity a of the m a -  
ter ia l  divided by the velocity of the wear ing sur face :  5 T = a/V~o. The p rocess  of wear  rate stabilization is in 
this case associa ted  with a res t ruc tur iza t ion  of the tempera ture  profile in the body, f rom an initially steep 
nonsteady distribution to a finally f la t ter  exponential one. Completion of the p rocess  is marked by removal  
of the entire layer  of mater ia l  within which the tempera ture  distribution had been other  than quasisteady. 

The mechanism of erosion in the case of a ba r r i e r  in a s t r eam of par t ic les  is ,  evidently, different from 
the mechanism of thermal  breakdown, but in the p rocess  of repetit ive impacts here  also occurs  a change in 
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Fig. 1. Dependence of the loss of mass  m e r  (rag) 
by a nickel plate (a, b) or  a lead plate (c) on the 
integral  mass  mp (kg/m 2) of prec ip i ta ted  quartz  
sand pa r t i c l e s  at impact  veloci t ies  Vp = 82 m/see  
(a, c) and Vp = 29 m/sec  (b). 

some p rope r t i e s  of the ma te r i a l  such as a dec r ea se  in the breakdown energy  of in ternal  bonds. With the action 
of a single par t i c le  taken separa te ly  being local in na ture ,  degenerat ion of the ent i re  surface  l aye r  of mate r ia l  
r equ i res  a definite number  of single impact  events .  There in  l ies  the internal  s imi la r i ty  between the s tabi l iza-  
tion p r o c e s s e s  in the cases  of thermal  breakdown and erosion:  end of the stabil ization per iod must  be marked  
by a complete removal  of a l aye r  of degenera ted  ma te r i a l  of some cha rac t e r i s t i c  thickness 5er .  

If it we re  somehow possible  to de te rmine  thickness 5er  for  a given mate r i a l  subject  to wear  in a s t r e am 
of pa r t i c l e s ,  then the stabil ization t ime ,  by analogy to re la t ion (3), and thus also the necessa ry  mass  of p rec ip -  
i tated pa r t i c l e s  according to re la t ion (2) could be easi ly  found by calculation f rom the e ros ion  rate .  

The wear  ra te  Ger  of mass  during e ros ion  can be evaluated f rom the total loss of mass  m e t ,  considering 
that a f te r  a sufficiently long tes t ing t ime T >> T V 

T 

0 

this relation together with relation (1) yielding the relative intensity of erosion 

= (dine'Ida,) GU ,. (6) 

The stable value of re la t ive  e ros ion  intensi ty G is re la ted  to the impact  velocity Vp according to the e x p r e s -  
sion [3] 

~= V~ [l--exp Vet--V" ] 
2Her --0.5Vcr ' (7) 

where Her  is the effective enthalpy of e ros ion  and Vcr  is the cr i t ica l  impact  veloci ty  Vp at which eros ion begins 

(at which G -- e ,  more  p rec i se ly ,  e denoting some chosen small  value such as 0.005). 

The effect ive enthalpy Her  does not depend on the impact  velociW Vp but,  just  as the heat of fusion or  the 
heat  of evaporat ion,  cha rac t e r i ze s  the breakdown er{ergy for  internal  bonds in the mater ia l .  As has been 
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Fig. 2. Thickness of 
the worn away layer  
as a function of t ime 
for  a mate r ia l  under 
a rapid s t r eam of hot 
gas. 

s(~v) 

demonst ra ted  in the ea r l i e r  study [3], the effective enthalpy Her is much lower in the case of repetit ive impact 
than in the case of a single impact.  

Upon an analysis  of the exper imental  data in Fig. 1, one ought to emphasize two anomalies in the trends 
which the cr i t ical  values m ~  r of the worn m a s s  and m ;  of the integral  mass  of precipi ta ted par t ic les  follow. 

* 

1. For  a gi=ven kind of ba r r i e r  mater ia l  the value mer  is a lmost  independent of the impact  velocity Vp or  
the eros ion rate  G, but it can vary  widely f rom one mater ia l  to another (Fig. 1). 

2. For  a given kind of b a r r i e r  mater ia l  the value m* depends strongly on the impact velocity Vp, but it 
var ies  very  little f rom one mater ia l  to another.  P 

Both exper imental ly  established t rends are  explainable, if it is assumed that the thickness 6er of the 
degenerated layer  depends not on the wear  rate (as in the case of thermal  breakdown) but on another pa r ame te r  
Which cha rac te r i zes  the stability of a mate r ia l ,  namely the effective enthalpy of eros ion Her. The wear  rate 
and the effective enthalpy are  related to each other  according to express ion (7), which for  Vp -> 2Vcr can be 
simplified to 

H~, = V~/(2g) = C,V~/(2%).  

The higher Her o r ,  which is equivalent,  the energy of bonds between individual par t ic les  in the mater ia l  is,  the 
smal le r  will obviously be the thickness /Ser of the layer  of degenerated mater ia l .  In accordance with the theory 
of dimensional  analys is ,  one can let 

8er ~ (Ppd~g)/(PoHer), (8) 

where 0p and P0 a re  the densit ies of the par t ic le  mater ia l  and of the ba r r i e r  mater ia l ,  respect ively;  dp, p a r -  
t icle d iameter ;  andg,  accelera t ion due to gravity needed in relat ion (8) for balancing the dimensions.  

One can now establish a relat ion for  the loss of ba r r i e r  mass  over the interval within which the erosion 
rate stabil izes to a constant value 

mer = 8erP0 c~ (ppdpg)/Her , (9) 

this relation being in a sa t i s fac tory  agreement  with the experimental  data in [1] (Fig. 1). Indeed, the erosion 
res i s tance  of nickel is over  12 t imes higher than that of lead (with the densities of both mate r ia l s  figured in) 
so that,  over  the respect ive  stabilization intervals  for  each,  the loss of lead mass  ought to be by more  than 
one o rde r  of magnitude l a rge r  than the loss of nickel mass .  

By vir tue of the analogy between the stabilization p rocesses  in the case of thermal  breakdown and e r o -  
sion, one can now determine the stabil ization time T V or the integral  mass  m ;  of par t ic les  precipi tated on the 
b a r r i e r  during this t ime:  

m; = "~vGp ~ (ppd~g)/(GHer). (11) 

The denominator  in express ion  (11) depends mainly on the impact  veloci ty Vp, according to relation (7), so that 
this express ion  can be more  explicitly rewri t ten as 
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Writ ten  in th is  f o rm ,  this  re la t ion  con f i rms  the e a r l i e r - m e n t i o n e d  fact  that  the in tegra l  m a s s  m ~  of 
p rec ip i t a t ed  p a r t i c l e s  depends s t rongly  on the impac t  ve loc i ty  Vp and the difference between m a t e r i a l s ,  on 
the other  hand, r ema ins  smal l  (being mani fes ted  only in some d i f fe rences  between respec t ive  cr i t ica l  impact  
veloci t ies  V c r  at which eros ion begins). 

It would be worthwhile to ver i fy  this conclusion exper imen ta l ly  at much higher  impact  veloci t ies .  In [4] 
a s tudy is r epo r t ed  of e ros ion  of a model  moving at ve loci t ies  f r o m  18 50 to 3700 m / s e c  through a quiescent  cloud ex-  
tending over  hundreds of m e t e r s  and containing drople ts  in m a s s  concentrat ions up to s eve ra l  g r ams  per  cubic 
me t e r .  It was demons t ra t ed  that  the model  had worn down n o t a t  a constant  r a t e  but, jus t  as in the case  of low 
s t r eaml in ing  ve loc i t i es ,  with a s tabi l izat ion interval .  The exper imen ta l  data were  evaluated in t e r m s  of 
p a r a m e t e r  k, the ra t io  of total  midspan  a r ea  of all  pa r t i c l e s  which had prec ip i ta ted  on the model  to the m i d -  
span a rea  of the model  alone. This  ra t io  was called the over lap  or  ecl ipse  p a r a m e t e r  r e f e r r i n g  to a model  in 
a cloud of pa r t i c l e s .  

It is easy  to prove  that m p =  (2kppdp)/3 so that  under  s table  conditions the product  

k dpV~ = 1.Sin* V~/pp oo 0.5Vcr 

mus t  be constant  independent of the veloci ty  of the model  (at l ea s t  when Vp -> 2Vcr).  This  is in full a g r e e m e n t  
with the data in [4]. 

One can a sce r t a in ,  t he r e fo re ,  that  in the case  of repet i t ive  impacts  of pa r t i c l e s  agains t  a b a r r i e r  at  a 
constant veloci ty  Vp there  is a per iod of s tabi l iza t ion,  dur ing which the wea r  ra te  i nc rea se s  gradually to its 
quas is teady level .  During this per iod of t ime a l aye r  of the b a r r i e r  m a t e r i a l  is worn away whose thickness  
depends only on the d imensions  of the p a r t i c l e s ,  on the ra t io  pa r t i c l e s  density to b a r r i e r  densi ty ,  and a lso  on 
the effect ive enthalpy of e ros ion  Her .  The in tegra l  m a s s  of pa r t i c l e s  prec ip i ta ted  during the i r  s tabi l izat ion 
per iod depends essen t ia l ly  on the densi ty ,  the d i a m e t e r ,  and the veloci ty of pa r t i c l e s .  

The mos t  impor tan t  fac tor  to be cons idered  in subsequent  expe r imen ta l  ver i f ica t ion  should be the d i a m -  
e t e r  of pa r t i c l e s ,  inasmuch as in [1] and in [4] the i r  d i ame te r  was close to a m i l l i m e t e r .  

V is the 
m is the 
G is the 
G is the 
T is the 
5 is the 
qo is the 
a is the 

e is the 

Her is the 
d is the 

g is the 
p is the 
S is the 

NOTATION 

velocity; 
m a s s ;  
speci f ic  m a s s  flow ra t e ;  
re la t ive  e ros ion  intensi ty;  
t ime;  
heat ing depth or  the th ickness  of the degenera ted  l aye r ;  
intensity of heat  t r a n s f e r ;  
t h e r m a l  diffusivi ty;  
chosen smal l  pos i t ive  value;  
effect ive  enthalpy of e ros ion ;  
d i a m e t e r ;  
a cce l e r a t i on  due to gravi ty ;  
densi ty;  
th ickness  of worn  away m a t e r i a l .  

S u b s c r i p t s  

p pa r t i c l e s ;  
e r  is the eroding b a r r i e r ;  
T is the heated l aye r ;  
V and * a re  the beginning of s tabi l ized w e a r ;  

is the quas is teady t h e r m o c h e m i c a l  breakdown; 
c r  i s  the beginning of in tens ive  e ros ion .  
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We genera l ize  expe r imen ta l  data and p r e s e n t  a model  for  calculat ing the e ros ion  of some c o m -  
posi te  m a t e r i a l s  subject  to impac t  by solid pa r t i c l e s .  

By the "eros ion"  of a m a t e r i a l  (an "obs tac le")  we mean a p r o c e s s  in which the m a s s  of the m a t e r i a l  is 
c a r r i ed  away under  the action of a s t r e a m  of pa r t i c l e s  impinging upon it. The e ros ion  of a body i m m e r s e d  in 
a h igh-speed  flow of a ga s -pa r t i c l e  mix tu re  (so-ca l led  two-phase  flow) is affected the rmochemica l ly  at the ex-  
pense of heat  and m a s s  t r a n s f e r  in the gaseous boundary layer .  In o rde r  to sepa ra t e  these two p r o c e s s e s  we 

concentra te  our at tention,  in the p r e s en t  pape r ,  on two-phase  flows over  bodies with flow speeds  less  than 
2000 m / s e c  or  with t e m p e r a t u r e  due to d r ag  not exceeding typical  values  of body sur face  t e m p e r a t u r e s  a r i s ing  
f rom "pure"  t h e r m o c h e m i c a l  decomposi t ion (2000~ for  quar tz i t i c  glass  composi tes) .  

Despi te  this l imi ta t ion ,  we need to analyze ,  where  poss ib l e ,  a wider  range of in teract ion r a t e s  in o rde r  
to obse rve  how the dynamics  of the m a t e r i a l  decomposi t ion mechan i sm changes ,  beginning with the region 
of influence of e las t i c  fo rces  and ending with the effects  of h igh-speed  impact .  A la rge  number  of e x p e r i m e n -  
tal  and computat ional  pape r s  (see,  e .g . ,  [1]) have been devoted to the study of h igh-speed impact  of single 
pa r t i c l e s .  As the lower  l imi t  of the range of h igh-speed  impact ,  the authors of these paper s  a s sume  a speed 
Vp for  which a p r e s s u r e  is genera ted at the point of contact of the par t i c le  and obs tac le  which is significantly 
higher  than the flow l imi t  under  compres s ion  for  both m a t e r i a l s .  In the case of colliding meta ls  this si tuation 
a l ready  appl ies  for  Vp -> 1000 m/sec .  

Unfor tunate ly ,  the ma jo r i ty  of the paper s  published a r e  devoted to the study of the h igh-speed collision 
of homogeneous m a t e r i a l s ,  main ly ,  the impact  of a meta l l i c  pa r t i c le  onto a me ta l l i c  ta rget .  Many authors  
note,  however ,  that  in the case  of h igh-speed  impact  the t a rge t  m a t e r i a l  p a r a m e t e r s  of p r i m a r y  signif icance 
a r e  the ha rdness  and the density [2]. The m o s t  in te res t ing  r e su l t  to be noted here  is the p rac t i ca l ly  l inear  
dependence of the m a s s  Ger  of the t a rge t  m a t e r i a l  eroded away on the kinetic energy  of the par t ic le  (GpV~/2). 
In Fig. 1 we show the expe r imen ta l  data f rom [1] for  the case  of the impac t  of s teel  pa r t i c l e s  onto a lead ta rge t .  

In con t ra s t  to the impact  of a single pa r t i c l e ,  in the case  of mult iple impac ts  each previous  par t ic le  not 
only c a r r i e s  away some  m a s s  of t a rge t  m a t e r i a l  but a lso  changes the p rope r t i e s  of the l ayer  of t a rge t  m a t e r i a l  
remain ing;  m o r e o v e r ,  during the impac t  in teract ion waves  of compres s ion  and ra re fac t ion  propagate  in this 
layer .  In pa r t i cu l a r ,  even in the case of impac t  by m i c r o n - s i z e d  pa r t i c l e s  on a homogeneous ma te r i a l  
(quartz),  numerous  m i c r o c r a c k s  and spal ls  a ppea r  [3]. This  compl ica tes  the use of a r b i t r a r y  p a r a m e t e r s  
re la t ing  to the initial m a t e r i a l ,  such as ha rdness ,  e las t ic i ty  modulus ,  e tc . ,  when t r ea t ing  exper imen ta l  data 
for  the case of mult iple  impact .  

P a r a m e t e r s  used in the case  of single impac t  (crate r volume,  depth of pene t ra t ion ,  e tc . ) ,  which a r e  of 
f requent  o c c u r r e n c e  in the l i t e r a tu r e ,  cannot be used for  t r ea t ing  exper imen ta l  data re la t ing  to multiple 
impact .  A m o r e  accu ra t e  and m o r e  p r e f e r r e d  p a r a m e t e r  in this case  is the damage  intensi ty  p a r a m e t e r  
G, defined as the ra t io  of the outflow Ger  of eroded m a t e r i a l  to the specif ic  pa r t i c l e  flux Gp reaching  the 
t a rge t  su r face .  
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