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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 .  

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 t a rge t  e r o -  
sion in tens i ty  on the 
specif ic  kinetic e n e r -  
gy of s tee l  pa r t i c l e s ,  
Vp km/sec.  

We reca l l  that in the investigation of the rmochemica l  decomposi t ion,  p resen ted  in [4], there  was in t ro -  
duced a ve ry  convenient energy  cha rac t e r i s t i c  of the p r o c e s s ,  v iz , ,  the effect ive damage enthalpy 

(r (le - -  Iw) ~ egT~ 
/eft ~ 6k 

where  qo = (cr is the convec t ivehea t  flux to the sur face ;  Ie,  enthalpy of the dece lera ted  flow; Iw, 
enthalpy of the gas at  the wall;  Gk, efflux of e roded mate r ia l ;  eaT~v, r e tu rn  radiat ion f rom the damaged su r -  
face;  and (~/cp) o, hea t - t r ans f e r  coefficient.  F o r  large speeds of the incident flow the numera tor  of this ex-  
p ress ion  can be simplif ied to (~/Cp)oI e ~ (OJCp)oU2/2, and then the effective enthalpy turns out to be equal to 
the ra t io  of the specif ic  kinetic energy of the gas s t r e a m  to the dimensionless  thermochemica l  damage rate  

Gk = Gk/(a:/CP)O: 

I~ff --* -- (1) 
2Gk 2~k 

Upon fo rming  an energy balance for  the e ros ion  damage p r o c e s s ,  we can introduce,  by analogy with (1), 
an effective enthalpy of the mass  e roded  away, v iz . ,  

H e r  = (GpV~)/(2G,~r) =- V~/(2~). (2) 

This  p a r a m e t e r  cha rac t e r i ze s  the e ros iona l  f i rmness  of the t a rge t  mater ia l .  In accordance with the expe r i -  
mental  data re la t ing  to the high-speed impact  of single pa r t i c l e s  onto a metal l ic  t a rge t  [1], the quantity Her  
does not depend on the speed Vp and is ,  in the main ,  de te rmined  by the . ra t io  of the hardness  HB0 of the 
t a rge t  ma te r i a l  to its density P0: 

Her ,,o (HBo/PO). 

We consider  now the nature of the change in the p roces s  of the pa r t i c l e ' s  in teract ion with the ta rge t  as 
the speed Vp inc reases .  To a f i r s t  approximation we can identify,  in turn ,  three  interact ion mechanisms 
which apply for  smal l ,  modera t e ,  and h igh- impact  speeds ,  r espec t ive ly .  

1) e las t ic  compress ion  of the mate r i a l  of the ta rge t  and of the par t i c le ,  but with no c r a t e r  format ion  
or  e ros ion  damage;  

2) format ion  of local  zones of p las t ic  deformat ion;  format ion  of c r a t e r s  and of mic roc racks  in the ta rge t  
mate r ia l ;  

3) p las t ic  flow of the t a rge t  and par t ic le  mate r ia l s  takes place ,  resembl ing  somewhat the penetra t ion 
of a je t  of one fluid into a half  space fi l led with another  fluid. 
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Fig. 2. Variation of impact speed, critical for the onset of damage, with 
the s ize  of the impact ing  pa r t i c l e  for  the case  (a) of single pa r t i c le  impac t ,  
and (b) mult iple  pa r t i c l e  impact .  The data a r e  for  1, a t a rge t  of quar tz  
g lass ,  and 2, 3, t a rge t  of g lass  Textol i te .  Vcr i t ,  m / sec ;  dp, ~m. 

Fig. 3. Var ia t ion of the e ros iona l  damage  intensity as a function of par t ic le  
impac t  speed for  different  s ized pa r t i c l e s :  F o r  curve 1, dp = 5000 ~m; for  
curve  2, dp = 500 ~m. Vp is given in m/sec .  

F o r  b rev i ty ,  we shall  speak  of these  th ree  in terac t ion  m e c h a n i s m s  as the e las t i c ,  the t rans i t iona l ,  and 
the hydrodynamic  phases  of impac t ,  r e spec t ive ly .  The l a s t  of these  is a s soc ia ted ,  obviously,  with the phenom-  
enon of h igh-speed  impac t ,  ment ioned e a r l i e r .  

Before  going on to a ma thema t i ca l  descr ip t ion  of a law desc r ib ing  e ros iona l  damage ,  we find it de s i r ab le  
to es tab l i sh  l imi t s  s epa ra t ing  the impac t  speeds  appropr ia t e  to the three  phases .  

In connection with single pa r t i c le  impac t ,  we can use the theore t ica l  and exper imen ta l  data given in [5]; 
h e r e ,  the p r e s s u r e  at  the point of contact  of the pa r t i c l e  with the t a rge t  m a t e r i a l  at the beginning of the t r a n s i -  
tional phase  is close to the flow l imi t  a T for  uniaxial  s t r a in  of the t a rge t  m a t e r i a l ,  while,  at  the end of the 
t rans i t iona l  phase  the p r e s s u r e  is m o r e  than 3 t imes  a T. 

If we denote the lower  l imi t  of the t rans i t iona l  phase  by Vp = Vcr i t ,  we can calculate  it f r om the condi-  
tion that the kinetic energy  of the pa r t i c l e ,  GpV~/2, is conver ted  into work  of ove rcoming  the e las t ic  f o r ce s  in 
the t a rge t  m a t e r i a l .  Hence ,  we obtain 

Vcrit ~'~ ]/~T/P. �9 (3) 

However ,  if we use  expe r imen ta l  data fo r  m i l l i m e t e r - s i z e d  pa r t i c l e s  to suppor t  our  calculat ions re la t ive  to 
(3), we obtain a g r e e m e n t  with [3] with r e s p e c t  to V c r i t  fo r  m i c r o n - s i z e d  pa r t i c l e s .  This  c i r cums tance  c o m -  
pels  us to r ev i s e  the law fo r  the var ia t ion  of the speed Vcr i t  with the par t i c le  size in the following way (see 
Fig. 2): 

~crit r (ar/Pp)~ ~ (4) 

Very  l ikely,  it is this fac t  which gives r i s e  to the so -ca l l ed  " sca l e  e f fec t , "  concerning which there  a r e  many 
points of view (see [6]). 

In accordance  with the e a r l i e r  r e m a r k s  re la t ing  to the p r e s s u r e  on the su r face  at the point of contact  of 
the pa r t i c l e  with the t a rge t  m a t e r i a l ,  we can e s t ima te  the upper  l imi t  of the t rans i t iona l  phase  of the impac t  
p r o c e s s  as Vp = 2Vcri t .  Thus ,  we postula te  an equal extent  of the e las t i c  and t rans i t iona l  phases  on the 
veloci ty  sca le .  

A law to desc r ibe  damage  due to e ros ion  mus t ,  apparen t ly ,  be a re la t ionship  which takes  into account 
the impac t  speed and the pa r t i c l e  s ize ,  but a l so  a number  of phys ica l  p a r a m e t e r s  cha rac te r i z ing  the t a rge t  
and pa r t i c l e  m a t e r i a l s .  It  is a l so  des i r ab le  that  this law have a single ma themat i ca l  descr ip t ion  for  the 
t rans i t iona l  and hydrodynamic  phases  for  both single and mult iple  impac t s .  The following equation for  the 
re la t ive  e ros iona l  damage  intensity ~ mee t s  these r equ i r emen t s :  

= Vp 1 - -  exp 0.5Vcrit . (5) 2Her 

The f o r m  of the function G(Vp) is shown in Fig. 3 for  var ious  values  of Her  and Vcr i t .  
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Fig. 4. Variation of the effective erosional damage enthalpy as a 
function of par t ic le  size for  the case of single impact  (open data 
points) and multiple impact (solid data points). Data points 1 are  
fo r  i r o n  impacts  onto aluminum with 3 < Vp < 10 kin/sec.  F o r  s i l i -  
cate Par t i c les  impacting onto glass Textol i te ,  the data points 2 a re  
fo r  0.7 < Vp < 4 km/sec and the data points 3 a re  fo r  VP > 1 km/ 
sec.  Data points 4 a re  for  corundum par t i c les  impacting glass 
Textol i te  for  Vp > 1.0 km/sec.  Units fo r  Her  a re  kJ/kg; units for  
dp a re  ~tm. 

Fig. 5. Comparison of the exper imenta l  and calculated eros ional  damage 
intensity data for  various par t i c le  speeds ,  s i zes ,  and densi t ies .  F o r  
curve  1, dp = 140/~m and pp = 2500 kg/m~; fo r  curve  2, dp = 90/~m and 
pp = 3900 kg/m3; for  curve 3, dp = 20 gm and pp = 2500 kg/m 3. 

The re la t ion  (5) re f lec t s  two fundamental aspects  of a computational model of the damage p rocess  which 
hold for  both single and multiple impacts of par t ic les  with a target .  

I. The e ros ion  damage energy of the t a rge t  ma te r i a l  (or the effective enthalpy) Her  does not depend on 
the par t ic le  impact  speed Vp (this, however ,  does not e l iminate  the dependence of Her  on other  p a r a m e t e r s  
such as par t i c le  s ize  dp and coll is ional  f requency n). 

II. In the t rans i t ional  phase of the impact  p r o c e s s ,  the s t a r t  and extent  of which a re  determined_by the 
p a r a m e t e r  Vcr i t  (see the equations in [4]), the dependence of the re la t ive  eros ional  damage intensity 6 on the 
speed Vp, as well  as on the size and density of the pa r t i c l e s ,  is substantial ly s t ronger  than in the hydro-  
dynamic phase ,  

F o r  Vp > 2Vcri t  the re la t ion (5) goes over  into the s imple r  equation (2), which can be used for  the ex-  
pe r imenta l  de terminat ion of Her .  The c lose r  the range of the exper imenta l  studies is to V c ~ t ,  the h igher  
a re  the degrees  of the approximate  formulas  fo r  the dependence of G on Vp. 

In Fig. 4 we p re sen t  exper imenta l  data showing how the effect ive eros ional  damage enthalpy Her  depends 
on the d i ame te r  of glass or  aluminum par t ic les  (the density pp here  var ies  f rom 2500 to 2700 kg/m s) fo r  the 
case of single par t ic le  impact  over  a range of par t ic le  impact  speeds varying f rom 1000 to 5000 m/sec .  The 
bulk of the points is for  the impact  onto glass Textoli te;  however ,  we show for  compar ison the resul ts  f rom 
[3] for  exper iments  involving homogeneous glass ta rge ts  and the resul ts  f rom [2] for  aluminum targets .  We 
see that fo r  dp in the range f rom 1 to 5 mm that Her  is p rac t ica l ly  independent of par t ic le  s ize ,  whe reas ,  in 
:going over  to m i c r o n ' s i z e d  par t i c les  (from 0.4 to 5 gm), the magnitude of the effective enthalpy turns  out to 
be an o r de r  of magnitude higher.  

It is of in te res t  to compare  the data of Fig. 4 with the value of the effective damage enthalpy Ief f in the 
case of the rmochemica l  action of a gaseous flow [see Eq~ (1)]o It is well  known, fo r  glassy mater ia l s  of 
quar tz  glass type,  that 

Ieff -= C (Tw - -  To) Jr r [AQvapA- V (I~ - -  lw)l, 

i .e . ,  the effect ive enthalpy is made up of heat ,  which goes toward the heat ing and melt ing of the ma te r i a l ,  
(AQh + &Qm) = c (Tw-T0) ,  as well .as  the vaporizat ion ~Qvap and blowing in the boundary l aye r  T(I e - I W) of 
the f rac t ion (P) of the e roded  mass .  F o r  s ing le-par t ic le  impact  the thermal  effect  of blowing is ,  of course ,  
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Fig. 6. Schemat ic  fo r  the motion of a pa r t i c l e  in the shock 
l aye r :  1) the shock wave;  2) sur face  of the ta rge t .  

Fig. 7. Influence of the p a r a m e t e r  K = 3/4C(p/pp)(A/dp) on the 
degree  of slowdown of a pa r t i c le  in a c o m p r e s s e d  gas l aye r  
of  th ickness  A and densi ty  p: 1) Ut/V~ = 0.2; 2) U1/V~ = 0.15; 3) 
U1/V~ = 0.1; 4) Ut/V~ = 0 .05 .  

absent ;  however ,  fo r  u l t raf ine  pa r t i c l e s  the quantity Her  is found to be c lose  to the m a x i m u m  poss ib le  t h e r m o -  
dynamic  enthalpy of quar tz  g lass  

AQh+ AQm -ff AQvap ~ 14000 Ig/kg.. 

The m o r e  coa r se  the pa r t i c l e s  in re la t ion  to the c h a r a c t e r i s t i c  sca le  of the t a rge t  m a t e r i a l  s t r uc tu r e ,  
the m o r e  l ikely the re  will  be mechanica l  break-off  of the m a t e r i a l  but no vapor iza t ion  of individual grains  
dur ing the impac t  p r o c e s s .  By taking note of an approx imate  equation for  the hea t  of fusion and the energy 
requ i red  to b r eak  all the mechan ica l  bonds,  we can, subject  to crude e s t i m a t e s ,  adopt the following range 
fo r  the va r ia t ion  of Her  for  g lass  p l a s t i c s :  

~pf n [hQhq_ hQm] ~H~r~[AQhq_hQm@ AQ yap], (6) 
3 

where  the f ac to r  qof on the lef t -hand side of Eq. (6) r e p r e s e n t s  the f rac t ion  of glass  f i be r s  in the t a rge t  m a t e r i a l  
and a lso  the degree  of m a t e r i a l  s t rength  in the three  pr inc ipa l  d i rec t ions  (n = 3 for  i so t rop ic  t h r ee -d imens iona l  
glass  p l a s t i c s  and n = 1 fo r  an i so t rop ic  unwoven Textol i tes) .  

F igure  4 a lso  shows expe r imen ta l  data for  the values of the effect ive e ros iona l  damage  enthalpy dur ing 
mult iple  pa r t i c l e  impact .  Two c i r c u m s t a n c e s  p r e s e n t  t h e m s e l v e s  he re :  The re  is p rac t i ca l ly  no dependence 
of Her  on the pa r t i c l e  d i a m e t e r ,  and the value of the effect ive enthalpy during mult iple impac t  is substant ia l ly  
l ess  than that  fo r  single impac t  [it is close to the min imum level  indicated by inequality (6)]. 

Thus ,  indeed, we have essen t ia l ly  t r a n s f o r m e d ,  both quanti tat ively and a lso  qual i ta t ively ,  the dependence 
in the case  of mult iple  impac t  of the c r i t i ca l  speed Vcr i t  for  e ros iona l  damage on the par t ic le  size (Fig. 2). 
Howeve r ,  we need,  f i r s t  of al l ,  to make  m o r e  p r e c i s e  what is mean t  in this case by the cr i t ica l  speed.  In the 
case  of mult iple  impac t ,  there  is probably  no expl ic i t  threshold  for  the onset  of e ros iona l  damage since with 
an infinite i nc rease  in the par t i c le  flow or  the t ime  of the expe r imen t ,  no signif icant  inc rease  in the m a s s  
c a r r i e d  away is obse rved  even in the case  of v e r y  smal l  speeds  Vp. T h e r e f o r e ,  by analog5, with t h e r m o -  
chemica l  damage ,  we a s s u m e  that there  is a value of Gcr i t  = o: cor responding  to the onset  of e ros iona l  
damage ,  where  o: is a specif ied smal l  posi t ive  number  (in our  case  ~ = 0.005). It  is a lso  n e c e s s a r y  that  
the e ros iona l  damage  p r o c e s s  has  a s t a t iona ry  c h a r a c t e r ,  i . e . ,  the quantity ~ should not depend on the t ime  
of the exper imen t .  

We now fo rmula te  a third condition fo r  a calculat ional  model ,  one which e s t ab l i shes  a cor respondence  
between the e ros iona l  damage  p r o c e s s e s  for  single and fo r  mult iple  impacts .  

F o r  the same  pa r t i c l e  s i zes  and densi t ies  the ra t io  of the c r i t i ca l  speeds  for  single and fo r  mult iple  
i m p a c t s ,  v iz . ,  Vcr i t (1) /Vcri t (n) ,  is p ropor t iona l  to the square  root  of the ra t io  of the co r respond ing  effect ive 
e ros iona l  damage  enthalpies :  
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Vri t (1)/Vc~ t (17) ~ ~ / ~ H e r  (r0' (7) 

This relationship can be justified by the fact that the effective enthalpy Her(n), as a characterist ic  of 
the energy for breaking of the bonds in the target  mater ial ,  must reflect  the change in its capacity to deform 
elastically,  such deformations taking place during the multiple bombardment of the surface (in part icular ,  the 
formation of microcracks ,  a decrease in values of the flow limit and of the maximum elongation). 

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

According to the Eqs. (4) and (7), in the case of multiple interaction, a lowering of the critical speed 
Vcrit  is observed with an increase in the particle diameter dp for dp < 100 ~m, while the effective enthalpy 
Her(l)  is weakly dependent on the diameter dp. 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 Her(l)  and, consequently, almost 
a stoppage in the lowering of the speed Vcri t  (Fig. 2). 

There  is at present  too little experimental data to asser t  that this frequency is maintained even for 
dp > 1 ram, 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 dp of the solid par-  
t ic les ,  

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 -  
t icles is ei ther  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, f i rs t  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 part icles arr ive 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 Cd = 0.44 in the case of subsonic flow and to Cd ~ 1.0 in the case of super-  
sonic flow. If the particle shapes are  nonspherical, then, to determine C d we can use a number of semi-  
empirical  relations,  e .g . ,  those given in [7]. 

The motion of a part icle along the axial streamline in the shock layer  is described by the equation (see 

Fig. 6) 

dYp = __ K (Vp - U)" 
d~- Vp (s) 

where K =(CdSp/2mp)A [K = (3/4)Cd(P/0 p) (A/dp) for a sphere]; C = Uly, where y-- y /A is the coordinate tnthe shock 
layer  of thickness A for a gas of density 0; Vu, U, speed of the part icle and also of the gas; rap, PU, and S, 
respectively,  the mass ,  the density, and the midsection a rea  of the particle.  

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

dVp KVp = ~ 1.75KUty-, (9) 
dy- 
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which has the simple solution 

Vp 1.75U, KV| 
K--1) exp(K(y - - I ) ) - i -Ky- - i - l J .  (1 o) 

It follows f rom (10) that the par t ic le  speed at the surface  is determined by putting y = 0: 

V w _  1.75U, [ (  KV| K - - 1 )  exp (-- K) + 1].  (11) 
V| KV| 1.75U't 

This equation is shown graphically in Fig. 7. 

If in the incident flow the par t ic les  and the gas are  in a state close to equil ibr ium, then the Mach hum- 
ber, starting with which the condition U/Vp 
relation 

where ~t is the isentropic  exponent. 

< 0.3 is sat isfied behind the shock wave,  is determined f rom the 

M = I f  2.86 
V 1.86--•  

By way of an example,  we determine the speed of a spherical  part icle  of d iameter  dp = 10 -4 m and of 
density pp = 2500 kg/m 3 close to the surface  of a target  af ter  a flight with initial speed V~o = 1500 m/sec  
through a shock layer  of thickness /x = 2 �9 10 -2 m and density p = 5 kg/m3; the speed of the gas behind the shock 
wave is U1 = 300 rn/sec. For  this data we eas i ly  calculate that K = 0.3 and that U1/V~ = 0.2. Using Fig. 7, 
we find that Vw/V~o = 0.78 and that Vw = 1170 m/sec .  Obviously, it is necessary  to take such a change in 
part icle  speed into account when t reat ing experimental  resul ts .  

If in the motion of a spherical  part icle  through the shock layer  two consecutive flow regimes are 
real ized,  viz . ,  a supersonic  flow and then a subsonic flow with different Cd values,  then the determination 
of the par t ic le  speed at the surface must  be made in two steps. F i r s t ,  we need to find the coordinate ~ at 
which the par t ic le  is slowed to the speed of sound. For  this we use equation (10), writ ten in the form 

where 

~-.- r (0) exp (K~r + Ky-, 

_ KVp 1, ci9 (0) -- KVu~ 1. 
1.75U, 1.75U, 

With an accuracy  sufficient for prac t ica l  purposes ,  the solution of this equation is given by the relation 
qb 

qb_ l n - -  
I ~ (0) y- - - ~  Jn 

i( r (o) 

(12) 

(13) 

Then, knowing the coordinate y,  we determine the speed to which the par t ic le  is slowed on the remaining po r -  
tion of its t r a jec to ry  as would be done for a new shock layer .  

U and V 
G 
5 
G 

Her 

HB o 
Ieff 
Ie,  Iw 
(~/Cp)o 
E 

O" 

T 

P 

N O T A T I O N  

are the velocit ies of gas and par t ic le ,  respect ively;  
is the specific mass  flow; 
is the dimensionless  thermochemica l  damage ra te ;  
is the relative damage intensity; 
is the effective enthalpy of eroded mass ;  
is the Brinell  hardness ;  
is the effective damage enthalpy; 
a re  the enthalpy at incident flow and surface t empera tu res ;  
is the hea t - t r ans fe r  coefficient; 
is the emiss iv i ty ;  
is the S te fan-Bol tzmann  constant; 
is the t empera ture ;  
is the density; 
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a T 
d 
C 

r 

AQm, AQvap 

Re 
Cd 
m 

S 
A 
g 
M 

is the yield limit; 
is the diameter; 
is the heat capacity; 
is the fraction of vaporized material;  
is the blowing coefficient; 
are the specific heats of fusion and vaporization; 
is the glass fiber fraction in target material;  
is the specified small positive number; 
is the Reynolds number; 
~s the drag coefficient; 
~s the mass; 
~s the midsection area; 
Ls the shock layer thickness; 
is the shock layer coordinate; 
is the Mach number; 
is the isentropic exponent; 
are the quantities defined following Eqs. (8) and (12), respectively; 

Subscripts 

~o, i, and w 

subscripts p 
and 0 
subscripts er 
and k 
subscript crit 

r eh t e  to the ambient flow, the flow behind the shockwave, and the flow at the target sur-  
face, respectively; 

relate to the particle and the target wall, respectively; 

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