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The subject of this paper  is the saturat ion current  to an e lec t r ic  probe washed by a s t r eam of moderately  
ionized plasma with low Reynolds number of the incident flow. It is known that the problem of determining the 
saturation current  reduces to calculating the quasineutral molar  concentration of charged par t ic les  [1]. 

A formula  has been obtained for the saturat ion current  to a spherical  probe, allowing for the p lasma being 
nonisothermal  and having variable t ranspor t  p roper t ies .  To solve this problem in the limit of low Reynolds num-  
ber of the incident p l a sma , s t r eam we use the method of matched asymptotic expansions. This method was used 
in [2, 3] to find an expression for the flux of par t ic les  diffusing to a body of a rb i t r a ry  shape in an isothermal  
medium. In the present  paper  the approach used in [2, 3] is modified to obtain an expression for the flux p a r -  
t icles diffusing to a sphere in a nonisothermal  medium with variable t ranspor t  proper t ies .  

F r o m  this formula and the previously known theoretical  and experimental  resul ts ,  the conclusion is drawn 
that in a certain range of variation of probe tempera ture  the saturation ion cur ren t  to an e lectr ic  probe in a 
chemically frozen p lasma depends only slightly on this tempera ture .  By neglecting this dependence and using 
the resul ts  of [2, 3] we obtained a formula for the saturation current  to a probe of a rb i t r a ry  geometr ica l  shape 
in a p lasma flux at low Reynolds number.  

The "moving probe n method suggested in the experimental  work of [4] for diagnosis of a slowly moving 
plasma has been confirmed theoret ical ly and developed. 

1. Statement of the Problem.  We consider flow of a three-component  moderately  ionized gas (plasma, 
consisting of singly charged ions of one type, e lec t rons ,  and one type of neutrals) about a conducting charged 
body (an e lec t r ic  probe), under conditions where the par t ic le  mean free path is much less than the c h a r a c t e r -  
istic probe dimension. We shall assume the p lasma flow to be in thermodynamic equilibrium (the tempera tures  
of the e lect rons  and of the heavy par t ic les  are the same) and chemically frozen, with heterogeneous react ions 
on the probe surface.  

We define the dimensionless saturat ion ion current  I i to an electr ic  probe of a rb i t r a ry  geometr ic  shape 
in the fo rm 

x, = = .I j dS0, (1 .1)  
8 

where j[  is the saturat ion ion current  density to the probe; the surface element dS ~ is directed along the outward 
normal  to the probe surface S; e, charge on the electron; n ~ volume concentration of electrons;  D[j, binary dif-  
fusion coefficient; L, charac te r i s t ic  probe dimension (for a spheric probe we take this to be the pr~)be radius a);  
the subscr ipts  i, e, and n re fe r  to ions, e lectrons,  and neutrals ,  respectively;  the subscr ipt  oo corresponds to 
incident s t r eam conditions. 

Below, the dimensioned physical quantities, in cont ras t  with the corresponding dimensionless quantities, 
will be denoted by the subscr ipt  0. 

Substituting into Eq. (1.1) the expression for  the saturation ion current  density found in [1], we obtain, in 
dimensionless variables 

I i  ---- 4n (pDtn)w Sh, Sh = - -  ~i----.f V~dS, (1.2) 
8 
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where  p ,  Din a re  the d imens ion le s s  densi ty  and diffusion coeff icient ;  ~ = (x~ - x ) / x ~ ;  x,  quas ineu t ra l  m o l a r  
concen t ra t ion  of cha rged  pa r t i c l e s ;  Sh, d imens ion le s s  Sherwood number ,  de sc r ib ing  the flow of cha rged  p a r -  
t ic les  to the p robe ;  the subsc r ip t  w r e f e r s  to condit ions at the probe  s u r f a c e .  Here  and below we rake the length 
sca le  to be the c h a r a c t e r i s t i c  p robe  d imens ion  L, while the o ther  quant i t ies  a re  s ca l ed  in t e r m s  of the i r  values  
at infinity (densi t ies ,  t e m p e r a t u r e s ,  t r a n s p o r t  coeff ic ients ,  ve loc i t ies ) .  The quanti ty p D i n  is a s s u m e d  to be con-  
s tant  at  the p robe  su r f a c e  because  its su r f a c e  has cons tant  t e m p e r a t u r e .  

The function ~ is de t e rmined  the ambipo la r  diffusion equat ion [1], which,  a s s u m i n g  negligible  effect  of 
t h e r m a l  diffusion and neg lec t ing  the ba rod i f fus ion  t e r m  that  is quadra t ic  in the  Mach number ,  has the f o r m ,  
in d imens ion le s s  va r i ab les  

ae sc| div (pDoV ) = 0, no| = 

izo o o 
So.. = D~ ~ 2D~n, 

oo ' DO ~ DO 
en - -  --~B 

where v is the bulk velocity, referenced to its value at inifinity V~ Re and Sc, Reynolds number and the ambi- 
polar Schmidt number; p 0, coefficient of dynamic viscosity. 

Assuming the Schmidt number to be constant and a power law for the viscosity, thelast equation has the 
form 

Re=pvV~ --  (l/So) div (~tV~) = 0, ~ = T% (1.3) 

where  T is the t e m p e r a t u r e .  

We a s sume  the p robe  su r face  to be p e r f e c t l y  absorb ing ,  pe r f ec t l y  ca ta ly t ic ,  andnonemi t t i ve .  In this ca se  
one can take the quas ineu t ra l  concen t r a t ion  of  cha rged  p a r t i c l e s  on the  wet ted  su r face  to be z e r o  [1]. F a r  f r o m  
the p robe  the ion and e l e c t r o n  concen t ra t ions  tend to the i r  values  in the unper tu rbed  p l a s m a .  The re fo re ,  the 
boundary  condit ions fo r  the funct ion ~ have the f o r m  

on the p robe  s u r f a c e  ~ = 1, fa r  f r o m  the p robe  ~ = 0. (1.4) 

The quant i t ies  v,  p ,  T a r e  de t e rmined  by so lv ing  the p r o b l e m  of flow over  a body (the probe) of a v iscous  
t h e r m a l l y  conduct ing gas ,  without  al lowing fo r  ionizat ion.  

As was ment ioned  above,  the object ive of this pape r  is to de t e rmine  the f o r m  of the funct ion Ii(Re: o) fo r  
sma l l  va lues  of the a r g u m e n t  R e ~ .  More  a c c u r a t e l y ,  we shal l  s eek  the f i r s t  two t e r m s  of the expansion of this 
funct ion as R e ~ - -  0. 

2. Spher ica l  P r o b e  in a Non i so the rma l  P l a s m a .  To solve the p r o b l e m  of a sphe r i ca l  probe  in a non i so -  
t he rma l  s lowly moving p l a s m a ,  bes ides  Eqs .  (1.3) and (1.4) we r equ i r e  the heat  influx equat ion and the continuity 
equation,  and a l so  the boundary  condit ions for  the t e m p e r a t u r e  and the bulk ve loc i ty .  

The heat  influx equat ion [5], neglect ing t e r m s  on the o rde r  of the squa re  of the Mach number ,  and the 
boundary  condit ions for  the t e m p e r a t u r e  have the f o r m  

u o ~t cp  
Rec.ovVT - -  t_ div (~tVT) = 0, ~ = --~-, (2,1) 

r = l , T = T w ; r - * c o ,  T - * l ,  

where  a is the P rand t l  number ;  X ~ t h e r m a l  conduct ivi ty;  c~, speci f ic  heat;  and r ,  r ad i a l  coord ina te .  Here  it 
is a s s u m e d  that  the neu t ra l  gas  has cons tant  heat  capac i ty  and P rand t l  numbe r .  

Fol lowing [2, 3], we shal l  s eek  an app rox ima te  a sympto t i c  solut ion of the p r o b l e m  of Eqs .  (1.3), (1.4), and 
(2.1), using the method of ma tched  a sympto t i c  expans ions  with r e s p e c t  to Reynolds  n u m b e r  in the inner  [1 <_ 
r < O(Re~l)] and outer  [O(Re~ 1) -< r < ~]  flow r e g i o n s .  

The a sympto t i c  expansions  of the solut ion of the p r o b l e m  have the fo rm:  

inne r 

outer  

~(r, O; Re~) ---- ~o(r, O) + Re~ l ( r ,  O) + . . . .  
T(r,  O; Re~) ---- To(r, O) + Re| O) + . . . ;  

~(r, 0; Re |  = Re~(')(r', O) -b . . . .  
T(r,  0; fie| = I -{- Re~T( l ) ( r  ' ,  O) -{- . . . .  i 

(2.2) 

(2.3) 
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where  0 is the angle  be tween  the r a d i u s  vec to r  r and the d i r e c t i o n  of the inc ident  s t r e a m  veloci ty;  r '  = r Re~ 

is the c o m p r e s s e d  r a d i a l  coo rd ina t e .  

We sha l l  pos tu la t e  that  the outer  and i n n e r  expans ions  of the bulk  ve loc i ty  have the f o r m  

v(r, 0; l~e**) = i + . . . .  v(r, 0; Re~) = v0(r, 0) + . . . ,  

where  i is the uni t  vec to r  in the d i r ec t i on  of the inc iden t  s t r e a m  ve loc i ty .  

Subs t i tu t ing  the expans ion  (2.2) for  the func t ion  } into Eq. (1.2), we have an expans ion  of the Sherwood 

n u m b e r  in t e r m s  of Re~ 

Sh (Re**) = Sh 0 q- Re| 1 q- . . . .  Sh 0 = - -  ~-~ V~,dS, Sh 1 = - -  V~tdS. 
S S 

We now find the z e r o t h - o r d e r  app rox ima t i on  for  the i n n e r  expans ion  of the func t ions  ~, T, c o r r e s p o n d i n g  
to the ca se  of a p l a s m a  at r e s t .  F r o m  Eqs .  (1.3), (1.4), (2.1), and (2.2) for d e t e r m i n i n g  ~ 0 and T O we obtain  the 

fo l lowing equa t ions  and boundary  eondi t ions :  

div (~toYTo) = 0, div (~toV~o) = 0, Ix o = To,,n ~ (2.4) 

r = t ,  ~0 = 1 ,  T 0 = T w .  

In addi t ion,  the func t ions  40 and T O m u s t  s a t i s fy  the condi t ions  for  ma tch ing  with the z e r o t h - o r d e r  t e r m  
of the ou te r  expans ion ,  i .e . ,  should  go to 0 and 1 at  inf in i ty .  

The so lu t ion  of p r o b l e m  (2.4) is 

l - - r  o T o =  l q -  (2 .5 )  
~ i =-- T j  

Now we m u s t  f ind the z e r o t h - o r d e r  a p p r o x i m a t i o n  for  the Sherwood n u m b e r  Sh 0, which d e s c r i b e s  m a s s  

t r a n s f e r  in the p l a s m a  at r e s t :  

t t - -  T n+l 
Sh0 = 2 T ~  / ( Tw), / ( T w) = n Jr i i - -  ~-~ ' (2.6) 

We then go on to c o n s t r u c t  the next  a p p r o x i m a t i o n  for the Sherwood n u m b e r  Sh. We find the funct ions  

~(1), T(1). To do th is  we r e q u i r e  the a sympto te  of the func t ions  ~ 0, To at inf in i ty .  F r o m  Eq. (2.5) it fol lows 

that  as r ~ 

6o = el/r -~ O(i/r2), cl = ](Tw), To = i + c2/r -}- O(i/r2), (2 .7 )  
= - ( i  - 

F r o m  Eqs .  (1.3), (1.4), (2.1), (2.3), and (2.7) we have the fol lowing p r o b l e m  for  the funct ions  ~(1) TO): 

iV'T(~) --  (i/a) div'  (V'Til)) = 0, 

i V ' ~  ~x) - -  ( i / S e )  d iv '  (V'~(1)) = 0 ,  

r '  ~ oo, T(1) --~ O, ~(x) ._~ 0; r'  ~ O, TO) ~ c~/r' ~ . . . .  (2.8) 

~(I) ~ cl/r r . . . . .  

where  ~T, div t a r e  the c o r r e s p o n d i n g  d i f f e ren t i a l  o p e r a t o r s ,  a l lowing for  rad ia l  c o m p r e s s i o n .  

The so lu t ion  of p r o b l e m  (2.8) a re  the funct ions  

~(I) = (cl/r,) e x p  [ (~/2) Sc r ' ( i  - -  e 0 S  0 )  1, 

T (1) = (c2lr') exp [ - - ( t /2 ) r  - -  cos 0) ]. (2.9) 

To d e t e r m i n e  the f i r s t  t e r m  of the i n n e r  expans ion  of the func t ions  ~,  T f r o m  Eqs .  (1.3), (1.4), (2.1), 
(2.2), and (2.9) we have the boundary  p r o b l e m  

~ ~t--1 , PovoV~o - -  L~ e div (~xoV~l-~- ~qV~o ) : O, P'x : nTo  T1, (2.10) 

povoVTo - -  (t/or) div (poVTz q- ~tlVTo) = 0; (2.11) 
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r =  I , . ~ = 0 ,  T , = 0 ;  

r -+ c~, ~, -+ - -  (t/2)c~Sc (1 - -  cos 0), T~ -)- --(t/2)c~o(t -- cos 0). 
(2.12) 

F r o m  the eorr  equat ion we have the identi ty 

div (p0v0) = O. (2.13) 

We shal l  a l so  use  the boundary  condit ion fo r  the bulk ve loc i ty  at the body 

r = 1, v0 = 0. (2.14) 

As was  men t ioned  above,  the a im of the p r e s e n t  ana lys i s  is the find e x p r e s s i o n s  fo r  the n u m b e r  Sh 1. F o r  
convenience  in f u r t h e r  ca lcu la t ions  we shal l  in t roduce  the d i m e n s i o n l e s s  Nusse l t  n u m b e r  Nu, desc r ib ing  the 
hea t  f lux t o  the body:  

Nu = ~ffn .I yTdS.  
S 

Subst i tut ing Eq.  {2.2) f o r  the function T into the l a s t  f o rmu la ,  we obtain an expans ion  of the Nusse l t  n u m -  
b e r  in t e r m s  of Reoo 

'y Nu (Re.o) = Nuo + Re,.Nul + . . . .  Nu o = VTodS, Nu 1 = ~ VTflS.  
S S 

We f i r s t  f ind a re la t ion  between the n u m b e r s  Sh i and Nu 1. We note tha t  f r o m  Eq.  (2.4) t he re  fol lows the 

identi ty ~o div (troVe1) = div (~o~oV~l) ~ 9oV~oV~l ' div ( ~ o ~ t o V ~ l )  - -  div (~lPoV~o). 

We mul t ip ly  Eq.  (2.10) by ~0, and with the help  of the las t  ident i ty  and the ident i ty  (2.13) we t r a n s f o r m  it 
to  the f o r m  

t div (~o2poVo) - -  t [div (~o~toV~x) - -  div (~btoV~o) -~, ~o div ([z~V~o)l = 0. (2.15) 

We now c o n s i d e r  the sphe re  E R of a r b i t r a r y  rad ius  R > 1 and the volume V R included between this sphere  
and the su r f ace  S of the sphe r i ca l  p robe .  In tegra t ing  Eq. (2.15) o v e r  the volume VR, using the O s t r o g r a d s k i i -  
Gauss  t h e o r e m ,  and then  going to  the  l imi t  R ~  ~o, and allowing f o r  the a sympto te  at infinity,  Eqs .  (2.7), (2.12) 
and the boundary  condit ions on the body,  Eqs.  (2.4) and (2.12), we obtain 

where  11 - -  I~ + J = O, 

11 = - -  .[ ~o~oV~idS = 2~T~ Shl; 
S 

(2.16) 

I~ --' lira y ~l~oV~od~ ----- 2n Sc/2 (Tw); 
R ~  Z R  

J = lira ~ ~o div (~tlV~o) dV; 
R-~oo YR 

(2.17) 

and the s u r f a c e  e l emen t  dE of the sphe re  Z R is d i r e c t e d  along the  ou tward  n o r m a l .  The f i r s t  t e r m  in Eq. (2.15) 
makes  no cont r ibu t ion  to Eq. (2.16), s ince f o r  any radius  R > 1 f r o m  Eqs .  {2.13) and (2.14) we have 

P f.  
0 

~R ER S V R 
(2.18) 

and, t h e r e f o r e ,  

V R Z R S 

(2.19) 

Thus,  f r o m  Eq. (2.16) we have 

2nT~ Shl --  2n Sc f2 (T~) -}- J = 0. (2.20) 
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We note that  f r o m  Eqs .  (2.4) and (2.5) t he re  follow the ident i t ies  ~0 div (~t,VT1) = div (~0~0VT,) - -  ,a0V~0VT~ = 

div (~0~0VT1) - -  div (T~toV~0), VT o = - - ( i  - -  T~)V~ 0. 

We mul t ip ly  Eq.  (2.11) by ~0, and with the help of the l a s t  ident i t ies  and the identi ty (2.13) we t r a n s f o r m  
it to  the f o r m  

2 t 
~ ( l  - -  T~) div (~ogoVo) @ -5 [div (~0poVT~) 

(2.21) 
- -  div (l',poV}0) - -  (1 - -  T~) ~o div (9~V~0)] = 0. 

In t eg ra t ing  t he  las t  equat ion o v e r  the vo lume VR, us ing the O s t r o g r a d s k i i - G a u s s  t h e o r e m ,  and then  going 
to  the l imi t  R -~ oo, and al lowing f o r  the a sympto te  at infinity (2.7) and (2.12), and the boundary  condi t ions  on the 
body (2.4) and (2.12), we obtain 

whe re  

I 3 + I ~ +  ( ~ -  T ~ ) J =  0, (2 .22) 

t3 = ~ ~o,uoVTldS = 2nT~ Nua; 
S 

I a = lira f TI~0V~0d~ = - -  2.u~ (I --  Tw) ]2 (Tw). 

The in tegra l  J in Eq. (2.22) a ppe a r s  in Eq.  (2.17). The f i r s t  t e r m  in Eq. (2.21) does not cont r ibute  to Eq.  
(2.22) because  of the equal i ty  (2.19). 

Thus,  f r o m  Eq. (2.22) we have 

2zT~ N u x -  2 n ~ ( l -  T~) f2 (Tw)_}_ ( l  - -  T w ) J  = O. 

F r o m  the las t  equat ion and Eq, (2,20) we obtain a r e l a t ion  be tween the n u m b e r s  Sh~ and Nul: 

Sh~ = (So --  ~) T~n] 2 (Tw) + (i - -  T~) -~ Nu x. (2.23) 

It is i n t e r e s t i ng  to note  t ha t  f o r  a L e w i s - S e m e n o v  n u m b e r  of Le = a / S c  = 1 f r o m  Eq.  (2.23) in the f i r s t  
app rox ima t ion  we obtain the analogy be tween  hea t  and m a s s  t r a n s f e r .  

We now find the n u m b e r  Nu 1. Using Eqs .  (2.4) and (2.10), we  t r a n s f o r m  Eq.  (2.11) to the f o r m  

povoVTo --  (l/c 0 div [V(~toT1)] = 0. (2.24) 

T r a n s f o r m i n g  the las t  equat ion  with the  aid of the identi ty (2.13), and then in tegra t ing  it  o v e r  the volume 
V R, us ing the O s t r o g r a d s k i i - G a u s s  t h e o r e m  and going to the l imi t  as R ~ oo, al lowing f o r  Eq.  (2.18) we obtain 

j r  __ Jw = 0, where 3"** = lira ~ V (~oT1) dig; 
a--,oo ~R (2.25) 

v = + I s - -  
R 8 8 

F r o m  Eq.  (2.4) the re  fol lows the r e l a t ion  

and t h e r e f o r e  we have the ident i ty  

d i v  (VT~ +') = 0, 

r;~+, air [V (~orl)l = div[r~+lV (~orl)] - v r F l v  (~0r~l = d~v [TFlV (~orl)] - di~ [~o r ,VrFq .  

We mul t ip ly  Eq. (2.24) by T n+l, and with the help  of the las t  ident i ty  and ident i ty  (2.13) we t r a n s f o r m  it to the 
f o r m  

~ 2 d i  v n+s t (re p0v~ - - ~  { a i v [ r F l v  (~0T~)] - -  div [~0r,vT~+l]} = 0. 

In tegra t ing  the las t  equat ion o v e r  the vo lume VR, using the O s t r o g r a d s k i i - G a u s s  t h e o r e m ,  and going 
to  the l imi t  as  R-~-~ ,  al lowing f o r  Eqs .  (2.4), (2.7), (2.12), and (2.18) we obtain 
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J~  - -  Tn+lJw = (n + i) lim ~ T~VTodZ ~ 2~(n + i ) a ( i  - -  Tw)"/~(Tw). 

Eliminating the quantity Joe f r o m  this re la t ion with the help of (2.25), we find that  Jw = 2~(n + 1)-1r - 

~w+l). 
Taking account of Eq. (2.26), we have 

Nu I = (n q- t ) - '  aT ; "  (l  - -  T~+~). (2.27) 

Substituting Eq. (2.27) into Eq. (2.23), we obtain 

Sht = Sc r ~ ' ~ f  - (r~)  + aT;"/(T~) [t - / (rw)] 

[the function f(T w) was defined in Eq. (2.6)]. 

Thus, we obtain the following expansion of the Sherwood number  for  smal l  values  of the Reynolds number:  

Sh -= 2T; n] (r~)  q- Re,~ T;nf (r~o) {s~ / (Tw) q- a [t - -  J (T~)I} n u o (Reo.). 

Using the solution that has  been found, f r o m  Eq. (1.2) we find as the f i r s t  approximat ion with r e s p e c t  to 
Re~ an express ion  fo r  the sa tura t ion  ion cu r r en t  I i to a spher ic  probe  of radius  a:  

It  = 8n/(Tw) + Re~4nf(Tw){Se](Tw) + a[ t  --](Tw)]}. (2.28) 

The dependence of the sa tura t ion  cu r ren t  I i on the probe su r face  t e m p e r a t u r e  T w fo r  va r ious  values of 
Reynolds number  is i l lus t ra ted  graphica l ly  in Fig. 1 for  the special  case  when Sc = 1, a = 0.7, n = 0.7. These  
graphs  show that  the sa tura t ion  ion cu r ren t  depends weakly on the probe  su r face  t e m p e r a t u r e .  In pa r t i cu la r ,  
for  a p l a s m a  at  r e s t  (Reoo = 0), for  a reduct ion of T w f r o m  1 to 0.2, the sa tura t ion  ion cur ren t  I i to the spher ica l  
probe  is reduced by 31%. 

3. Influence of Probe Surface  T e m p e r a t u r e  on the Saturat ion Ion Current .  Some topics in the theory of 
e l ec t r i ca l  p robes  in a chemical ly  f rozen  noniso thermal  p l a s m a  with var iab le  t r a n s p o r t  p r o p e r t i e s  were  ex-  
amined in [6-10]. References  [6, 7] cons idered  a spher ica l  probe  in a p l a s m a  at r e s t .  Spher ica l  and cy l indr i -  
cal e lec t r i c  p robes  in subsonic p l a s m a  flow at l a rge  Reynolds number  were  cons idered  in [8]. In [9] fo rmulas  
were  given fo r  the sa tura t ion  ion cu r r en t  density to wall p robes  in a s im i l a r i t y  boundary l aye r  (the boundary 
l aye r  on a f la t  plate,  a zone, and in the vicini ty of the stagnation point on a blunt body). A spher ica l  e lec t r i c  
probe  in hypersonic  p l a s m a  flow in viscous  shock l ayer  flow conditions was examined in [10]. 

On the bas is  o f  the resu l t s  of the  above r e f e r e n c e s ,  and also of those given in P a r t  2 of this paper ,  one can 
conclude that  in a specif ic  range of var ia t ion  of p robe  sur face  t empe ra tu r e ,  the theore t ica l  dependence of the 
sa tura t ion  ion cu r ren t  to an e lec t r i c  p robe  in a chemica l ly  f rozen  p l a s m a  on the t e m p e r a t u r e  is weak. 

An exper imenta l  invest igat ion of the dependence of the v o l t - a m p e r e  cha r ac t e r i s t i c s  on the probe  sur face  
t e m p e r a t u r e  was made in [11-16]. P robes  in subsonic flow of l ow- t empera tu r e  weakly ionized p l a s m a  with 
Re~ ~ 1 were  invest igated in an expe r imen t  [11], and fo r  Re~ ~ 100 in [12-16] at a tmospher ic  p r e s s u r e .  

Reference  [11] invest igated a cyl indr ica l  probe  of plat inum in a p l a s m a  of combust ion products  with sodi -  
um additive with t e m p e r a t u r e  T ~ ~ 1900~ r e fe rence  [12] invest igated a twin p robe  with e lec t rodes  in the 
f o r m  of f la t  p la tes  of graphi te  in an argon p l a s m a  with po tass ium additive with t e m p e r a t u r e  T ~ = 3000-4000~ 
and r e fe rence  [13] inves t igated a twin p robe  (c i rcu lar  s tee l  e l ec t rodes ,  f lush with the sur face  of a t r a n s v e r s e l y  
washed c i r cu l a r  cyl inder  in the s tagnat ion line region) in a p l a s m a  of combust ion products  with additive of a l -  
kali  me ta l s  (sodium, po tass ium,  ces ium) with t e m p e r a t u r e  T ~ ~ 1750~K. Refe rences  [14, 15] invest igated 
probes  of t i tanium and z i rconium,  in the f o r m  of a f lat  plate and a sphere ,  r e spec t ive ly ,  in an argon p l a s m a  
with T ~ = 2000-4000~ and r e f e r ence  [16] invest igated spher ica l  p robes  of plat inum and s tee l  in a p l a sma  of 
combustion products  with additive of alkal i  me ta l s  (sodium, cesium) with t e m p e r a t u r e  T ~ ~ 2200~ 

The resu l t  of this work  is the conclusion that  the ion cur ren t  (within the l imits  of accuracy  of the ex -  
per iments )  is p rac t ica l ly  independent of the probe sur face  t e m p e r a t u r e ,  if the t e m p e r a t u r e s  does not exceed 
a ce r ta in  value.  This value depends on the speci f ic  exper imenta l  conditions and is ~1200~ for  the operat ing 
conditions of [11], ~1800~ fo r  [12], ~600~ fo r  [13], ~.1100r for  [14, 15], and ~800~ for  [16]. 

Thus,  the theore t ica l  conclusion der ived  above is supported by the exper imenta l  data. 
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4. Saturation Current to an Electric Probe of Arbitrary Shape. We now consider subsonic flow of a plas- 
ma at low Reynolds number about a probe of arbitrary shape. In view of Part 3 it is sufficient to consider the 
case of an isothermal plasma in estimating the saturation current. The corresponding boundary-value problem 
of Eqs. (1.3) and (1.4) withp = i,/~ = 1 was solved in [2, 3] by the method of matched asymptotic expansions 
with respect to Reoo. An expansion of Sh with respect to Reoo was obtained in the form 

Sh =~Sh0"+ �88 Sh~ScRe~ +~0 (Re| 

Therefore,  f rom Eq. (1.2) we obtain in the f i r s t  approximation with respec t  to Reoo an express ion for  the 
saturat ion ion current  I i to a probe of a rb i t r a ry  geometr ic  shape: 

(4.1) 

It can be seen that the quantity Sh 0 appearing in this relat ion is connected as follows with the probe ca -  
pacity C: 

Sh0 = 2C/L 

(in the Gaussian sys tem of units). It is known that the probe capacity depends only on its geometry;  it is e i ther  
determined theoret ical ly ,  o r  it is measured.  In par t icular ,  for a spherical  probe of radius R we have C = R; 
for  a probe in the shape of an ellipsoid of rotat ion with semiaxes  a and b (a is the semiaxis  of rotation), for  a 
probe in the fo rm of a s lender  rod of length L and radius R, and for  a disk-shaped probe of radius R one can 
use the theoret ical  resul ts  of [17]: 

C ~  2 a ~ - - b  ~ 
In a~- ~ '  a >  b; C--  Vb'--Y~--a2 arctg V ~ '  a <~ b; 

a - -  V a2 - - b  2 a 

C LL; C ~  2B 
21n~ 

5. Technique of Probe Diagnostics in a Slowly Moving P lasma.  Reference [4] examined experimental ly  
the problem of probe measurements  in a slowly moving plasma,  when the Reynolds number  of the incident flow 
is on the o rder  of a few units. Because of the lack of an adequate theory for  these conditions one uses the 
~rnoving probe r technique, in which one can apply static theory [18, 19]. The probe rate of motion is chosen 
equal to the p lasma flow velocity, and then the probe is considered at res t  relative to the plasma.  The mea-  
suremer.ts taken in this way agree well with the theory [18, 19]. 

The following technique was proposed in [4] for matching the probe and plasma flow velocit ies.  With a 
fixed potential the probe was t r a v e r s e d  severa l  t imes through the  p lasma in the flow direction.  The probe 
current  was measured  as a function of its speed of motion. As the probe speed increased f rom zero  to a value 
somewhat in excess  of the flow velocity, the probe current  f i r s t  decreased  to some minimum value, and then 
began to increase .  It was postulated in [4] that  this minimum corresponds to ze ro  relative velocity of the probe 
and plasma,  b e  measurements  of [4] were taken with a spherical  probe. 

It follows f rom Eq. (4.1) that the postulate of [4] is valid not only for  a spherical  probe,  but for  a probe 
of a rb i t r a ry  shape, b u s ,  the moving probe technique descr ibed above is conf i rmed theoret ical ly  for a probe 
of a rb i t r a ry  shape. 

We shall show that with the aid of this technique one can determine the concentration of charged par t ic les  
in the unperturbed flow f rom the measured  saturat ion ion current  without knowing the diffusion coefficient for  
ions in the neutral  gas.  
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F r o m  Eqs.  (1.1) and (4.1) we have 

dr~ I o --= "~ Sh~174 
b*oa~O 

2here fo re ,  f r o m  the slope of the dependence of the sa tura t ion  cu r r en t  IT[ = - ~  on the veloci ty  v ~ of the in-  
cident s t r e a m  at the min imum cur ren t  point (v ~ = 0) one can de te rmine  ~ e  concentrat ion of charged  pa r t i c l e s  
n~o without knowing the diffusion coefficient  D ~  

If one needs to calculate the sl ight influence of the p robe  su r face  t e m p e r a t u r e  T w on the sa tura t ion  ion 
current ,  then, in p lace  of the l a s t  f o rmula  in the case  of a spher ica l  probe  one mus t  use a re la t ion deriving 
f r o m  Eqs.  (1.1) and (2.28): 

2~F.(r~)a~eno|  _ [ t _ / ( T ~ ) I ~  ( -  I?o) 
o =o 2 ' 

a 

whore v0 = p o / p  o is the k inemat ic  v iscos i ty .  F r o m  the l as t  relat ion,  according to the slope d (_--I3) 
dv o ~~ and 

the value of the dependence ( -  ~.0) on the veloci ty  I~-I = - ~. at the min imum point v ~ one can de te rmine  the concentrat ion 
0 0 of charged pa r t i c l e s  n~o without knowing the diffusion coeff icient  D ~  If the values  of Din and v~o are  known, 

it is convenient to use  Eqs.  (2.28) and (4.1) to find n~ 
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