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The art icle  is devoted to a verif icat ion of the law of s imi lar i ty  in the flow of a ra ref ied  
magnetized p lasma around a body under  conditions which simulate the conditions of flow 
around ar t i f ic ial  ea r th  satel l i tes in the ionosphere.  The law of s imi lar i ty  for  flow around 
plates and cyl inders  of different s izes  (R0/Pi~--0.5-1, V0/Vi~l .5 -2)  is confirmed exper i -  
mentally.  It is shown that the pat terns  of flow around a plate and a cyl inder  coincide at 
small  values of the p a r a m e t e r  5(5 =R0/ZH). The effect of the potential of the bodies on 
the i r  flow pat terns is studied. 

The existence of a s imi la r i ty  law for  the flow of a magnetized p lasma around bodies of identical p ro -  
file but of different s izes  has been demonst ra ted  theoret ical ly  [1]. The examination was conducted in the 
so-ca l led  "neutral  approximation" without taking into account the e lec t r ic  field generated by the disturbance 
of the p lasma by the body, so that the resul ts  obtained are valid only in the distant zone of the wake. The 
s imi la r i ty  law is manifested in the fact that the wake profile is descr ibed by a function of dimensionless  
pa rame te r s .  For  example,  in flow around a body with a c i r cu la r  c ross  section of radius R 0 in a uniform 
magnetic  field, the profile of relative densit ies has the form [1] 

,~,z~ / (Ro  p 2 ) (0.1) 
nO P i ' /~0 ~ Z H "  , 

Here p and z are the cur ren t  coordinates  of points in the wake behind the body, n o is the density of 
the undisturbed flow, V 0 is the velocity of flow of the p lasma (in (0.1) it is assumed that the p lasma moves  
along the magnetie field H), Pi =Vi/wi is the L a r m o r  radius of the ions, V i is the i r  the rmal  velocity, co i is 
the cyclot ron frequency of the ions, z H =2 IrV0/c0 i is the distance in which an ion moving with the velocity 
V 0 along H completes  a full turn  along the L a r m o r  orbit .  

It follows from (0.1) that profi les of the wake are identical in the coordinates p/R 0 and z / z  H if the 
ratio R0/Pi remains  constant.  

It should be mentioned that for  an unmagnetized p lasma the existence of a s imi lar i ty  law has been 
shown theoret ical ly  not only in the neutral  approximation [1] but also in an approximation taking into ac -  
count the e lec t r ic  field and also valid in the near  zone of the wake [2]. The existence of a s imi la r i ty  law 
for  an unmagnetized plasma was confirmed exper imental ly  [3]. 

1. Experimental  Conditions. The exper iments  were conducted on an instrument  of the Q-machine  
type. The possibi l i ty of using it for the study of the flow of a magnetized plasma around bodies was ex-  
amined in detail e a r l i e r  [4]. 

The p lasma is formed by the rmal  ionization of potass ium on a tungsten ionizer  4 cm in d iameter  
heated to t empera tu res  of T >  2000~ The p lasma is confined by a magnetic  field and represen ts  a cy-  
l indrical  column bounded at one end by the face of the ionizer  and at the other  by a cold negatively charged 
electrode (U = -  7 V, so that [ eU/T  l >>1). The plasma density is pract ical ly  uniform near  the axis of the 
column in the region with a d iameter  of ~2.5 cm. The exper iments  were conducted in the e lec t ron  layer  
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TABLE 1.  

Parameter Experiment Ionosphere 

Ro / r D 
Ro/ p~ 
Ro / O~ 
VolVe 
Vo/V i 
Ro l l  

3 0 - - t 0 0 ~ t  
1 2 0 .  270 >> 1 

0 . 4 5 .  t .0 
(5 -- 8). t0 -3 ~ 1 

t . 2 . 2 . t  
2 . t0  -2 . 2.10-~ ~ t 

50 -- 1000 >> t 
t00 -- 200 >> t 

0.25 -- t .0 
0.01 4 1  
0 . 8 . 6  

5. t0  -2 . t0-~ ~ 1 
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T A B L E  3 .  

Fig. No., I 
System de signationsi ~1~ /~, v ~ ,  Oe C~ seC Ro / Pi V~ / V i 
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mode.  In th is  case  the ions a re  a c c e l e r a t e d  in a l a y e r  which a c -  
qu i r e s  a d i r ec t iona l  ve loc i ty  V 0 and a longitudinal  t e m p e r a t u r e  TII 
[5]�9 The p l a s m a  flows f rom the ion ize r  to the cold e l ec t rode  with 
a ve loc i ty  V 0. The flow is s table  in the e l ec t ron  l a y e r  mode.  

The e l ec t rons  have a Maxwell  d i s t r ibu t ion  function with a 
t e m p e r a t u r e  T e N T  while the ions have a t w o - t e m p e r a t u r e  Max-  
well  function with Tij<T• ~T  [4]. The p l a s m a  p a r a m e t e r s  a re  such 
that  e - i  and e - e  co l l i s ions  do not play a role  (free path l eng th />L)~  
although i - i  co l l i s ions  leading to the equal iza t ion  of TI[ and T• can 
be impor tan t .  

The magnet ic  f ield was va r i ed  from 500 to 1600 Oe, p l a s m a  
dens i ty  n 0 ~ l - 6  �9 109 cm -s,  p l a s m a  flow veloc i ty  V0= (1.2-2.1) �9 105 
c m / s e c ,  and ion ize r  t e m p e r a t u r e  T = 2000-2500~ 

The dens i ty  m e a s u r e m e n t s  were conducted with cy l ind r i ca l  
tungsten probes  2 mm long and 0.25 mm in d i ame te r ;  the flow ve-  
l oc i t ywas  de t e r m i ne d  f rom the pe r iod  z H of the longitudinal  densi ty  
osc i l l a t ions  on the axis  of the wake behind the fiat body [5] 

Vo = ZHr / 2Z~ (1.1) 

The flow around p la tes  (flat bodies) with a width of 2 R0-3 .5  , 
5 and 7 mm and cy l i nde r s  ( t h ree -d imens iona l  bodies) with a di-  
a m e t e r  of 21~0=3.5 and 7 mm was s tudied.  The p la tes  and cy l inde r s  
were  3 cm high so that  a two-d imens iona l  pa t t e rn  was suff icient  
to de sc r ibe  the wake. The body studied was placed in the p l a sma  
p e r p e n d i c u l a r  to the flow in the zone of uniform densi ty .  The e x -  
pe r imen t s  were  conducted with nega t ive ly  charged  bodies ( U = - 7  V). 

The condit ions of these  e x p e r i m e n t s  s imula te  well  the flow around bodies " 2  mm in s ize  in the iono-  
sphere  at a l t i tudes  of ~200-1000 km, which is seen f rom Table  1 (r D is the Debye radius  and Pe and V e 
a r e  the L a r m o r  radius  and t h e r m a l  ve loc i ty  of the e l ec t rons ) .  
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2. Flow around Bodies of Different Sizes. In o rde r  to ver i fy  the 
existence of s imi lar i ty  of flow around identical bodies of different s izes 
exper iments  were selected in which constant values of R0/pi and V0/V i are 
conserved for  bodies with different R 0. The pa ramete r s  of the sys tems  
studied are presented in Tables 2 and 3 fo rp la t e s  and cyl inders ,  respect ively .  

To clar i fy the question of  whether s imi lar i ty  exists,  one must  con- 
s t ruct  a c ross  section of the wake n (p, z) /n 0 in the coordinates P/Ro, Z/ZH. ' 
Since 

z ~ i z Ro Vi 

z H 2~ Ro Pi Vo 

and R0/Pi , Vi/V 0 are constant, the coordinate z / z  H can be replaced by z /R  0. 

The ratio n(p, z)/n 0 can be replaced by the ratio of probe points j(p, z) /  
J0 which is equal to it. Distributions of relative density along the wake at 
different distances from the axis, and distributions of density ac ross  the 
wake at different distances from the body for severa l  experiments,  are  
shown in Figs.  1-3. 

In all the experiments  the pattern is pract ical ly  identical for bodies of 
different s izes  in the region within the wake (p/R 0 < 2). Significant differ-  
ences are observed,  as a rule, at large p/R0, z /R 0 and do not have a sys t em-  
atic nature.  Their  source evidently consists  in the large measurement  e r -  
ro r s  connected with the insufficient reproducibil i ty of the experimental  con- 
ditions (the measurements  for  bodies of different s izes were conducted in 
different experiments  af ter  r eassembly  of the experimental  system).  

Thus, it can be confirmed that under the experimental  conditions used 
(R0/Pi~0.5-1, V0/Vi~l .5-2)  the s imilar i ty  law is satisfied both for flat and 
three-d imens iona l  bodies. Similari ty is observed both in the distant zone 
in accordance with the prediction of the neutral  approximation of the theory 
of [1] and in the near  zone, for which a theoret ical  considerat ion was not 
conducted in the case of a magnetized plasma.  

3. Flow around a Plate and a Cylinder of Identical  Cross  Section. A 
compar ison of the patterns of flow around a plate and a cylinder was made. Such a comparison has not 
been made before for  the case of a magnetized plasma.  It was shown theoret ical ly  for  the case of an un- 
magnetized p lasma [2] that the patterns coincide at a large flow velocity of the p lasma (V0/V i) >>1). 

The resul ts  of measurements  of the relative density of the p lasma on the axis in different sys tems 
are presented in Fig. 4. The value 

8 =  Ro = ~ R_~o __v~ (3.1) 
ztt 2~ Pi Vo 

which charac te r i zes  the rat io of the longitudinal dimension of the cylinder to the length of the density osc i l -  
lation in the wake was chosen as a pa ramete r .  It is reasonable to expect that the patterns of flow around 
a plate and a cyl inder  will be identical when this ratio is small .  Cross  sections of the wake behind a plate 
(1) and a cyl inder  (2) on the axis for  different values of the pa rame te r  6 are shown in Fig. 4. It is seen 
that at large values of this pa r ame te r  the wakes of a plate and a cylinder differ - the density level is lower 
in the wake of a cylinder.  At small  values of 6 the wakes coincide with the exception of the near  zone be- 
hind the body. 

Total pat terns of  the wake behind a body (longitudinal and c ros s  sections of the wake) in two sys tems 
are presented in Figs. 5 and 6. The pa ramete r s  of the sys tems  studied are presented in Table 4. 

It follows f rom the experiments  that at large values of 6 (Fig. 5) the wake of a cylinder lies below the wake 
of a plate, while at small  values of 5 (Fig. 6) the wakes pract ica l ly  coincide, with the exception of the near  
zone. For  identical values of 5 the wakes obtained with different combinations of R0, H, and V 0 have an 
identical nature.  Thus, the pa rame te r  6 qualitatively charac te r i zes  the relative pattern of flow around 
negatively charged bodies, and the wakes coincide when 5 is small ,  i.e., when the longitudinal dimension 
of the th ree-d imens iona l  body is small  compared with the length of the oscillation. It should be noted that 
in the near  zone of the wake,the wakes are usually different even at small  values of 5 (Figs. 4 and 6). 
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4. Flow around a Plate and a Cylinder at Different Potentials. The effect of the potential of the body 
on the flow pattern was studied. In these experiments work with potentials close to the plasma potential 
presented some difficulty. The point is that the contact potential difference (CPD), produced because of 
the formation of a film of alkali metal on the body (in work with potassium the CPD can reach 2-3 V) [5], 
can play an important role in work with alkali plasmas. Since the area of the plate and cylinder is rather 
large, heterogeneity of the CPD can be important, so that an independent determination of the plasma po- 
tential (from the volt-ampere characteristics of the probe, for example) is not very reliable. 

It turned out that the shape of the radial cross section of the wake changes considerably with the 
transition from the region of negative potential to the region of positive potential (see Fig. 7). This is 
understandable, since with a positive potential on the body, electrons entering the wake are absorbed by 
the body, so that the cross section of the wake approximates the geometrical cross section of the body. 
By constructing a set of curves n(p) at some cross section for different potentials with a step of 0.I V, one 
can determine the transition point with an accuracy of ~0.2 V. This transition potential is also taken as 
the plasma potential U 0. In the operating system (Fig. 6) it proved to be -2.8 V for the plate and -3.3 V 
for the cylinder. 

The validity of the measured plasma potential can be checked by determining the floating potential 
U, and comparing the different U,-U 0 with the calculated value ~P*-~P0 of the floating potential relative to 
the plasma potential [5]. It was found that U,-U0=0.7 V agrees well with ~, -p0=0.8 V, so that the method 
adopted makes it possible to determine the plasma potential rather accurately. We note that the absolute 
value of the plasma potential in the working system is equal to I ~01 ~ 0.2 V according to the calculation of 
[51. 

Radial  c r o s s  sect ions  of the wake at the osci l la t ion m a x i m u m  for  different  potentials  of the body (U 
is the potent ial  of the plate,  ~0 is the potent ial  of the body re la t ive  to the p l a s m a  potential: ~ =U-U0)  are  
p resen ted  in Fig. 7. The change in the nature  of the wake upon the t rans i t ion  to the region of posi t ive po-  
tent ia ls  is c l ea r ly  seen  f rom the f igure.  It is seen  that the depth and width of the wake inc rease  with an 
inc rease  in both the posi t ive and negative potential .  This shows the important  role of the space charge  
l aye r  at the sur face  of the charged  body. The size of the l a y e r  grows with an inc rease  in the potential ,  i .e. ,  
the effect ive size of the body grows and consequently the width and depth of the wake mus t  i nc rease .  

At the p l a s m a  potent ial  and m o r e  pos i t ive  potent ia ls  and at negat ive  potent ia ls  down to the f loa t -  
ing potential  the wakes of the pla te  and the cyl inder  coincide everywhere ;  at m o r e  negat ive  potentials  
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the~wake of the cyl inder  becomes  deeper  than the wake of the plate (Fig. 8 ) ~  Here  the wake of the 
the plate at U = - 7  V hardly  differs  f rom the wake at U=U0, while the wake of the cyl inder  becomes  deeper .  
This indicates  the more  rapid  growth of the effect ive sur face  of the l aye r  of the cyl inder .  With a fu r the r  
inc rease  in the potential  the l a y e r  begins to have a considerable  effect  on the wake on the plate (Fig. 7). 

Thus,  one can dist inguish the following regions with an increase  in the negative potential:  

1) U=U0. With s t r eaml ine  flow the geome t r i ca l  fac tors  mus t  play the pr inc ipa l  ro le .  The a g r e e -  
ment  or  difference of the wakes of a plate and a cyl inder  mus t  be de te rmined  by the p a r a m e t e r  5 ; 

2) U ~U 0. The size of the l aye r  is sma l l  and the l aye r  has p rac t ica l ly  no effect  on the s t r eaml ine  
flow in the distant  zone (U = U ,  in Fig. 7), but it may  show up in the nea r  zone. The p a r a m e t e r  6 re ta ins  
its role;  

3) the l aye r  m a rked l y  affects  the wake of a cyl inder  but does not affect  the wake of a plate ( U = - 7  V 
in Fig. 7) except  for  the n e a r  zone. One mus t  substi tute the effect ive dimension R .  > R 0 for  the value R 0 
in the p a r a m e t e r  6 ; 

4) the l aye r  marked ly  affects  the wakes of the plate and the cyl inder  ( U = - 2 0  V in Fig. 7). In this 
region the plate a lso  has  an effect ive longitudinal s ize,  so that the compara t ive  pa t te rn  becomes  more  
complex and demands spec ia l  allowance for  the effect  of the l aye r .  

The l imit ing potent ials  for  these  regions na tura l ly  depend on the c h a r a c t e r i s t i c s  of the p l a sma  flow 
and of the body, such as R0, Pi' v0 '  and V i. 
regions  3 and 4 a re  equal  to: 

6 0.033 (Fig. 4d) 
U 3 - i 0  V 
U 4 - 1 5  V 

For  example ,  for  different modes  the boundary potentials  of 

0.053 (Fig. 7) 0.087 
- 4  V ~ (-3)  V 
- 1 0  V ~ (-7} V. 

Thus,  for  a given potential  of the bodies different  modes can occur  in different  regions (for example ,  
at U= - 7 V the mode with 6 = 0.087 occurs  in region 4, mode 7 in region 3, and mode 4 in region 2). Here  
the re la t ive  pa t te rn  of the wakes of a pla te  and a cyl inder  must  be de te rmined  by the p a r a m e t e r  6, = R , / z  H, 

which changes f r o m  6 in region 2 to 5 .  >5 in region 3. The exper imenta l  r e su l t s  show that  the p a t t e r n  
can be descr ibed  qual i ta t ively using the p a r a m e t e r  6 .  

A compar i son  of the pa t te rns  of s t r eaml ine  flow at U =U 0 and U = - 7  V shows that  coincidence of the 
wakes of a plate and a cyl inder  at U = - 7  V is obse rved  at lower  values  of 6 than in the case of U = U  0. In 
fact ,  at U=U 0 the wakes di f fer  in the modes  with 6 =0.087 and 0.073 and coincide in modes  7 and 4d, while 
at U = - 7  V the wakes coincide in mode 4d and differ  in modes  7 and 5. Thus,  at U=U 0 the t r a n s i t i o n  pa -  
r a m e t e r  l ies  in the  range  of 0.07 >6 >0.05, while at U = -  7 V it l ies  in the range of 0.05 >6 >0.04. This con-  
f i rms  the assumpt ion  that  at the p l a s m a  potent ial  (region 1) the s t r eaml ine  flow is de te rmined  by the pa-  
r a m e t e r  6, while at m o r e  negat ive potent ia ls  (region 3) it is de te rmined  by the p a r a m e t e r  6 .  >5. 

At U=U o, in con t ras t  to the case  of U - - - 7  V, coincidence is obse rved  not only in the fa r  zone but 
also in the n e a r  zone. Thus,  it can be a s s umed  that the difference in the wakes of a plate and a cyl inder  
in the n e a r  zone at U = - 7  V in modes  where the wakes coincide in the fa r  zone (Fig. 4) is caused by the 
effect  of  the space charge l aye r .  

The authors  thank A. V. Gurevich  for  constant  cooperat ion and valuable advice,  and K. Tinchurin 
for  help in the m e a s u r e m e n t s .  
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