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Effective diffusion coefficients substantially facilitate solution of detailed problems for mult i-  
component boundary l aye rs  with f rozen- in  react ions in the flow and heterogeneous react ions 
at the wall; they provide physical ly lucid corre la t ion  formulas  and final equations for the 
convective heat flow to the undamaged solid as well as for the mass  loss rate or  effective 
erosion enthalpy if the walls are  subject to thermochemical  attack [1-5]. 

Here we extend the concept of effective diffusion coefficients to a part ly ionized f rozen- in  mul t icom- 
ponent boundary l ayer  with a rb i t r a ry  react ions at the wall. We also derive the effective ambipolar  diffusion 
coefficients,  which allow one to relate  the diffusion fluxes to the concentration gradients  in the general ized 
form of F ick ' s  law. These are  represented  in a form analogous to that for the effective diffusion coefficients 
in neutral  gases,  which substantially facil i tates the elucidation of complicated diffusion p rocesses  in a mul-  
ticomponent flow in the presence  of charged components.  

We examine in detail the important  par t icu lar  case of e lectrons and ions with charges  n and n + 1; the 
above types of effective diffusion coefficient are calculated exactly in explicit fo rm without re fe rence  to 
the boundary conditions. The formulas  are  new for the general  case (a arbi t rary) .  

We also calculate exactly the effective ambipolar  Schmidt numbers  for the outer boundary via the 
asymptot ic  fo rm for the solutions to the boundary- layer  equations. 

The sufficient conditions are  derived for identity in the profi les for the relat ive concentrat ions,  dif- 
fusion fluxes, and effective ambipolar  Schmidt numbers  in a direction perpendicular  to the boundary layer .  
The general  analogy between m a s s - t r a n s f e r  coefficients is used to convert  the calculation of the effective 
ambipolar  coefficients at the wall to solution of a sys tem of algebraic  equations with and without influx 
through the wall. This sys tem is solved approximately for  typical mixtures  produced at the surfaces  of 
phenol-formaldehyde res ins  in ionized flows in the a tmospheres  of the earth and the other  planets.  Con- 
s iderable use is made of the resul ts  f rom [3, 5]. 

1. If there  are  no external e lec t romagnet ic  forces  and if we neglect the magnetic field induced by 
charge separat ion,  we get the following sys tem of equations for a part ly ionized f rozen- in  s ing le - t empera -  
ture asymptot ical ly  thin two-dimensional  s t a t ionary- laminar  boundary layer :  
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Here x and y a re  l inear  coordinates respect ively  along the surface and normal  to it, u and v are  the 
project ions  of the m e a n - m a s s  velocity vec tor  v on these axes, v = 0 (flow along a plane) or  v = 1 (flow over  
an axially symmet r i c  body), r(x) is the radius of the c ros s  section of a body of rotation, c i is the mass  con-  
centrat ion of component i, whose mola r  concentrat ion is x i, Ji is the project ion of the mass  diffusion flux 
for that component on the y axis, n i is the number  of moles of that component in unit volume, n is the total 
number  of moles  in unit volume, v i is the s tat is t ical  mean speed of component i, whose molecular  weight is 
m i and whose charge is e i, m is the mean molecular  weight of the mixture,  q is the space charge,  E is the 
project ion of the e lec t r ic  vec tor  on the y axis, J is the same for  the cur ren t -dens i ty  vector ,  and j is the 
same for the cur ren t  vector ,  R A is the universal  gas constant, N O is Avogadro ' s  number,  k is Bol tzmann's  
constant,  N is the number  of components in the mixture, whose pressure ,  density, and tempera ture  are  p, 

t s n  

and T, while # is the viscosi ty ,  )t is the thermal  conductivity, Cp is the mean specific heat, and Di ~ is P, 
the thermal-di f fus ion coefficient for  component i. The p rec i se  express ions  for  the res i s tance  coefficients 
aij are  dependent on the law of par t ic le  interaction, and they are as follows when neutral  par t ic les  interact  
in accordance  with the Lennard-Jones  potential (first approximation) [6]: 

t = [D~j]t = \ ~mt% z.~.Qg., t), (~...~ 

%~ = (z~ + zA/2 ,  %j= 1;~' ,  "~j =kr/8~j (1.3) 

where ~i and e i a re  the gas-kinet ic  interaction pa ramete r s  and ~j(t,,), (%!) is a known function [6] that is 
only slightly dependent on i ts  argument  for  r ij > 3. 

The f i rs t  approximation is as follows [7] when charged par t ic les  in teract  via the inve r se - squa re  law: 

3 (2kT(m~--~mj))V.-k_~Tp.( kT t ~ t (1 .4)  
t = [Dish = -g- \ ~mirnj ~ In Aij ali \ eie j / 

Here Dij is the binary diffusion coefficient, and In Aij is the Coulomb logari thm. We do not need more  
accura te  res i s tance  coefficients in what follows. 

System (1.1) contains 2N+6 equations for the 2N+6 unknown functions of u, v, p. p, T, E, c i, and Ji. 
To this we add the usual boundary conditions and the initial conditions with respec t  to the x coordinate,  
which will not be given here .  

We convert  (1.1) to dimensionless  var iables  and give only Poissonrs  equation: 

N 
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Here E* is the charac te r i s t i c  e lec t r i c - f i e ld  strength, 5 is the thickness of the boundary layer ,  and e 
is a small  pa r ame te r  proport ional  to the rat io of d (the Debye length) to 6. If (1.1) in dimensionless  fo rm 
is solved as se r i e s  in e ,  we get for  the f i r s t  t e r m s  in those se r i e s  a sys tem of equations that differ f rom 
those of (1.1) only in that we must  put 

Op dp due q = qo = O, ~ = O, -Jx = --  p~U~ 

Here Pe is the density at the outer  edge of the boundary layer ,  while U e is the longitudinal velocity 
there,  This sys tem (the external  solution) is true outside the thin charged layer  (for ,/>>d), which is the 
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region of ambipo la r  diffusion, and the solution for  the la t te r  (internal solution) mus t  be linked up with the 
externa l  solution in the s p a c e - c h a r g e  region (if the pa r t i c l e  m e a n - f r e e  path is  much l e s s  than the Debye 
length) [8, 9]. 

Cons ider  the case  where  there  is no c u r r en t  at the walt .  The diffusion equations in (1.1) then imply 
that  J ~  0 a c r o s s  the boundary  l aye r .  We also a s sume  that the wall  i s  fa i r ly  cold and that  comple te  r e -  
combinat ion of the charged  pa r t i c l e s  occurs  there .  We can then neglect  the smal l  change in cha rged -pa r t i c l e  
concentra t ion in the s p a c e - c h a r g e  region in der iving the heat  flux, fr ict ion,  and m a s s - t r a n s f e r  coeff icient  
at the wall,  and we can solve the p rob l em  in the ambipo la r  region by equating to ze ro  the c h a r g e d - p a r t i c l e  
concentra t ions  at the wall.  The o ther  boundary conditions a re  as usual [4, 10]. We mus t  l ink up the two 
solutions c o r r e c t l y  if we a r e  to find the dis t r ibut ions of  the e lec t r i c  field and cha rged -pa r t i c l e  concen t r a -  
t ions in the charged  l aye r ,  which has to be done when there  is a finite cu r ren t .  

Then P o i s s o n ' s  equation is r ep laced  in (1.1) by the following equation in o rde r  to solve the p r o b l e m  
in the ambipo ta r  region:  

N 

z~e~ = o (1.5) 
j ~ l  

which will s e r v e  as the condition for  e l iminat ing the field f r o m  the Stefan-Maxwell  equations: 
N N 

e~xl ~ ]n T m~ai i 
az~ : ~, m~%___~ (cJ~ -- ciJi) -~- ~ ~ (ciD~T -- c~Di T) (~ = 1 . . . .  N)~ 

J=l  pmimi 
(1.6) 

I t  i s  m o r e  convenient  to use  Eqs.  (1.6) in descr ib ing  convect ive p r o c e s s e s ,  putting these  in t e r m s  of 
the grad ien ts  in the m a s s  concentra t ions :  
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It  i s  convenient  to have equations for  the m a s s  diffusion fluxes in t e r m s  of the e l e c t r i c - f i e l d  s t rength  
and the g rad ien t s  in the m a s s  concent ra t ions .  I f  we solve (1.7) fo r  the f luxes,  which a r e  then subst i tuted 
into the diffusion equations in (1.1), we get a s y s t e m  of equations in par t i a l  de r iva t ives  that cannot be solved 
for  the f i r s t  de r iva t ives .  The coeff ic ients  in this s y s t e m  take the f o r m  of compl ica ted  de te rminan t s  and a re  
dependent on N ( N - 1 ) / 2  r e s i s t a n c e  coeff ic ients  (binary diffusion coeff icients) .  The final s y s t e m  is  difficult 
to solve even by compute r  methods [4, 5], so we introduce the effect ive diffusion coeff icients  for  the mul t i -  
component  ionized boundary l aye r  as  p roposed  in [1, 3] for  the case  of a mix tu re  of neut ra l  gases .  

2. The effect ive  diffusion coeff ic ients  a re  Di* and D i for  m o l a r  (numerical)  and m a s s  descr ip t ions  
of the diffusion, which we define in accordance  with (1.6) and (1.7) as  

i -  (2.1) 
N N j = l  

= Z xja,j q- c i Z A~j ~.  (i = 1 . . . . .  N) (2.2) 
[ ,  

i=1 J=l 

Then (1.6) and (1.7) becom e  r e spec t ive ly  as  follows: 

Ox i N 
Jt* = - -  nDi* -~y + ~*n~E~t- nD~* 0 lnT ~7 m~a~J (c~D~T __ cjD~T), 

= " * (i t ,  N )  ~i* ~ De = �9 � 9  (2,3) 
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We cal l  # i *  the mobi l i ty  of cha rged  pa r t i c l e s  of type i, and Eins te in ' s  equation r e l a t e s  # i*  to Di* 
(this equation has p rev ious ly  been  used  for  an i o n - e l e c t r o n - a t o m  mixture) .  The re la t ion of #i  to D i in (2.4) 
is  an extension of E ins te in ' s  equation to the case  of m a s s  descr ip t ion  of the diffusion. 

The following a r e  the conditions for  quas ineutra l i ty  and absence  of conduction cu r ren t  in the  amb i -  
po la r  region in the zero th  approx imat ion  (e  = 0): 

N N 
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which allow us to e l imina te  E f r o m  (2.4) and to put these  equations in the fo rm of genera l ized  F i ck ' s  laws: 
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where  the Di (a) (effective ambipo la r  diffusion coeff icients)  by definition mus t  be  found f r o m *  
/v 
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We can put Eqs.  (2.7) in the single f o r m  

i i 
N 

%cl 
z 
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I f  we subst i tute  f rom (2.2) for  D i into (2.9) and use  the condition of quas ineutra l i ty ,  we get N equa-  
t ions fo r  the I~(a) in a f o r m  analogous to that  for  the effect ive diffusion coeff icients  in a neut ra l  mixture :  
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Then (2.6) and (2.10) allow us to put Eq. (1.7) as 
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The ambipo la r  coeff ic ients  can be defined a lso  in the m o l a r  descr ip t ion  of the diffusion by analogy 
with (2.6). In what follows we cons ider  only the m a s s  diffusion coeff ic ients .  The above var ious  effective 

*If a chemica l  symbol  has to be in t roduced as an index, it will be shown in pa ren theses ,  e.g.,  DE= D(E), 
DEH2 = D(E, H2), etc.  
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coeff ic ients  a r e  dependent on the ra t ios  of the c]iffusion fluxes; in genera l ,  they can be der ived only nu- 
m e r i c a l l y  for  an N-component  mix tu re .  The Aij ~e) a r e  ze ro  only if there  a re  no charged  components;  then 
(2.10) becomes  {2.2). To (2.10) we mus t  add th ree  re la t ionships  homogeneous with r e spec t  to the fluxes: 

.~-'E ]i jrj (2.12) �9 • - -  ~., ~ --- t ,  2 D(a ) (E)  JJ 
j J (E) Zi ~ ( E )  Dj(a) J (n~ ----- - -  t 

3~E j~E 

The s y s t e m  of (2.10) and (2.12) s e r v e s  to define the N coeff icients  I3f0) and the N - 1  ra t ios  of the 
diffusion f luxes.  Only N +2 out of the N + 3 equations in (2.10) and (2.12) a r e  independent [the second equa-  
tion in (2.12) has  been  used in wri t ing (2.10)]. Sys tem (2.10), (2.12) has  a unique solution only i f N  = 3 fo r  
a p l a s m a  and N= 2 fo r  a neut ra l  mix ture ;  in these  pa r t i cu l a r  c a se s  the D i and Di(a) a r e  ca lcula ted  v ia  the 
the rmodynamic  p a r a m e t e r s  be fo re  the p r o b I e m  is  solved.  The next sect ion deals  with the impor tan t  pa r t i cu -  
l a r  case  N= 3 for  an ionized mix tu re .  

3. An ionized gas  mix ture  cons i s t s  of the th ree  components  E, I(n), and I (n+0, which a re  p roducedv ia  

I(~)-~ nE ~ I(n§ -4- (n ? t) E (n > 0); A ~ I'..4- E(n ----- 0) (3.1) 

He re  A r e p r e s e n t s  a toms,  I r e p r e s e n t s  ions, E r e p r e s e n t s  e lec t rons ,  and n is the degree  of ioniza-  
tion. The equi l ibr ium constants  show that usual ly  

K(n) ~ r~n+l) z~ ~" ~p , rL ~ O~ I,... 

so ionization occu r s  in s teps  as the t e m p e r a t u r e  is  r a i sed .  F i r s t  n= 1 for  near ly  all  the pa r t i c l e s ,  tllen 
n= 2, and so on, so an ionized mix tu re  f r o m  a given e lement  v i r tua l ly  cons i s t s  of only three  components .  
Then f r o m  the s t a tement  made at the end of sect ion 1 we find f r o m  (2.10), (2.12) succes s ive ly  the r a t ios  
of the diffusion f luxes and the va r ious  D: 

J,~/J(E)  = - -m,~ /m(E) ,  Jn+~/J(E) = rnnr 

i i 

( + 
t -A-TE) "~+1 ) e* + e~+ 1 
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Dn+l \ m-a 

. { . .  ) e'an n+l [_ re(E) -~n en+lCn*i ar n) 
X e* -{- en* - e* -~ en - ' - ' ----~ t , 

l [ t  + x n  . . . . .  

~s (E, .) ( - I] "(E)--~*xf~) 
e n * _ _ e n + l  m n ] m e * - - e  * gn ,  n+l  n.~l rt n.+l 

C / D . y )  i ~ D (~ = ~ ,~+~ = l t Do=) rE)  = [5~a (E ,  n + t )  .+  (5~a (n, E)  + 6~a,~..+1] 6 -~ 
e* = e / m  (E), e.* = e. / m.,  e,~+t = e , ~ l / m , ~ l  (3.4) 

6x = n 2 [(n + t) - -  (n + 2)x (E)], 6~----- (n + t) ~ [(n ~- l)x ( E ) - -  n] 
6~ = x (E), 6 = 6~ § 6~ + 63-~ (n § 2) [(n § 2)x (E) - -  nl 

Equations (3.3) s impl i fy  cons iderab ly  if  we use  

m (E) / m~ = m (E) / rn=+l ~ 1 (3.5) 

[1--  x (E) ]a .  ~,+~~(n§ l)[xn+~ -L~(E)  a(n, E ) + n x ~ a ( E , n + i )  D . -  , ' ,n~+-----7- f 
t 

Dn§ = [ t  - -  X ( E ) ]  an, n+l ~- (#'t -~ t)Xn+la (It, E) 4-. n [x~ -a, ram. (E)I.J a (E, n-p-i) 
(3.~) 

D(E) = m(E~'x(E)a~ ~+~ + (n 4 -1 )a (  , E ) - - n a ( n - ?  t ,  E) (3.6) 

We use  (1.3) and (1.4) to s impl i fy  (3.4) and (3.6) fur ther ,  which g ives  

a(n, E) /a , , ,~+x~a(n  + 1, E)/a,~.,~+~ ~.~ [re(E)/m=] - ~  t (3.7) 
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Also,  (3.7) g ives  f r o m  (3.4) and (3.6) that  

t / D , ~ =  t /D,~+l= [ l - - x ( E ) ] a n ,  n+l, l / D ( n ) = ( n + l ) a ( n ,  E ) - - n a ( n +  l ,  E) (3.8) 

t / D~+)I = 1 / D ~  ) = t ] D(a) (E) = x (E) {(n + 1) [(n + 2) x (E) - -  n] }-la . . . .  ~ (3.9) 

In wr i t ing  (3.8) and (3.9) we use  the obvious  e s t i m a t e  

n / (n + t) ~ x (E) ~ (n + 1) ] (n + 2), n > 0 (3.10) 

Then (3.4) f o r  n= 0 g ives  

D(a) (A) = D(a)(1) = D(a)(E) = 2 / [ a ( E ,  A) ~- a( I ,  A)] (3.11) 

F r o m  (3.9) with n=  0 we get  the we l l -known r e s u l t  

D(~) (A) = D(~) (I) = D(a) (E) = 2D(A, I) (3.12) 

It i s  r ead i ly  shown that  we have for  the m o l a r  desc r ip t ion  that  

D~ (") = D:(:~ = D ~(a)(E) (3.13) 

with the va lues  g iven by (3.4). 

Then a t e r n a r y  m i x t u r e  (ionized gas)  in the m a s s  and m o l a r  de sc r ip t i ons  r e s e m b l e s  a b ina ry  mix tu r e  
of neu t ra l  g a s e s  in be ing  d e s c r i b e d  by a s ingle  diffusion coeff ic ient ,  which is found f r o m  (3.4). 

p l a s m a  con ta ins  four  o r  m o r e  componen t s ,  we can ca lcu la te  the Di(a) only a f te r  solving the 4. If  the 
en t i r e  de ta i led  p r o b l e m ;  but in s o m e  i m p o r t a n t  p a r t i c u l a r  c a s e s  one can es tab l i sh  s o m e  p r o p e r t i e s  of  the 
concen t r a t i on  d i s t r ibu t ions  and D i(a) that  a r e  not dependent on the boundary  concen t r a t i ons .  S imi lar  p r o p -  
e r t i e s  have been  deduced  [3] fo r  m i x t u r e s  of neu t ra l  ga se s .  

We cal l  componen t s  K and K r ones with s i m i l a r  o r  ident ica l  diffusion p r o p e r t i e s  if we have 

m (K) = m (K') ( re (K)= m (K')), 

a ( K ,  i ) = a ( K ' ,  i) (a(K,  i ) = a ( K ' ,  i)) (4.1) 

The fol lowing t h e o r e m  m a y  be p r o v e d  v ia  (2.9) and (4.1) by analogy with [3]. 

T h e o r e m  4.1.  I f  in  a gas  m i x t u r e  we can d is t inguish  a g roup  of neu t ra l  componen t s  with ident ical  dif-  
fus ion p r o p e r t i e s ,  then D i and D i (a) fo r  the componen t s  that  do not fall  in the g roup  will not depend expl ic i t ly  
on the diffusion f luxes  fo r  the componen t s  in this  g roup .*  

The t h e o r e m  fol lows f r o m  (2.5) and (2.10). 

T h e o r e m  4.2. I f  a p l a s m a  has  only one type of ions I, the v a r i o u s  D i will  not  depend on a(I,  E), the 
r e s i s t a n c e  coef f ic ien t  be tween  the e l e c t r o n s  and ions .  

As in [3], we c onve r t  (1.1) to the d i m e n s i o n l e s s  pa rabo l i c  v a r i a b l e s  (~, ~7), whereupon  the g e n e r a l i z e d  
Fick~s laws,  the condi t ion f o r  z e r o  c u r r e n t ,  and the condi t ion for  quas ineu t ra l i ty  take the f o r m s  

X i  ~ l Oc~ 
•i(a) O'q ~ 

N N 
ej ej 0, ~, ~-~cj = O, Si(a) .~ P" 

~ J = l  J PDi(a) ' 

it (4.2) 
S i  ~ pDi '  

Here  X i is  a d i m e n s i o n l e s s  diffusion flux [3]. In what  fol lows we use  the fol lowing number ing  of the 
componen t s :  neu t ra l  spec i e s  a re  r e p r e s e n t e d  by  va lues  f r o m  1 to N n, ions by N n + 1 to N -  1, and e l e c t r o n s  
by N. The t h e o r e m  fol lows f r o m  (2.2), (2.7), (2.10), and the diffusion equat ion of  (1.1) (we neg lec t  t h e r m a l  
diffusion).  

T h e o r e m  4.3.  I f  all  the ions  in a p l a s m a  have ident ica l  diffusion p r o p e r t i e s  [see (4.1)] and c h a r g e s ,  
and if  at the wall  we have 

c~ = ci~ =-0 (i = Nn + i . . . . .  N) 

*The  a s s e r t i o n  in t h e o r e m  2.1 of [3] should  be c o r r e c t e d :  " then the ef fec t ive  diffusion coef f ic ien t s  fo r  all 
componen t s  that  do not fall  in this  g roup  will  not  . . . .  " 
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then the r e l a t i v e  c o n c e n t r a t i o n s  and f luxes  fo r  the ions a r e  

zi = ci] % ,  I i = X i /  % ( i = N ~ + I  . . . . .  N - - I )  (4.3) 

while the ef fec t ive  Schmidt  n u m b e r s  S i and e f fec t ive  amb ipo l a r  Schmidt  n u m b e r s  S i{a) fo r  the ions a re  
r e s p e c t i v e l y  equal  th roughout  the th i ckness  of  the boundary  l a y e r :  

z i ~ z ( I ) ,  I ~ - ~ I ( I ) ,  S ~ S ( I ) ,  S~(~)~---S(a)(I) ( i = N n - } - t  ..... N-- l )  (4.4) 

Consequence  1. F r o m  (2.5) and (2.9) we have for  the e l e c t r o n s  

z (E) = nz (I) rn (E) / m (I), I (E> = n I  (I) m (E) / m (I) 

S(a) (E) = S(a) (I) = [v (I) S (E) --  v(E):5 ~ (I)] / (n ~ i) e (4.5) 

where  n is as  above.  

Consequence  2. We r e a d i l y  find f r o m  (2.2) and (2.9) that  the Di(a) and D i f o r  all componen t s  apa r t  
f r o m  the ions a r e  not dependent  on the aij  (i, j = Nn + 1 . . . . .  N) ( r e s i s t ance  coef f i c ien t s  be tween the c h a r g e d  
components ) .  

5. Equat ions  (1.2) and (2.5) allow us  to e l imina te  the concen t r a t i ons  and f luxes  of  two componen t s  
f r o m  (1.7); le t  t hese  be the e l e c t r o n s  ( subscr ip t  N) and type  N - 1  of the ions .  Then the c o n c e n t r a t i o n s  of  
componen t s  1 to N - 2  can be r e p r e s e n t e d  as l i nea r  combina t ions  of the d i m e n s i o n l e s s  f luxes  of these  c o m -  
ponents .  Let  

N--~ 

zA% ~ g~jxj (~ = ,~ . . . . .  ~ ' -  2) ( 5 . ~ )  0~ = Y=l 

H e r e  the gij and l a r e  funct ions  only of the c o n c e n t r a t i o n s  and t e m p e r a t u r e .  The fo l lowing s y s t e m  is  
impl i ed  by  (1.1) and (5.1) when ~ is l a rge  [3]: 

OX~ (5.2) 

Y=t 

The fol lowing is  the  a s y m p t o t i c  solut ion to (5.1) and (5.2) f o r  ~ l a rge :  
N--2 

= d n O =  (n o, (5 .3)  

where  ~/ki a r e  cons tan t s  to be d e t e r m i n e d  and ~k a r e  the roo t s  of  the c h a r a c t e r i s t i c  equat ion:  

det {{ hi; - -  kb~j {{ ~ 0, hlJ == - -  gji 

We a s s u m e  that  all the Xk > 0 {the X i m u s t  tend to z e r o  fo r  ~ - - ~ ) .  I t  fol lows [3, 5] that  

N 

(5.4) 

( 5 . 5 )  

for  componen t s  that,  at infini ty,  vanish  f r o m  the  s t r u c t u r e  of  the coef f ic ien t s  gij .  

C o m p a r i s o n  of  (5.5) with the f i r s t  equat ion in (4.2) g ives  us s imp le  equat ions  fo r  the fol lowing quan-  
t i t i e s  f o r  all c o m p o n e n t s  tha t  van ish  at infini ty:  

N 

Then s o m e  of  the roo t s  of  (5.4) a r e  found,and so the o r d e r  of  the l a t t e r  is r educed .  

As an example  we c o n s i d e r  the burn ing  of a t h e r m o s e t t i n g  r e s i n  in a flow of  ionized  a i r .  The fo l low-  
ing componen t s  a r e  then r e l e a s e d  by the wall  and a r e  los t  v i a  the ou te r  boundary  [3]: 

M (CO; CN, HCN, C~, C3, N2, NO), SiO, CO~, H 2 (5.7) 

We a s s u m e  that  the ou te r  boundary  has  ions I (O + N +, NO +),  a t o m s  A (O and N), and e l e c t r o n s  E. 
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F i r s t  f r o m  (5.6) we find the Se (a) fo r  the componen t s  of (5.7). 

N 

s( : '  = (Ho, 

The s m a l l e s t  is  

(5.8) 

These  n u m b e r s  a r e  found f r o m  (5.4) f o r  the componen t s  that do not vanish  at infinity and a r e  

S~ ~) (I) = S~ ~) (A) = S(~ ") (E) = S (a) (~-~2) (5.9) 

Then these  n u m b e r s  a r e  equal  f o r  the componen t s  that  do not vanish  at the ou te r  edge and a re  equal 
to the value  of (5.8) fo r  the componen t s  that  van ish  at infinity. 

The Se(a) at the ou te r  edge a r e  found be fo re  the en t i re  b o u n d a r y - v a l u e  p r o b l e m  is  solved;  the i r  va lues  
fac i l i t a te  e luc ida t ion  of the diffusion in the boundary  l a y e r  and p rov ide  a check  on n u m e r i c a l  ca lcu la t ions ,  
the m o r e  s o s i n c e  it is  diff icul t  to compute  these  n u m b e r s  at the ou te r  edge b e c a u s e  one has  to divide the 
concen t r a t ion  g rad i en t  by the diffusion flux, and each of these  tends exponent ia l ly  to ze ro .  

6. Cons ide r  the Di(a) at  the wall  on the b a s i s  that  t he re  we have comple te  r e c o m b i n a t i o n  of d i s s o c i a -  
t ion p r o d u c t s  and n e u t r a l i z a t i o n  of ion iza t ion  p roduc t s  in the incident  flow. 

These  condi t ions  a r e  usua l ly  me t  fo r  Tw~<3000~ and p-> 10 -2 a tm:  

c ~ = 0  ( i = N , + i  . . . . .  N~ . . . . .  N) (6.1) 

Here  the neu t ra l  s p e c i e s  that do not  vanish  at the wall  a r e  n u m b e r e d  1 to N , .  The number ing  of the 
o ther  componen t s  has  been  d e s c r i b e d  above.  

F i r s t  f r o m  (2.2) we read i ly  find the D i fo r  all componen t s  that  vanish  at infinity ( subscr ip t  w is  

omi t te  d): N, 
1 
D"-T = ~* xja~j (i = N ,  + 1 . . . . .  N) (6.2) 

As at the wall fo r  i > N ,  we have 

then (2.9) g ives  

c i / c ( E )  = (OC i ] (~q) / (Oc (E) ] O~l) ~- ]i D(a) ( E )  / ( J  (1']) Di (a)) 

D(a) (E)=D(E)[ i - t - ( t __Di (a ) [Di )e / e l ]  (i =N~-~ i ..... N - - l )  

F r o m  (6.2) and (6.4) we have 

D(a)(E)/ D(E)~.Di(a) /  D(E) . -~a(E ,  i ) ] a j ~ l O  -~ 
(~=N,+ i . . . . .  N - - i ,  / ~ N , )  

F r o m  (6.4) and (6.5) we find with l e s s  than 1% e r r o r  fo r  ions that  

N, 

Oi(a ,=Oi ( i  ~_e~ie)(~xjaij)-i (g~Nn+]  . . . . .  N.--i) 
J=l  

(6.3) 

(6.4) 

(6.5) 

(6.6) 

F r o m  (2.9), (6.4), and (6.5) we find fo r  a toms  that  van ish  at the wall  that  

N, 
( i - N , + ,  . . . . .  (6 .7)  

The va r i ous  D i have thus been ca l cu la t ed  fo r  i > N , .  F r o m  (2.7), (6.2), and (6.5) we find fo r  neu t ra l  

spec i e s  p r e s e n t  in the body that  
N--, 

l l ~i i JJ k < N,  (6 .8)  

i=Nn+l 

The Dk(a) f o r  k _ < N ,  can be ca l cu la t ed  only when we have found the r a t io s  of  the diffusion f luxes at 
the wall .  To find a p p r o x i m a t e l y  the Dk (a) fo r  k - < N ,  we use  the gene ra l  analogy be tween the m a s s - t r a n s f e r  
coef f ic ien t s  that  is  de r ived  f r o m  n u m e r i c a l  and analy t ica l  so lut ions  fo r  p a r t i c u l a r  c a s e s  of  such boundary  
l a y e r s  [1. 11] with r e a s o n a b l y  sma l l  influx f r o m  the wall :  
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where  the ni j  a s functions of (I/Si(a))e, ( l /S  (a)j) e and influx qo({, 0) have been found [5] and range  f r o m  
0 . 1 t o  2. 

Note that the (t/Sk(a)) e are  found be fo re  the p rob l em is  solved (see sect ion 5). The Dk(a) ca lcula ted  
below are  only slightly dependent on n i j .  We subst i tute  (6.9) into (2.10) to get a s y s t e m  of nonl inear  equa-  
t ions,  which may be solved by the method of [3]. Among the components  k -<N, there  may  be a group K 
with ident ical  diffusion p rope r t i e s .  We give the numbers  1 to N , ,  to components  p r e sen t  at the wall  that  
do not fal l  in group K. I f  a decomposing p las t ic  is  involved, group K contains components  with mo lecu l a r  
weights  around 30 (02, N2, CO, CN, HCN, etc.) .  

Let H2, SiO2, and CO 2 be components  p re sen t  at the wall  that do not fall  in group K. The following 
is the a lgebra ic  s y s t e m  for  the Dk(a) with k ~ N ,  (see above for  those for  k > N. )  with al lowance for  group K: 

57** Nn 
= [ Dj (a) 7"J ~ [ Dj (a) 7"J ~ Bk + ~ B~cj~ ~, Bkjcj~ L -FJ - [D- j 

f= 1 f = l +  N .  
N--X 

F Di~) 7 ~j~ (6.1o) 
i=_vn+z ~ \ mj 

B~=a(k ,  K) l+e(~')-l-s~ck Bks=a(k,  K)(b~i+%j ) rn 
' m-(-hO 

N.~ 

r b~' - '= l - -a( .K,k)  ~La(K,k)  a(K,k)j rnj 
J=l  

N** 
e j . = ~ c i g ( m ( K K . )  ,re(K) alj { __ m(K), ,3a(K , i) j _ ( l  - -  

{=I E\ mj mi a(K,i) mi /a(K,/)  k t 

a(K, i) B(K,  K)=O,  k ~ N .  (6.11) 8 ~ f = S j  a ( K , k )  ' 

The s y s t e m  of (6.10)), (6.11) has been  wri t ten  for  the case  where  the components  p r e sen t  at the wall  
vanish  at infinity, s ince this cove r s  p rac t ica l ly  all ca ses  of e ros ion  of a plas t ic  in a hot ionized gas flow. 
In fact ,  group K accounts  for  over  70% of the m a s s  of the gas  at the body when the incident flow is a i r  or  
carbon dioxide, so 

le(~)l, l s j t ~ t ,  {e~[ .~0.1Ib~ 1, k ~ N * * ,  j ~ E .  (6.12) 

Then for  such mix tu re s  (k-<N**) we get in the zeroth  approximat ion  f r o m  (6.10)-(6.12) that 

~r ~-x (6.13) t = a (k, K) -- ~, ci~B~ [a (], K) P(~'~)l - ~  .-  ~ c~,%~u [a (], K) D[~)I-~J~ 
1~1" ]=~+N n 

%~ = [B~ + a (], K)( t  + e ] ei) -~] (l + e i / e)~i~, B~ = a (k, K) b~i 

m ] m ( K ) = l ,  a ( i , E ) < 0 . 0 i a , i  ( ]@E) 

D(~)=a-~(k,K) (N.<k~<2V~), D~)=(l+e~/e)a~X(k,  K) (Nn<k<N)  

The solution to (6.13) with ~ij = 1 is 

N n N--I 

D(~)=a-l(k ,K)+ ~ cjebk#-l(],K)+ ~ ci,a-l(],K)%~ (6.14) 
j = I + N ,  J ~ I + N  n 

X~ = ( i  +ej/e)b~j+e~a~]iea(k, K)], k ~ N * *  

The solution to (6.13) for  x i j  r  i s  obtained with l e s s  than 7% e r r o r  for  all  components  (k= 1 . . . . .  N ,  , )  
apar t  f rom H 2 s imply  by subst i tut ing (6.14) into the r ight  side of (6.13). Then (6.10) gives the solution for  
all k - < N , .  The me thod  of [3] may be used to obtain the solution to (6.10) in the genera l  case .  A four -  
component  mix tu re  (atoms A, ions I, e l ec t rons  E, and molecu les  M) gives us the following f o r m  (6.6), (6.7), 
and (6.14) on the assumpt ion  that the f i r s t  three  vanish at the wall  and the molecu les  at infinity: 
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D(a)(1) = 2D (1) = 2a i(I, M), D(a)(A) = D (A) = a-1 (A, M) (6.15) 

D (a) (M) = [i --  c e (I) (i --  2a (A, M) / a (I, M))] a -1 (A, M) 

Equation (6.15) gives  5-7% e r r o r  for  [D (a) (M)a (A, M)] when r e f e r ence  is made to the exact  nu- 
m e r i c a l  calculat ions of [5]. 

Numer ica l  solut ions [4, 5] show that the effect ive ambipola r  Schmidt numbers  a re  posi t ive  within the 
boundary l aye r  and va ry  f r o m  the r e su l t  of sect ion 6 at the wall to the r e su l t  of sect ion 5 at the outer  edge 
of the boundary l aye r .  
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