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I O N I Z E D  M I X T U R E S  IN C H E M I C A L  E Q U I L I B R I U M  
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By eliminating the e lect r ical  field originating because of separat ion of  the charged com-  
ponents, the Nav ie r -S tokes  equations for par t ia l ly  ionized multicomponent react ing gas 
mixtures  without external e lect romagnet ic  fields are reduced to equations analogous to 
the equations for a chemical ly  react ing mixture of neutral  gases .  Formulat ions  of p rob-  
lems about flows in chemical  equilibrium taking account of ionization, t he rmo-  and b a r o -  
diffusion react ions  for a rb i t r a ry  mixtures  with different diffusion proper t ies  of the c o m -  
ponents are  examined within the scope of the complete Nav ie r -S tokes  equations and the 
Prandtl  equations of an asymptot ical ly  thin boundary layer  around both impermeable  and 
thermochemica l ly  destructible walls.  

Equations for  flows of ideal mixtures  in chemical  equilibrium have been formulated in [1]. Within the 
limits of boundary layer  theory these equations have been presented in [2] for viscous,  heat-conducting mix-  
tures  of e lec t r ica l ly  neutral  components in chemical  equilibrium in the presence  of diffusion. 

Equilibrium flows of ionized air  in the boundary layer  have been examined in many papers  [3-5] in a 
simplified formulat ion for a binary diffusion model.  In such a formulation the diffusion proper t ies  of all 
the ions and all the neutrals  are ,  respect ively,  considered identical, which affords a possibil i ty of desc r ib -  
ing the diffusion of all components by using a single effective ambipolar  coefficient of diffusion. In this 
case  (for nondestructible walls), the concentrat ions of the chemical  elements in the s t r eam will be constant,  
and, therefore ,  the component concentrat ions and the t ranspor t  coefficients can be calculated in advance as 
functions of just  the p re s su re  and tempera ture .  

A new logical descr ipt ion of the fundamental equations is presented herein for the case of equilibrium 
flows of ionized mixtures  with different diffusion proper t ies  of the components.  The reason for the dif fer-  
ence, in principle,  between the equations obtained and those found ea r l i e r  in the l i tera ture  is elucidated. 

The presence  of components with d iss imi lar  binary diffusion coefficients (drag coefficients) in a mov-  
ing gas mixture resul ts  in the e lementary  chemical  composit ion (concentration of chemical  elements) being 
variable in the s t r eam,  in this case ,  the equilibrium chemical  composition (concentration of components) 
will depend not only on the p res su re  and tempera ture ,  but also on the concentrat ion of the chemical  elements  
as additional independent var iables  varying in the s t r eam.  The important  deduction hence follows that in 
solving problems on the motion of chemical  equilibrium mixtures  with different diffusion proper t ies  of 
the components,  the determination of the effective specific heat and the effective coefficient of heat conduc- 
tion as functions of just  the p re s su re  and tempera ture  turns out to be impossible .  In the general  case these 
quantities should be calculated in paral le l  with the solution of a specific problem and appropriate  equations 
are  presented for  them herein.  Boundary conditions on an impermeable  and thermochemieal ly  destruct ible 
wall a re  formulated when the diffusion and thermal  diffusion proper t ies  of the components are  distinct.  
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I. Let us write the closed sys tem of Navier-Stokes equations for an a rb i t r a ry  N-component chemica l -  
ly react ing gas mixture in the presence of ionization react ions ,  and in the absence of external e l ec t romag-  
netic fields and energy t r ans fe r  by radiation under conditions of quasi-neutral i ty  of the mixture.  

1 ~ Continuity equation for the mixture as a whole 

N N 
0p 
-~- -~d iv (pv)=0 :  or---- ~p~v~, p =  :~p~ (1.1) 

where Pi is the mass  density of the i - th  component, vi is the mean s tat is t ical  velocity of the i - th  component, 
p is the mixture density, v is the mean m a s s  flow ra te  of the mixture,  and t is the t ime.  

2 ~ . Diffusion equation for  the components 

Pi d-~-fl iv$~=u~, c~=~- ,  $~=p~(v~--v), ( i=1 , . . ,N)  
P dt - -  

with their  closing Stefan-Maxwel l  relat ionships writ ten in t e rms  of the mola r  concentrat ions [6, 7] 

N N 

Vxi  J~' ~ x ~ A i ~ + x i  ~ A ~ * J ~ ' - - K r i V l n T  --Kv~Vlnp ( i = t  . . . . .  N) 
~ I  ~ I  

N 

n 

N N 

k--I  ~r 

"k:l ~=I 
N N N ( Dk T D,T ~ 

N N 

}~=I h"~l 

(I .2) 

(i .3) 

(i .4) 

or  their  equivalent relat ionships writ ten in t e r m s  of the mass  concentrat ions [6, 7] 

"N N 
j t 

Vci = -- i -A'- ~ x~Aik 4- ci ~ A!~)$~ ' -- K ~  ) VIa T -- Kp(~ -) V l ,  p 

(i -- l , . . . ,  N) 
N N 

k ~ l  k ~ l  
N N 

N N N 

N N N 

(}, ? ei** = ei * -- ~ c~e~ x~e~ ~ , ~ c~ek ** : O 

(1.5) 

(1.6) 

Here ci, xi, mi, ei, ni, J i ,  wi are ,  respect ively,  the mass  concentration, the mo la r  concentration,  the 
molecular  weight, the charge,  the number of moles per  unit volume, the mass  diffusion flux vector ,  and the 
velocity of mass  origination because of the chemical  react ions per unit volume of the i - th  component per  
unit t ime;  p, T, m, and n are,  respect ively ,  the p res su re ,  tempera ture ,  mean molecular  weight, and number 

1 T of mo es per  unit vohtme; D i is the coefficient of thermal  diffusion of the i - th  component;  a ij a re  the drag 
coefficients which turn out to equal the rec iproca ls  of the binary diffusion coefficients [7, 8] under the a s -  
sumption that the mult icomponent coefficients of diffusion can be replaced by a f i r s t  approximation in 
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C h a p m a n - E n s k o g  theory,~" i .e . ,  by D~ "1 (1), K ~  and K ~ )  a r e  the genera l i zed  t he rma l  diffusion ra t ios ,  r e -  
spect ive ly ,  for  the m o l a r  and m a s s  de~cr ip t io~ 'of  diffusion, Kpi and K~)  a r e  the genera l ized  barodiffus ion 
ra t ios ,  r e spec t ive ly ,  for  the m o l a r  and m a s s  descr ip t ion  of diffusion. 

F o r  the case  of a b inary  mix tu re  of neut ra l  gases  we obtain 

T T KT 
AI~ = A ,  D~ = - -  D~ , e ~ =  e~ = O, X,~ r = - - - (  

m z Dt T v(c) _ mires 
K T  =" K T i  ~ rnim j pDi$ T , ~Ti -- ~ K T  

K~ = K~ = X i ~ C i = XiX 1 rni~,- ml .-p,~(c)" ____ ~mim ~ K~ 

where  K T and Kp a r e ,  r e spec t ive ly ,  the o rd ina r i ly  defined coeff ic ients  of t h e r m o -  and barodiffus ion [8]. 

The re la t ionships  (1.3) and (1.5) have been obtained f rom the i r  initial  exp re s s ions  [8] by e l iminat ion 
of the e lec t r i c  f ield or iginat ing because  of separa t ion  of the charged  components ,  by using the quas i -  
neut ra l i ty  condition [6, 7]. 

I t  should be noted that  (1.3), (1.5) a r e  val id only when neglect ing viscous  momen tum t r a n s p o r t  in the 
gas  [9]. However ,  it can be shown that  for  Reynolds number s  much  g r e a t e r  than unity the influence of v i s -  
cous momen tu m  t r a n s p o r t  on the diffusion s t r e a m s  can be neglected.  

3 ~ Momentum equation for  the mix tu re  as a whole 

d,tr 
p ~ = -- Vp + div x (~j = 2[~,tj) 

(~ __ "32 It) d,v" v + 2tte~, e~, = ~a'i (1.7) 

i ! 8v i 8v~ 
e,~ = ~ ~ - ~  + ~ )  (i, i = i, 2, 3) 

Here  ~'ij a r e  the components  of the viscous  s t r e s s  t ensor ,  eij a r e  components  of the s t r a i n  r a t e  
t enso r ,  # is  the dynamic  coeff icient  of mix tu re  v i scos i ty ,  and ~ is the second coeff icient  of v i scos i ty .  The 
re la t ion  between the components  of the t enso r s  ~- and e is  p r e sen t ed  under  the assumpt ion  that  the p r e s -  
ence of chemica l  reac t ions  in the s t r e a m  does not affect  the s t r e s s  t enso r .  

0 �9 Equation of heat influx for  the mix tu re  as a whole 
N N 

dh dp 

k = l  k = l  
N N N 

= _ 

4=i k=1 \Pk ' P j/ k=l 

N N N 

i = l  / = I  ~--1 

(1.8) 

(I) =- div (~. v) - -  v div �9 = (~ --  ~/s ~) (div v)2 + 2~ [eu ~ + e~2 ~ + eas e + 2 (els ~ + ela z + e232)] (1.9) 

where  h i is the specif ic  enthalpy of the i - th  component ,  h is the specif ic  enthalpy of the mix ture ,  Jq  is the 
total  heat  flux, q is the reduced  heat  flux, �9 is  a d iss ipa t ive  function, R A is  the absolute gas  constant ,  T is 
the o rd ina ry  coeff icient  of mix tu re  heat  conductivity,  and the coeff icient  X ' is  ca lcula ted  in the kinet ic  
theory  of gases  in t e r m s  of coeff ic ients  of expansions in Sonin polynomials  [8]. 

In wri t ing (1.8) it is  a s s um ed  that  the medium is a mix tu re  of pe r fec t  gases .  If (1.7), mult ipl ied f i r s t  
by v is then added to (1.8), we obtain the energy  equation for  the mix tu re  as a whole 

(1.1o) 

$See the r e m a r k s  at the end of this paper  for  m o r e  deta i ls .  
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5 ~ The equation of state for  the mixture considered as a mixture of perfect  gases  

p-----pRa T /m 

closes the sys tem for the 2N + 6 des i red  functions 

vl, v~, v s ,  p ,  T, p, c~ . . . . .  oN, J l , . . . ,  $N 

(1.11) 

Let us note some tr ivial  a lgebraic  integrals  of this sys tem.  F r o m  the definitions of the concen t ra -  
tions and diffusion flows, the relat ionships 

N N N 

k = l  = k~l 
(1.12) 

are  always satisfied.  

The condition of quasi-neutral i ty  of the mixture and the absence of an e lectr ic  cur ren t  yield two in- 
tegra ls  of the fundamental equations of motion 

N. Y N 

Taking account of (1.12) and the condition of conservat ion of the total mass  of the mixture in the p r e s -  
ence of chemical  react ions 

wl" + ...  + W'N = 0 (1.14)  

we obtain that N -  1 equations will be independent in the sys tem (1.2). Taking account of (1.12), we find 
that, exactly as (1.5), there  will be N -  1 independent relat ionships (1.3). Hence, one of the components can 
always be eliminated in specific computations of the concentrat ion and diffusion flow. Conditions (1.13) can 
be used to eliminate another component,  say  the e lectronic  one, f rom the considerat ions .  

Let us t r ans fo rm (1.2) and (1.8) by explicitly introducing the heat of react ion in the la t ter .  In the 
flow around a s t reaml ined body let there  be N components as a resul t  of all possible homogeneous and 
heterogeneous react ions .  Let the number  of independent (basis) components,  for  which the chemical  e le -  
ments  and the e lect ronic  component can be chosen in par t icular ,  be Ne. Then, because of the independent 
react ions ,  all the remaining components (the react ion products) A i (i = 1 . . . . .  Nr, Nr = N -  Ne) can be ex-  
p ressed  in t e rms  of the basis  components Aj (j = N r + 1 . . . . .  N), in par t icular ,  as follows: 

N 

A~= ~, v~Aj (~=t ..... Nr) (1.15) 
j ~ l + N r  

Here Ai, Aj are  the chemical  symbols  of the components,  and vij are  s to ichiometr ic  coefficients 

If each diffusion equation (1.2) of the components is multiplied, respect ively,  by the constant v i j m j / m  i 
(i = 1 . . . . .  N) and all the equations thus obtained are  added, then, taking account of conservat ion of the e le -  
ments  in the chemical  react ions  

N 
mj . 

we obtain the diffusion equations of the elements 

d ~  ~_ div -- 0 P d~ JJ* (i=Nr + i . . . . .  N) (1.16) 

where 
element.  

N r N r 
raj m~ 

k = 1  k = l  

(1.17) 

(j = N r + I ,  . . . , N) are ,  respect ively ,  the concentrat ion and m a s s  diffusion flow of the j - th  
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An add i t i ona l  s y s t e m  of equa t ions  r e l a t i n g  cj* and Jj* (j = N r + 1 . . . . .  N) i s  o b t a i n e d  f r o m  (1.5) by  
u s i n g  (1.17) 

N Nr N .  

~ffil kffil l = N r ~ l  

w h e r e  
Nr N 

hk~) Zl 
tffil t-~-I 

Nr N 

hi, 
i ~ l  ""~" b~N t Jr 

~r Nr 

T a k i n g  accoun t  of  the  m a s s  c o n s e r v a t i o n  cond i t i on  in  the  r e a c t i o n s  (1.15) we  o b t a i n  f r o m  (1.17) 

N N 

F, ~ f =  l ,  Y, Jj* = 0  
j=I-{-N r j=I-~N r 

(I .19) 

M o r e o v e r ,  l e t  us  note  tha t  cond i t i ons  (1.13) fo r  an e l e c t r o n  e l e m e n t  y i e l d  two m o r e  f ina l  r e l a t i o n s h i p s r  

c* (E) = 0, $* (E) = 0 (1.20) 

T a k i n g  accoun t  of (1.19) and (1.20), we then  have  tha t  j u s t  Ne - 2 e q u a t i o n s  shou ld  r e m a i n  f r o m  the  
N e = N - N r equa t i ons  (1.16). The  two equa t ions  o m i t t e d  a r e  r e p l a c e d  by  the  a l g e b r a i c  i n t e g r a l s  (1.19) and 
(1.20). 

Equa t ions  (1.16), (1.19), and (1.20) a l w a y s  ho ld  i n d e p e n d e n t l y  of  w h e t h e r  t h e r e  a r e  r e a c t i o n s  o r  not ,  
w h e t h e r  t h e y  p r o c e e d  a t  a f i n i t e  o r  i n f in i t e  ( chemica l  e q u i l i b r i u m )  r a t e .  Hence ,  in  the  g e n e r a l  c a s e  t he  s y s -  
t e m  (1.2) can  b e  m o d i f i e d  as  f o l l o w s :  L e t  us j u s t  r e t a i n  Nr  i ndependen t  equa t i ons  c o r r e s p o n d i n g  to  the  
f o r m a t i o n  of  p r o d u c t s  in the  r e a c t i o n s  (1.15), and l e t  us  r e p l a c e  the  r e s t  of the  d i f fu s ion  equa t ions  by  N - 
N r - 2 h o m o g e n e o u s  equa t ions  (N - N r - 1 in the  c a s e  of a m i x t u r e  of  e l e c t r i c a l l y  n e u t r a l  componen t s )  of 
d i f fus ion  of the  e l e m e n t s  (1.16) and  the a l g e b r a i c  r e l a t i o n s  (1.19), (1.20). 

L e t  us  t r a n s f o r m  the  e n e r g y  c o n s e r v a t i o n  equa t ion  by  e x p l i c i t l y  e x t r a c t i n g  the t e r m s  c o n t a i n i n g  the  
h e a t  of  c h e m i c a l  r e a c t i o n .  In c o n f o r m i t y  wi th  the  f i r s t  l a w  of t h e r m o d y n a m i c s ,  the  h e a t  of  r e a c t i o n  Qi  (i = 
1 . . . . .  Nr) n e e d e d  to f o r m  unit  m a s s  of a p r o d u c t  A i in the r e a c t i o n s  (1.15) f o r  c o n s t a n t  p and T i s  d e t e r -  
m i n e d  in t e r m s  of the  e n t h a l p y  of the  c o m p o n e n t s  by  m e a n s  of  

h~ 

N 

~,~j-~ h~ - Qi (T) (i = l . . . . .  /~v) (1.21) 
i=1+N r 

dh{ 
= c~ (t = i . . . . .  N) (1.22) 

w h e r e  Cpi (i = 1 . . . .  , N) i s  the  s p e c i f i c  hea t  of the  i - t h  c o m p o n e n t  a t  c o n s t a n t  p r e s s u r e .  Then  the  t o t a l  
h e a t  f lux  J q  can  be  r e p r e s e n t e d ,  t a k i n g  accoun t  of  (1.9), (1.17), and (1.21), in  t he  fo l lowing  p h y s i c a l l y  g r a p h -  
ic  f o r m :  

Nr N 

~i j=Nr~-X (I .23) 

N 
Q( = Q~ + RAT~irrn(  I, ~i T - -  r~ r - -  ~ v~j~7 

~ I §  r 

T When i t  i s  n e e d e d  to i n t r o d u c e  the  s y m b o l  of  the  c h e m i c a l  e l e m e n t  a s  a s u b s c r i p t ,  i t  w i l l  be  e n c l o s e d  in  
p a r e n t h e s e s .  F o r  e x a m p l e ,  f o r  e l e c t r o n s  CE* = c*(E) .  
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h i' = hj - -  RATmj-I~i  T (i = t . . . . .  Nr, i = lcr + i, ..... N) (1.24) 

If the "effective" heats of react ion Q~ (i = 1 . . . . .  Nr) and the "effective" specific enthalpies of the 
basis components ~ (j = N r + 1 . . . . .  N) are introduced, then the formula  for the total heat flux will agree,  
outwardly, with the express ion for  the total heat flux in the absence of a diffusion heat effect.  In conform-  
ity with (1.21), (1.22), the differential of the mixture enthalpy will be 

N r N N N r 

~ = I  j = I + N  r J = I + N  r k = l  

(1.25) 

The second sum in (1.25) in the f i r s t  express ion corresponds  to the change in enthalpy in a t he rmo-  
dynamically open sys tem [10]. Taking account of (1.25), (1.16), and (1.23), the heat influx equation (1.8) 
will be 

N r N r  N N 

P " dT(cv_.d E __ ~-J~'-'dTj~d'c'~=~t'q-div(~'VT'+~Ok'J~-J'-RAT ~ J ,* 'Y .7)@.O--  ,~_.~ Vh/'./* 
/ f = l  ~=1  i =  l -~-.N r .~=I-'~-N r 

(1.26) 

The influence of the heat of react ion on the tempera ture  profile is easi ly es t imated in such a form of 
writing the heat influx equation. The energy equation (1.10) becomes 

N r N 

k = l  j = I - ] - N  r 

Writing the energy equation thus is inconvenient because the enthalpies of components,  which are  de-  
termined f rom (1.22) for  given specific heats of the components to the accuracy  of a rb i t r a ry  additive con-  
stants,  enter  therein.  Let us note that these constants do not enter  into (1.26). To eliminate the additive 
constants f rom (1.27), let us introduce the new des i red  function 

N N r 

H ~ * h = c~o i --  ~ ,  c~:Q~ + -~- ( 1 . 2 8 )  
V ~ 

J ~ I + N  r ~ = 1  

where c*~ are  given concentrat ions of elements in the free s t ream.  The sense of the function H is that the 
differencJe H - I ~  equals the heat needed to heat unit mass  of the free s t r eam to the tempera ture  of the 
point under considerat ion without taking account of physicochemical  t ransformat ions ,  plus the heat of r e a c -  
tion of the format ions of all the possible products with concentrat ions c i (i = 1, . . . , N r) for  the p ressure ,  
t empera ture ,  and e lementary  chemical  composit ion at this point, plus the difference in kinetic energy 
densities at the point under considerat ion and in the free s t ream.  Taking account of (1.28) and (1.16), Eq. 
(1.27) can be t r ans fo rmed  into a new form containing just  derivatives of the specific enthalpy 

N r N 

dH Op [~,VT P ~F + D't1 = ~ + div L § ~ Qk'J~ + RAT ~, zjTJ~ *' + ~v] 
k = l  J ~ I - ~ N  r 

N N 

- -  , - -  ~ o o l P - ~ -  -t- Y, Np}[(o,. Y, Vh, J,*} 
j = l +  r i = l - ] - N r  

(1.29) 

The function Deftf is connected with the effect of "diffusing specific heats" of the chemical  elements .t 
The e lectron element does not enter  into the express ion for  D e f  t by virtue of (1.20). Fo r  identical specific 
heats of the elements ,  or  when the mixture consis ts  of one chemical  element,  Deft - 0. The assumption 
about equality (nearness) of the specific heats of elements is much weaker  than the assumption about the 
equality of the specific heats of all the components$ 

If VH is introduced on the right in (1.29) instead of VT, then by using (1.25) and (1.28) we obtain 

t The las t  component on the right in (1.26) is connected with this same effect. 
$ It is possible to select  Ne = N - N r components with the neares t  specific heats as the elements .  
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d H  Op 

N N r N 

=I+N r = ~=~+/v r 

This last mode of writing the energy equation is quite convenient for the solution of hydrodynamic 
problems since the function H depends so much more weakly on the heat of reaction, the work of the pres- 
sure forces, and the dissipation of the mechanical energy than on the temperature and, hence, changes 
more weakly in the stream. 

2. The boundary conditions at infinity for the equations formulated above will consist in assigning 
v~o, Poo, Too, and Clio ..... onto. The boundary conditions on the impermeable and indestructible wall with 
possible heterogeneous reactions in the coordinate system coupled to the body will be 

( J ~ ) ~ = r (  (~=t . . . . .  Nr),  (J~'~)w = 0  ( i = / v r + i  ..... N) (2.2) 

where Vn and v~- are ,  respect ively ,  the components of the velocity vec tor  normal  and tangential to the body, 
r~ (i = 1 . . . . .  Nr) is the surface velocity of the format ions of the i - th  components due to heterogeneous r e -  
actions.  The determination of the function r~ in each specific case  is a fundamental problem.  

In the absence of heterogeneous react ions (r i" = 0, i = 1 . . . . .  Nr) the conditions (2.2) reduce,when tak-  
ing account of (1.17), to 

(J,~)~ = 0 (; = i  ..... N) (2.3) 

Conditions (2.2) or  (2.3) substantially impose a relat ion on the derivat ives  of the concentra t ion with 
respec t  to the normal .  Conditions (2.1) and (2.2) or  (2.1) and (2.3) a re  sufficient to find a unique solution. 
Af ter  solving the problem the s t r e s s  on the wall and the total heat flux to the wall can be calculated by the 
usual formulas  f rom the express ions  

Nr N r 

(Jq~)~ ~ ~ -  + ~, , j  - ~.. ,~ ~ (2.4) 
t t=l  k = l  Cp 

where 
N 

= ( ~ - c j * ) c ~  
~=Nr+l 

Let us consider  the case  when the mater ia l  of the body surface enters  into a physicochemical  in te r -  
action with the f ree  s t ream gases ,  i.e., it can be thermochemica l ly  dest royed without the format ion of a 
liquid film. In this case ,  under the assumption of quas i -s ta t ionar i ty  of the destruct ion,  the boundary condi-  
t ions will be [6, 11] 

(v.)~ = 0, (pv)~ ( c~  - ~) + ],.~ = n" g= ~ ..... ~) 

- J" =0 (i=Nr+i , .,~) 

aT N~ ( .-~, + ~ qj.Ik)~ = (p,,)~, (2.5) 

o r  

whe re 

N r  N 

k= 1 ~=Nr...~l 
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Nr N 
F 

hr + 
"1 

= a r  RAT (2.6) 

k=l k=l 

H e r e  h ~  ) -  - h . ~  0) i s  the  h e a t  n e e d e d  to h e a t  uni t  m a s s  of the  body m a t e r i a l  f r o m  the i n i t i a l  t e m p e r a t u r e  
to  the  t e m p e r a t u r e  on the  body  s u r f a c e  (the t e m p e r a t u r e  of the  d e s t r u c t i o n  f ron t  i s  Tw) t a k i n g  accoun t  of a l l  
p o s s i b l e  p h y s i c o c h e m i c a l  t r a n s f o r m a t i o n s  of  the  body  m a t e r i a l  p r i o r  to the  f o r m a t i o n  of  the  compounds  
ci( i)  . . . .  CN(1) [ci~ (i = 1 . . . . .  N) a r e  c o n c e n t r a t i o n s  of c o m p o n e n t s  upon a p p r o a c h i n g  the  d e s t r u c t i o n  
f ron t  f r o m  the  body] ,  A ~  i s  t he  h e a t  of  the  p h a s e  t r a n s i t i o n ;  the  l a s t  two s u m s  in A y i e l d  the  h e a t  of  h e t e r o -  
geneous  r e a c t i o n s  t ak ing  accoun t  of the  d i f fus ion  t h e r m o e f f e c t .  

Cond i t ions  (2.5) a r e  not  su f f i c i en t  to d e t e r m i n e  a unique  s o l u t i o n  of  the  p r o b l e m .  Hence ,  in  t h e r m o -  
c h e m i c a l  d e s t r u c t i o n  p r o b l e m s  i t  is  n e c e s s a r y  to  add s t i l l  a n o t h e r  cond i t i on  wh ich  shou ld  r e s u l t  f r o m  the  
c o n c r e t e  d e s t r u c t i o n  m e c h a n i s m ,  in add i t i on  to the  c o n s e r v a t i o n  l a w s ,  t e m p e r a t u r e  con t inu i ty  cond i t ion ,  and 
a d h e s i o n  cond i t i on .  F o r  e x a m p l e ,  in the  e a s e  of  p u r e  e v a p o r a t i o n  th i s  can  be  e i t h e r  the  cond i t i on  of  e q u i l i b -  
r i u m  e v a p o r a t i o n ,  o r  the  cond i t i on  of  e v a p o r a t i o n  a t  a f in i te  r a t e .  In the  c a s e  of d e s t r u c t i o n  of h e a t  s h i e l d  
m a t e r i a l s  of  c o m p l e x  c h e m i c a l  c o m p o s i t i o n ,  the  m i s s i n g  cond i t ion  c a n  be  t a k e n  f r o m  e x p e r i m e n t  in  the  
f o r m  of  the  k ine t i c  c u r v e  connec t i ng  the m a s s  r a t e  of d e s t r u c t i o n  (pv) w to the  s u r f a c e  t e m p e r a t u r e  [12]. 

A f t e r  the  p r o b l e m  has  b e e n  s o l v e d  in such  a f o r m u l a t i o n ,  the  s u r f a c e  t e m p e r a t u r e  T w and the  m a s s  
r a t e  of e n t r a i n m e n t  (PV)w a r e  found.  

3. If no o t h e r  a s s u m p t i o n s  a r e  m a d e  about  the  n a t u r e  of the  c h e m i c a l  r e a c t i o n s  and the  p r o p e r t i e s  of 
the  t r a n s p o r t  c o e f f i c i e n t s ,  t hen  any f u r t h e r  s i m p l i f i c a t i o n  of  the  f u n d a m e n t a l  s y s t e m  of  equa t i ons  (Sec.  I)  
and the  b o u n d a r y  cond i t i ons  (Sec.  2) i s  i m p o s s i b l e .  

Howeve r ,  i f  a l l  the  c h e m i c a l  r e a c t i o n s  in  the  s t r e a m ,  inc lud ing  the  i o n i z a t i o n  r e a c t i o n ,  a r e  e q u i l i b r i -  
u m  r e a c t i o n s ,  the  f u n d a m e n t a l  s y s t e m  of  equa t i ons  of m o t i o n  and the  b o u n d a r y  c ond i t i ons  can  be  s i m p l i f i e d  
s u b s t a n t i a l l y .  

U n d e r  c h e m i c a l  e q u i l i b r i u m  the  N r i ndependen t  equa t ions  of d i f fus ion  of  the  c o m p o n e n t s  (1.2) a r e  r e -  
p l a c e d  by  e q u i l i b r i u m  cond i t i ons  ( G o l d b e r g - W a a g e  c ond i t i ons  fo r  c h e m i c a l  r e a c t i o n s  and Saha  c ond i t i ons  
fo r  i o n i z a t i o n  r e a c t i o n s ) ,  w h i c h  in  c o n f o r m i t y  wi th  the  w r i t i n g  of the  r e a c t i o n  (1.15) wi l l  be  

x~'O K~i (T) N 
~ - - - =  , ~ =  ~ ,  ~ i j - - i  ( i = i  . . . . .  N,)  ( 3 .1 )  

~=Nr-}- 1 p ~  ~=Nr_~l 

w h e r e  the  func t ions  Kpi(T) , c a l l e d  the  e q u i l i b r i u m  c o n s t a n t s ,  a r e  g iven .  The  r e l a t i o n s h i p  (3.1) can  be  
e x a m i n e d  as  a l g e b r a i c  i n t e g r a l s  r e p l a c i n g  the  N r i ndependen t  d i f fus ion  e q u a t i o n s .  If  a l i n e a r  s y s t e m  of 
equa t ions  

N r 

mk 

Nr (3.2) 
(E) + Y, E) c* (E) = 0 

i s  a d d e d  to  the  s y s t e m  (3.1), then  c o m p o s i t i o n s  can  be  found, i . e . ,  c I . . . . .  c N o r  x 1 . . . . .  x N as  a f u n c -  
t ion of p, T, and c j*  (j = N r + 1 . . . . .  N). T h e r e f o r e ,  an a n a l y s i s  of the  e q u i l i b r i u m  c o m p o s i t i o n  of  a m i x -  
t u r e  at  e a c h  point  of a s t r e a m  in c h e m i c a l  e q u i l i b r i u m  i s  no d i f f e r e n t  than  i t s  a n a l y s i s  fo r  a c l o s e d  s y s t e m .  
H o w e v e r ,  fo r  a m o t i o n  t ak ing  accoun t  of  d i f fus ion ,  the  quan t i t i e s  c j*  (j = N r + 1 . . . . .  N) wi l l  v a r y  t o g e t h e r  
wi th  p and T s i n c e  the  s y s t e m  (1.17), (1.16) does  not  a d m i t  the  i n t e g r a l s ?  

cj* = cons t  (i = Nr + I . . . . .  N) 

fo r  d i f f e r e n t  c o e f f i c i e n t s  of d i f fus ion  of  the  c o m p o n e n t s  (for N e > 2). 

The  i n t e g r a l s  c j*  = c j*  = c o n s t  (j = N r + 1 . . . .  , N) wi l l  ho ld  fo r  i d e n t i c a l  d i f fu s ion  c o e f f i c i e n t s  and in 
the  a b s e n c e  of  a supp ly  of  new c h e m i c a l  e l e m e n t s  in  the  s t r e a m .  
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Hence ,  t he  e q u i l i b r i u m  c h e m i c a l  c o m p o s i t i o n  of  a m i x t u r e  wi th  d i f f e r e n t  d i f fus ion  p r o p e r t i e s  of the  
c o m p o n e n t s  canno t  p o s s i b l y  be  de f ined  in a d v a n c e  a s  a func t ion  of  j u s t  p and T even  in the  a b s e n c e  of the  
s u p p l y  of add i t i ona l  c h e m i c a l  e l e m e n t s  in the  s t r e a m ,  f r o m  the  wa l l ,  s a y .  The  e q u i l i b r i u m  c o m p o s i t i o n  in  
such  a s t r e a m  wi l l  be  d e t e r m i n e d  by  the  p r e s s u r e ,  t e m p e r a t u r e ,  and c o n c e n t r a t i o n s  of  the  c h e m i c a l  e l e -  
m e n t s  c j*  (j = N r + 1 . . . . .  N) a s  new i n d e p e n d e n t  v a r i a b l e s  v a r y i n g  in the  s t r e a m .  

In the  g e n e r a l  c a s e  t h e  a n a l y s i s  of  t he  e q u i l i b r i u m  c o m p o s i t i o n  in the  p r e s e n c e  of  d i f fu s ion  m u s t  be  
p e r f o r m e d  in p a r a l l e l  w i th  the  so lu t i on  of the  f u n d a m e n t a l  s y s t e m  of  d i f f e r e n t i a l  e q u a t i o n s .  L e t  us  u s e  the  
s y s t e m  (1.16), (3.1), and (3.2) to  s i m p l i f y  w r i t i n g  the  h e a t  inf lux  and e n e r g y  e q u a t i o n s .  L e t  us  e x p r e s s  the  
d e r i v a t i v e s  of the  c o n c e n t r a t i o n s  of the  r e a c t i o n  p r o d u c t s  in  (1.26), (1.30) in  t e r m s  of  t he  d e r i v a t i v e s  of 
p,  T and  c j*  (j = N r + 1 . . . . .  N), and  the  d i f fus ion  f luxes  of  t h e s e  p r o d u c t s  in  t e r m s  of  g r a d i e n t s  o f  p,  T, 
and  the  d i f fu s ion  f l uxes  of  the  e l e m e n t s  J j  * (j = N r + 1 . . . . .  N).  

Le t  us  go o v e r  to  m a s s  c o n c e n t r a t i o n s  c i  (i = 1 . . . . .  N) in  the  s y s t e m  (3.1), and l e t  us  t a k e  the  
l o g a r i t h m i c  d i f f e r e n t i a l  of e a c h  equa t ion ;  f u r t h e r m o r e ,  l e t  us  r e p l a c e  dcj  (j = N r + 1 . . . . .  N) by  dc j*  (j = 
N r  + 1 . . . . .  N) and  dc k, (k = 1 . . . . .  Nr) by  u s i n g  (1.17), we then  ob t a in  the  fo l lowing  s y s t e m  of  j o in t  
a l g e b r a i c  equa t i ons  to  d e t e r m i n e  dc k , :  

N r N 

R A m T  k = l  J = N r T l  \ x]  m~, 

(3.3) 

w h e r e  

N 

�9 ~Nr .{_  1 ;x] -xj- �9 

The V a n ' t  Hoff i s o c h o r  equa t ions  have  hence  b e e n  u s e d  

d In Kvl mi Qt 

The  s o l u t i o n  of  the  l i n e a r  s y s t e m  (3.3) i s  w r i t t e n  down a t  once .  L e t  us  j u s t  p r e s e n t  h e r e  the  s u m  
n e e d e d  l a t e r  

(3.4) 

N r N r  N 

~, Q~dc~ = ~ m~O~dck' = - -  %~ d T +  B (~, toO) dp -]- ~, Bj(~j*,mQ) dct* (3.5) 
k = l  k = l  i=Nr~-I  

MO) (3.6) MOt) M(~') B,, (%~*, mQ) = - -  
c ~  = R AmT~ , B (% m:Q) = - -  ~ , m 

v~j* = - -  v~ + v~ / x~ (i = t + N,  . . . . .  N) 

H e r e  M(s) deno t e s  the  r a t i o  b e t w e e n  the d e t e r m i n a n t s  in (3.6) 

M{o~_--- ~ \ i , / = i  . . . . .  N,- s = t , 2 , 3 .  ) (3.7) 

�9 ~o ) = 0 ,  ' r ~ ) = B ~ z  (kz~:o; ~ = ~ , 2 , 3 )  

'r(2 = ,riot)= m~Q~ (l = ~ . . . . .  ~v r) 

W(2) W(a) W(~) ~T~(3) ~ ( /=  I . . . . . .  Nr) 
(3.8) 

The  d i f f e r e n t i a l s  of  the  c o n c e n t r a t i o n s  of the  r e m a i n i n g  c o m p o n e n t s  a r e  found f r o m  the  e x p r e s s i o n s  

N T 
mj 

dcj = dc~* 4 ~ ~'~i"-~-_ dck q = N  r + t . . . .  N) (3.9) 
k = l  

Le t  us  t u r n  to the  c a l e u l a t i o n  of  t he  d i f fus ion  s t r e a m s .  Le t  us  t a k e  the  l o g a r i t h m i c  g r a d i e n t  of the  
e q u i l i b r i u m  cond i t i ons  (3.1) and  l e t  us  s u b s t i t u t e  Vx i (i = 1, . . . .  N) f r o m  the  r e l a t i o n s h i p s  (1.3) t h e r e i n ,  
but  f i r s t  e x p r e s s i n g  the  d i f fu s ion  s t r e a m s  of the  b a s i s  c o m p o n e n t s  J j  (j = N r + 1 . . . . .  N) in t e r m s  of J j *  
(j = Nr + I,  . . . .  N) and ~ (1 . . . . .  Nr).  
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Then  t a k i n g  accoun t  of  the  c o n s e r v a t i o n  of  m a s s  and c h a r g e  in the  r e a c t i o n s  (1.15) 

N N 

e , = - -  ~, v,~e~, r a ~ = - -  ~, ~m~ q = i  . . . . .  ~ )  
:~=Nr+l J=Nr+l 

we ob ta in  a s y s t e m  of  l i n e a r  equa t ions  fo r  the  f l uxes  

w h e r e  

Ji (i = t . . . .  , N~) 
N r N 

/n. .~ 
E~J~*' (3.10) 

N N N N r 

J=Nr-{-1 l=.Nr+l xi  J=Nr+l |=1 x*i 
N N N 

I (v ~fz--v~zx~)(v~jzFvlzx i ) 

i = N r + l  i=Nr+I  =Nr+l  
N Nr N 

x l 
+ Y, Y. ~Jn~-~-~,, + ~, ( n ~ , J + ~ , ~ ) - A ~ . ( * ,  k=~ ..... N/~§ 

~=Nr+l l=l J=Nr+l (3.11) 

N N N 

i Ay l (v~jxz - -  v~x~) ~ 
~=I Xi J=Nr-}-I/=Nr+l xjx l 

N N r N N N 

J=Nr+l  l=l  J : N r + l  J = N r + l  I=:Nr+I 

N Nr N N r , . ~..~ x~h~ (x~ + v~f~) ~ (vi~x~--~x~)~ + ~, ~ ,~ ~ + ~ A~j ' ~, %A~ . ( i : i , .  , ~ )  (3.12) 
X x ix l  xixi "-t- x"'--'-~, "" 

j~Nr+l /=1,  l=#i J=Nr+ l  k~l ,  k~,~i 

N N 

k=l X;" /=I+N r 

(i = i . . . . .  Nr; / = N r + t . . . . .  N) (3.13) 

It  i s  i n t e r e s t i n g  to  note  tha t ,  a s  fo l lows  f r o m  the s y s t e m  (3.10), the  e x p r e s s i o n s  fo r  the  d i f fu s ion  
f luxes  of the  r e a c t i o n  p r o d u c t s  J i  (i = 1 . . . . .  Nr) do not  con ta in  the  p r e s s u r e  g r a d i e n t  e x p l i c i t l y  f o r  a f low 
in c h e m i c a l  e q u i l i b r i u m  t ak ing  accoun t  of b a r o d i f f u s i o n .  If the  b a r o d i f f u s i o n  e f fec t  i s  n e g l e c t e d ,  then  a m e m -  
b e r  p r o p o r t i o n a l  to  Vp wi l l  a p p e a r  on the  r i g h t  in (3.10). 

A g a i n  we sha l l  not  w r i t e  down the ~olut ion of the  s y s t e m  (3.10), but  we p r e s e n t  the  e x p r e s s i o n  fo r  the  
s u m  a t  once  

N r N r N 

O~'J~ = ~ . ,~O~'J~' = - X, VT + Y. At (Ej, ,nO') Jj*' (3.14) 
k=i k=i ~=Nr+i 

K(1) 
~r = RATS , A n ( E  n, m Q ' )  = - K(~) (3.15) 

H e r e  K(s) deno tes  the  r a t i o  be tween  the d e t e r m i n a n t s  in the  r e l a t i o n s h i p s  (3.15) as  we l l  a s  l a t e r  [ r e -  
l a t i o n s h i p s  (3.23)] 

Det [[n~) [[ ( k;  l = 0  . . . . .  N r K(s)-- Detl]Aij[I \ i , ~ l ' = i  . . . . .  Nr; s i . . . . .  4 ) (3.16) 

~ ) = 0 ,  ~ > = A ~ z  (~Z~0, ~ = t  . . . . .  4) 
~(2) _(~) uto ~)--mzQl, g~) El~ q = l . . . .  N~) Ol ~ J t O /  ~ t ~ �9 

Tak ing  accoun t  of (3.5), (3.14), and (1.16), the  hea t  inf lux  equa t ion  (1.26) can  be  r e p r e s e n t e d  fo r  f lows 
in c h e m i c a l  e q u i l i b r i u m  in the  fo l lowing  f ina l  f o r m :  
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iV 
d/' dp 

+ + Y, mQ') pc~ T = [i  -~- pB(~, raQ)] 
t=Nr+l 

iV 
+ J;*'}-- Y, + + 

y=iV~+, 

Here clseff is the effective specific heat, A e~f is the effective heat conduction coefficient. 
equation (I .29), taking account of (3.14) will become 

N 

~=iVr+x 

(3.17) 

(3.18) 

The ene rgy  

(3.19) 

or  by introducing VH in the r ight  side in place  of VT in conformi ty  with the equation 
N r N 

V~ 

k=l ~=Nr+1 

N N 

i=Nr+l ~ ~=Nrnu I 

we finally obtain 

(3.20) 

dH Op 
P-~-+D,//=-~-+div{ %-~-i [VHg- %" ~v 

N N 

+ ~,  (c~*--c j*~)Vhj+ ~,  [Aj(Ej ,  r n Q ' ) + R A T ~ j r l ~ J ~  *' 
~=Nr-}-i $=Nr-~l 

N ' ~c~# (3.21) + = 

~=Nr+1 
where ~eff is the effective Prandtl number constructed in the ordinary manner from the effective specific 
heat and-t~e effective heat conduction coefficient. The relation between Vcj* and Jj* (j = N r + 1 ...... N) needed 
to close the system of equations is obtained from the relationships (1.18) if the diffusion fluxes Ji(i = 1 ..... 
Nr) de te rmined  f r o m  the s y s t e m  (3.10) a r e  e l iminated  the re in  

N N 

Vc~* _-- - -  Jj*m~x ~ xkA~  .+ A i (dj, mQ') VT  --{- ~, [bj, -b A~, (dj, Et)IJ ,* ' - -  g~;)V In T - -  g~(~)Y In p. 
~=x t=~r+x (3.22) 

A ~ .  (din, E;,) = - -  g (3), A,.[(d~, mQ') = - K o) / Tt aT  2 (m=Nr+i,.. .  ,Y) 

n(o~ ) = n(o~ ) = d,~, ~1~ ) = Eln, rel~ ) = mzQ ~' (l = i . . . . .  N~) (3.23) 

The re fo re ,  in the ca se  of a flow in chemica l  equi l ibr ium of a mul t icomponent  gas  mix tu re  with d i f fe r -  
ent diffusion p rope r t i e s  of the components  in the p r e sence  of ionization, we a r r i v e  at  a fundamental  s y s t e m  
of N + 2Ne + 6 equations (1.1), (1.7), (1.11), (1.16), (3.1), (3.22), (3.2), and (3.21) or  (3.17) for  N c o n c e n t r a -  
t ions,  Ne diffusion fluxes of the e lements ,  Ne concentra t ions  of the e lements ,  the densi ty ,  three  components  
of the veloci ty ,  p r e s s u r e ,  the function H, o r  the t e m p e r a t u r e .  The diffusion f luxes of the components  a r e  
e l imina ted  f r o m  the d i rec t  solution of the p rob lem.  They can be calcula ted f r o m  the s y s t e m  (1.17) or  (3.40) 
a f t e r  the p rob lem has  been solved.  

Af te r  the p rob lem has been solved,  the m a s s  sources  can a lso  be  found f rom the diffusion equations 
of the components  because  of the equi l ibr ium reac t ions  ~z i (i = 1 . . . . .  Nr).  

The s y s t e m  of boundary l aye r  equations can be obtained by the usual  method f rom the c losed s y s t e m  
of Navie r -S tokes  equations p resen ted  above for  high Reynolds number .  Let  us p re sen t  jus t  the energy  
equation for  the plane case  f r o m  this s y s t em:  

N 
~ o e_p +._~_o [_~ FoH.(~ ~, o r ~ ,  ~)o~ l 

P-m- + D~H = a~ ay 1~e~ LW T ~11- , T y ~ , T j  T Y, (o?-  j ~ ]  
2=Nr+l  
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N N 

=~Nr Ocj* 
~=Nr+l 

D,I! = P [(9* -- c~) he] + (h/~) = (cj* -- %) p ~ + ~ -  JJu (3.24) 
j=iCr+ t - 5=Nr+i 

where y is the coordinate axis directed along the normal to the body surface, gjy*' = (J'j* �9 y~). The sub- 
script e denotes quantities on the outer boundary of the boundary layer. All the vectors in relationships 
(3.22) should be replaced by their projections on the y axis and the term with barodiffusion should be dis- 
carded if %(c) ~ 1. 

4. The boundary conditions for chemical equilibrium flows with equilibrium conditions on the im- 
permeable wall remain in the form (2.1) and (2.2) with the exception of the conditions 

(.,%)~ = n" ( ~ = i  . . . . .  ~ )  

which should be rep laced  by the equi l ibr ium conditions (3 3 ) .  

After  the p rob lem has  been solved with such boundary conditions,  the f r ic t ion  s t r e s s  is  found by the 
o rd ina ry  formula ,  and the heat  flux to the wall  will be de te rmined  f r o m  the expres s ion  

aT o .  

i=Nr+l 

F r o m  the re la t ionship  (3.22) we obtain on the waU 

a~* =[Ai(d,,mO,) K ~ ) ] O T  
0F - T an 

Then the expres s ion  (4.1) can be given the following fo rm:  

N 
Bj(v~*:mQ)~]}o c*;"=%* +cvr (4,1) 

K * ( 0  ap 
P~ ~ (4.2) p On 

;~,fr r a i l  t * ,(o ap 

i = N r + I  

(4.3) 

where  

N 

i=Nr-~-I 
(4.4) 

I t  is impor tan t  to note that for  different  diffusion coeff icients  of the components ,  the concentra t ion 
gradients  of the e lements  along the normal  to the su r face  a r e  not ze ro  thereon  and a re  p ropor t iona l  to the 
t e m p e r a t u r e  gradient  [see (4.2)] despi te  the fact  that  the diffusion fluxes of the e lements  on the wall  equal 
ze ro  [see (2.2)]. F o r  identical  diffusion coeff ic ients ,  all  the quanti t ies a r e  (see Sec. 5) 

Aj(d~,mQ)=O O = N r + l  . . . . .  N) 

In the boundary l aye r  approximat ion  we will have 

(c;.).is ~ ' ~ n  ' , ~  (4.5) 

In the ca se  of a t he rmochemica l l y  des t ruc t ib le  wall  in the p r e s e n c e  of chemica l  equi l ibr ium,  the con-  
se rva t ion  equations of the reac t ion  products  on the wall should be rep laced  by the re la t ionships  (3.1). The 
energy  balance equation becomes  

O'e, , -~-n )w = (PV),~A (4.6) 

or ,  taking account of (3.20), (3.22), 
N 

** )elf Jw - ~  On (% ~=N rJFI 
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o r  

N 
y, 

l=Nr+l 
B, (v*, mQ)tb,  + (<, = (p,)o a 

X 

N 

= 1 Y, 
[. (Cp )eI/ "j w 5~.Nr.t- 1 

* * q )  N 

qw--ci' f % B Iv'mO~ -~t I - W -  J '  . . . .  - -  ~ .Bl(v*'raO) lb l}+ Atj(d ' ,EJ)]}~ 
l=Nr-~-I (4.7) 

In  t h e  b o u n d a r y  l a y e r  a p p r o x i m a t i o n ,  t h e  t e r m  w i t h  t h e  d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  p r e s s u r e  s h o u l d  
b e  o m i t t e d  i n  (4 .7 ) .  

5 .  L e t  u s  c o n s i d e r  a s  a n  e x a m p l e  a t e r n a r y  m i x t u r e  c o n s i s t i n g  o f  a t o m s  (A), i o n s  (I), a n d  e l e c t r o n s  

(E) in  w h i c h  o n e  e q u i l i b r i u m  i o n i z a t i o n  r e a c t i o n  o c c u r s  

I - - - - A - - E  

F o r  t h i s  c a s e ,  w e  f i n d  f r o m  t h e  a p p r o p r i a t e  f o r m u l a s  o f  t h e  p r e c e d i n g  s e c t i o n s  [x = x(I ) ]  

c * ( E ) = 0 ,  c * ( A ) = ~ ,  J * ( E ) = J * ( A ) = 0  

x ( A )  = i - -  2 x ,  x ( E )  = x ( I )  = x ,  c ( A )  ---- ( i  - -  2 x ) ( l  - -  o~) - 1  

e ( I )  ~ e ,  e ( E )  ---- - - e ,  e ( A )  ~ O, ra  ~ m ( A ) ( t  - -  x )  

i i i (~__{_m(E)]--m(I) ' \  e**(E) =__ t .~e  (___ix q r n ( I ) ~ m ( E ) ) ,  e * * ( I ) = ,  ~ 7  m 

e * * ( h ) - - m ( n ) - - r a ( I )  K ~ ) ( A ) = _  i x ( i - - 2 x )  
2rae ' T (i - -  x) a 

KLc) (i) = m(I )x ( t - -2x )  KLc) (E) m(S)x ( i - -2x )  
2m.(A) (l - -  x)a ' - -  m ~ i  (i-----'x~ 

x 
K ;  (c) (A) = K ;  (c) (S) = 0, K(~ ).(h) = 2 (i - -  x) z (ET (1) q- E T (E)) 

, c(I) r e T / n  ET rE~ ~ r  (I) K(C) 
K~ ) ( I ) - - 2 ( i _ 2 x )  ~" ~-*q- . . . .  c(A) T (A) 

c (g)l T ~ r  ~A~ ..t- c (E) K(c) 
K(~ ) (E) ---- -- 2 (i-~-"2x) (P' (1) ~- .... c (A) T (A) 

x(h  (I, A) + a  (E, A)) 
K*T (c (A) = KT(c) (E) = 0, A (c) (A, A) = A(A,: A) = 2 (i - -  x) 

- -  2x) s h (A, E) 
A (c)(E, E)=A(E, E)-~A(I, E)--~(i 2x(i--x) 

(i - -  2x) s A (A~ I) 
A {c) (I, I) ~ a (I, I) -~ A (E, I) q- 2x (i - -  x) 

A (a, I) A (h, E) , A(c) (I., A) A (I, A) q- A (S, A) 
A(C)(A, I ) =  2 ( l - - x )  ' A(c)(h' E ) - -  2 ( i - - x )  = 2 ( i - - x )  

A (h, E) A(A, I) 
a co) (I, E) - -  2-~(x " -  i) .' Acc) (E, I) --  2x (x - -  i) 

a (c) (E, A) = a (E, A) ~- a (I, A) 2 ( t - - x )  ., A*(C)(A, I) =AtC)(h, I)--A(C) (h, A)+A(C) (A, E) 

A* (c) (I,. I) = A (c) (I, I)--  A (c) (I, A) q- A (c) (I, E), A* (c) (E, I) = 

= a (c} (E, I ) - -  a (c) (n, A) q- a {c}(E, E), dCA~ I) = d  (E, I) = 0 
(i - -  2x) A ( i ,  A) + x (A (I, A) + A (S, h)) 

b(A, A) = l - - x  ,. bCn, A).=b(A,  E ) = 0  

b (E, E) ~ mm(~E) Ix (A (E, E) q- A (I~ E)) -{- (i - -  2 x) A (A, E)] 

2 ( i - -* )~  x (l - -  2x) Ira (I) Q]2 
B(I ,  I ) = x ( l _ _ z x ) ,  C ~ r ~ ( i - - x )  a2m(AjR A T  ~ 

x (2x - -  i) m (I) Q 
Q =  Q.(I), B(v, mQ)= (i__x)a2pm(A) 

xm (I) q z (2z - -  l) m (I) Q 
B(A,  ~*(A), mQ)= ( i - - x )  m(A) '  B(E,  v*(E),mQ)---~ 2 ( i - - x )  m(E) 

(i -- x) s (A (A, E) Jr A (I, A)) 
A(I ,  I ) =  x ( t - - 2 x )  , A j z = 0  (/; l = A ,  E)  

l - - z  ( x - - l )  h (E, A) 
E(I ,  A ) = ~ [ a ( A ,  I ) + A ( A ,  E)], E(I ,  E ) =  x 
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=~ ([) q' 
A (A, E (A), mQ') - l -- x A (E, E (E), mQ') = (i (2= -- l) A (E, A) m (I) Q" 

. . . .  x) [A' (A, E)--}- Z~ ( I ,A~-  
Q" = Q' ([), A (A, d (A), mQ') = A (,E,~ d (E), raQ') = 0 

= (1 - -  2=) [m (I) q'p 
~'r -~ i i  . -  x}:~ BAT* [A (A, E) ,-}- A (I, A)] 

AS iS seen, the diffusion proper t ies  in such a mixture can be descr ibed by one effective ambipolar  
diffusion coefficient (see [7] also) 

2 2D (A, E) D (A, I) ~ 2D (A. I) 
D (a) (A)= D (a) (I) : D (a) (E) =D (a) - -  n (A (A, E)-~ A (A, I)) ---- D (A, I) J cD(A, E) 

The Prandtl  number  r constructed by means of Cpr and k r will be 

Therefore ,  the L e w i s - S e m e n o v  number  L (a) is close to one for  a maximum development of the 
ionization react ion.  

The considered ease is unique when the diffusion proper t ies  of all the components are  descr ibed by 
one diffusion coefficient [7]. For  ionized mixtures  consist ing of four and more  components (if N e > 2), the 
concentrat ions of the elements wiU not be constants in the s t reams ,  but will be the des i red  functions, 

Remarks 

1. It is known that for  mixtures  of ionized gases  it is somet imes  n e c e s s a r y  to use higher approxima-  
tions in calculating the t ranspor t  coefficients by the C h a p m a n - E n s k o g  theory [13].1" 

Mutticomponent diffusion coefficients in a second approximation can differ f rom thei r  values in a 
f i r s t  approximation by up to 20%, and this second approximation is completely sa t i s fac tory  to descr ibe  dif-  
fusion for an a rb i t r a ry  degree of ionization [13]. The thermodiffusion coefficients mus t  be calculated in a 
fourth approximation. For  approximations higher  than the f i rs t  the drag coefficients a.i j can a l ready not be 
replaced by Dij-1 (1) but should be calculated by those known, but in a complex manner  in t e rms  of the 
multicomponent diffusion coefficients Dij [8]. In this case the coefficients will a l ready not possess  the 
proper ty  aij = aji (i, j = 1 . . . . .  N) although the s t ructural  form of (1.3), (1.5) remain  unchanged.$ In this 
case the discussion presented above can be repeated,  but it is hence impossible to use the s y m m e t r y  condi- 
tion for the coefficients aij .  The final resul ts  become more  complex. However, because of some uncer ta in-  
ty in the coll ision c ross  sections (for example,  the i o n - a t o m i c  interaction),  and the comparat ively  good ac-  
curacy  of the f i r s t  approximation,  for  s implici ty it is possible to put aij = Dij-3(1) in cer ta in  c a se s . t  t It 
is cer ta inly interest ing to es t imate  the influence of this assumption on the boundary l ayer  cha rac te r i s t i c s .  
Such an es t imate  will be connected with a great  deal of computational effort  even for  the s implest  problems 
of boundary l ayer  theory .  Taking account of higher approximations for the heat conduction coefficient does 
not al ter  the s t ructura l  formula  for the total heat flux Jq, but changes the coefficient in the t e r m  connected 
with the diffusion thermoeffect .  However, since th is  effect is small  even for ionized mixtures  [13], taking 
account of the higher approximations is ref lected only direct ly in the heat conduction coefficient itself,  
which must  somet imes  be calculated up to the fourth approximation inclusive for ionized mixtures .  

The second approximation for the viscosi ty  coefficient is completely sa t i s fac tory  to descr ibe  the 
viscosi ty  for mixtures  of ionized gases [13]. 

2. Formulat ion of the problem of a chemical  equilibrium flow of mult icomponent ionized a i r  taking 
account of different coefficients of diffusion of the components has been considered within the l imits  of the 
boundary layer  equations in recent ly  published papers  [14, 15]. A t e r m  proport ional  to the intensity of the 
e lec t r ica l  field originating because of separat ion of the charged components (electrons and ions) has hence 

$ That is, to take account of a l a rge r  number  of t e rms  in the se r ies  expansions in Sonin polynomials for the 
per turbed part  of the distribution function. 
$ The proof of the invariance of the s t ructure  of (1.3) and (1.5) can be obtained by using methods of i r r e v e r s -  
ible thermodynamics  also if the influence of viscous momentum t ransfer ,  small  for sufficiently high Rey-  
nolds number,  is neglected.  
I" $ The f i rs t  approximation for Dij is completely sa t i s fac tory  for  mixtures  of neutral  components.  
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been omi t ted  in the initial  S t e fan -Maxwel l  re la t ions  ( t ranspor t  equations).  Hence, the t r anspo r t  equations 
in these  paper s  do not agree  with (1.3) here in .  Not taking account of this field r e su l t s  in the f r ee  (not 
ambipolar)  diffusion of e lec t rons  to the cold wall  and to the accumulat ion of significant space  cha rges  in 
the s t r e a m ,  i .e . ,  to spoi lage of the quas i -neu t ra l i ty  condition. 

In calculat ing the heat  and diffusion fluxes the authors  do not r e m a r k  that  an equi l ibr ium composi t ion 
in the boundary l a y e r  will  depend not only on p and T but also on the concentra t ion  of the chemica l  e lements  
as new independent va r i ab l e s  vary ing  in the s t r e a m .  Hence,  the fo rmu la s  for  c ~ f  and keff used in [14, 15] 
a r e  d i f ferent .  

The ene rgy  equation used  by the authors  of [14, 15] in the ca se s  they examined does not ag ree  with 
(3.24) s ince the phenomenon of diffusion of the chemica l  e lements  was not taken into account in [14, 15]. 
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