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The resu l t s  of an expe r imen ta l  study of the p l a sma  flow in a disk channel under  conditions of 
s t rong  hydromagnet ic  in teract ion a re  p resen ted .  It is shown that  if the condition RemH~/Sr-> 
0.2 is sa t i s f ied  for  the magnet ic  Reynolds number  at some point of  the s t r e am,  then a cu r ren t  
l aye r  develops at that point cha r ac t e r i z ed  by a high e l e c t r i c - c u r r e n t  density and high conduc- 
t ivi ty  and t e m p e r a t u r e .  The format ion  of the cu r ren t  l aye r  leads to s t rong  local  re ta rda t ion  of 
the s t r e a m ,  the appearance  of a shock wave, and a number  of o ther  nonl inear  hydromagnet ic  
phenomena.  The expe r imen ta l  r e su l t s  a re  in ag reemen t  with theore t i ca l  s tudies conducted 
e a r l i e r .  

1. The m a c r o s c o p i c  s tabi l i ty  of flows in MHD channels is of in te res t  not only f rom the point of view 
of the conditions providing for  a given flow s t ruc tu re .  As shown in [1, 2], in a number  of cases  the r e o r -  
ganization of the flow occur r ing  as a resu l t  of its instabi l i ty  can lead to posit ive consequences ,  in pa r t i cu -  
lar ,  to an inc rease  in the eff ic iency of the hydromagnet ic  interact ion.  In this ease  the question concerns  
the superheat ing of the instabil i ty [3] which under  ce r ta in  conditions leads to the format ion  of a new se l f -  
sustaining m a c r o s t r u c t u r e ,  ca l led the cur ren t  l aye r  in [1]. 

The e s sence  of this  effect  can he i l lus t ra ted  on the example  of the flow of a dense p l a sma  (T e =T i = T  a, 

r e << 1) in a disk channel.  In an es tab l i shed  mode of flow the t e m p e r a t u r e  of  each  e lement  of the p l a s m a  
depends on the degree  of its expansion, on the amount of Joule heat l ibera ted  in it, and on the heat emiss ion .  
I f  the conductivity of  the p l a s m a  is sufficiently high (Rem~ 1), thenthe re la t ionship  between these  th ree  f ac -  
to r s  is de te rmined  at a given p r e s s u r e  by the magnitude of the applied magnet ic  field. I f  the magnet ic  p r e s -  
sure is less  than the gas p r e s s u r e  eve rywhere  in the channel, then the mode of flow is de te rmined  p r e d o m -  
inantly by the gasdynamica l  f ac to r s  (pressure  drop, channel prof i le ,  etc .) .  With an inc rease  in the magnet ic  
field s t rength  the ponderomotive force ,  which i nc rea se s  i~ propor t ion  to the square  of the field strength,  
can at some point of the s t r e a m  become comparab le  to the p r e s s u r e  gradient .  As a resu l t  the s t r e a m  ve-  
locity begins to dec rease  at this  point, o r  at l eas t  ceases  to grow, which s imul taneously  will mean  a dec rease  
in the ra te  of expansion and a cor responding  dec rease  in the t e m p e r a t u r e  of the e lement  under  cons ide ra -  
t ion. Here  the re la t ive  role  of Joule diss ipat ion i n c r e a s e s  in the given e lement ,  the density of which, as it 
is e a sy  to conf i rm,  is comparab le  with the specif ic  in ternal  energy  of the p l a s m a  under  these  conditions 
(Re m =i, H2/8rrPZl). 

In this situation the temperature will now be determined not by the degree of expansion of the gas, but 
by the liberation of Joule heat. Because of the nonlinear nature of the dependence between the temperature, 
e l ec t r i ca l  conductivity,  the e lec t r i c  cur ren t  density,  the density of  Joule dissipat ion,  and the magnitude of 
the ponderomotive force  the p roce s s  which has began leads to the local izat ion of the e lec t r i c  cur ren t ,  s t rong 
local  heating, and intensive re ta rda t ion  of the p l a sma .  The effect  of heat emi s s ion  can be ignored in the 
init ial  s tage of the p roce s s  because of its re la t ive ly  b r i e f  duration, although with an inc rease  in t e m p e r a t u r e  
the role of heat emi s s ion  grows,  and i n t h e  final analys is  the t e m p e r a t u r e  in the cur ren t  l aye r  is de te rmined  
by the ra t io  between the Joule diss ipat ion and the heat emiss ion .  The conditions for  the format ion  of a c u r -  
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rent layer  were obtained in [2] in more  precise  form and in a more  general  form as well on the basis of 
a numer ica l  solution of the problem of p lasma flow in a disk channel. In the f ramework  of single-fluid 
magnetohydrodynamics this condition is formulated in the form of the following inequaUty: l~emH~/87rP -> 
const,  where the value of the constant is determined by the shape of the channel. 

The resul ts  of an experimental  study of the p rocess  descr ibed are  presented in the present  report .  
The current  layer  effect observed in the experiment  contains all the main aspects  predicted in [1]: local -  
ization of the e lec t r ic  cur rent ,  an increase  in the tempera ture  and e lec t r ica l  conductivity in this zone, 
strengthening of the hydromagnetic  interaction, and, finally, the existence of a cr i t ica l  value of the magnetic 
field for each mode of flow such that if the actual field s trength is less  than cr i t ica l  the effect does not ap-  
pear .  

2. The experiments  were conducted on an instrument for which a detailed descript ion is contained in 
[4]. A coaxial d i scharger ,  on which a bat tery of IM-5-150 capaci tors  with a total  capacitance of 600 ~F 
and a voltage of 5 kV is discharged,  se rves  as the p lasma source.  A round tube 350 mm long and 55 mm 
in diameter ,  which is an extension of the d ischarger ,  ends in a disk channel, the walls of which are  p e r -  
pendicular  to the axis of the tube. The diameter  of the disk channel is 250 mm and the width averaged over  
the radius is 20 mm (the width is somewhat g r ea t e r  in the axial region than at the c i rcumference) .  The 
channel walls are made of t ransparen t  plastic.  The channel is placed in the inner cavity of a solenoidal 
d i r ec t - cu r ren t  e lec t romagnet  in such a way that the direct ion of the magnetic field lines within the channel 
coincides with the direction of the axis of s y m m e t r y  of the instrument.  The magnetic field s trength at the 
axis can be var ied in the range of 0-4000 Oe. Because of the short  length of the e lect romagnet  coil in the 
direction of the axis of symmet ry  the magnetic field s trength is minimal  at the axis and maximal  at the 
c i rcumference  of the channel. The distribution of the field over  the radius in the absence of a p lasma is 
shown in Fig. 1 (curve 1). 

The plasma obtained in the e lec t r ic  discharge moves along the tube with a velocity of .~20 k m / s e c .  
After  str iking the end wall of the disk channel it spreads out in the radial  direction with an average velocity 
(without a magnetic field) of ~10 k m / s e c .  In the presence  of the magnetic field because of the or thogonal-  
ity of the vectors  v and H 0 the induced emf  is directed along the c i rcumference  so that the cur rent  j induced 
in the p lasma is closed on i tself  along a c i rc le ,  while the ponderomotive force j • acts along the radius 
in the direct ion opposite to the s t r eam velocity.  

In the experiment measuremen t s  were made of the distribution over  the channel radius of the gas p r e s -  
sure,  the e lec t r ic  current  density, the amount of deformation of the magnetic field, and the s t rength of the 
vor t ica l  e lec t r ic  field (c- laB/~t) ,  and the process  of expansion of  the p lasma in the channel was photographed 
with an SFR-1M camera  operat ing as a photoreeorder  and with f ramewise  photography. 

The p res su re  measurement  was conducted using p res su re  piezopickups distributed at radii  of 40-110 
mm every  10 mm.  A TsTS-19 p iezoceramic  was used as the sensing element.  The pickups were located 
on the front and back walls of the disk channel in such a way that the sensing element of a pickup was flush 
with the wall of the channel. The signals f rom nine pickups were recorded  simultaneously.  

The deformation of the magnetic field in the channel was measured  with magnetic  probes of the in- 
duction type. A probe consisted of six smal l  coils placed in a glass tube 4.5 mm in diameter .  The tube 
was inser ted into the channel. It was pre l iminar i ly  established that the insert ion of the probe into the p lasma 
s t ream makes almost  no change in the general  flow pat tern in the disk channel and, in addition, the visual 
pat tern  of flow over  the probe made it possible to obtain additional information concerning the nature of 
the flow. This probe construct ion permit ted the simultaneous recording of the deformation of the field at six 
points over  the width of the channel. Probes  recording the radial  and t r ansve r se  components of the m a g -  
netic field were used in the exper iments .  The c i r cu la r  component of the field (H~p) is equal to zero  in the 
present  case .  The s p a c e - t i m e  distribution of the magnetic field strength in the channel n~ asured in this 
way made it possible to find with acceptable accuracy  (~20%) the distribution of cur rent  density j(r,  z, t) 
on the basis  of the equation ] = (e/4~r)rot H. 

Direct measurement  of the electr ic  current  density was also conducted. For  this purpose a specially 
developed insert ,  consist ing of a sys tem of shunts insulated from one another through which the cur rents  
in the p lasma were closed, was inser ted into the channel. A shunt consis ted of two copper  plates 5 mm wide 
between which a graphite r e s i s to r  was sealed. The potential difference developing on the shunt during the 
flow of a cur rent  was fed through a decoupling pulse t r a n s f o r m e r  to an OK-17M oscil lograph.  Eleven such 
shunts, assembled in the form of a single plate 4 mm thick, which reduced the disturbances produced by it 
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to a minimum, were distributed along the s t ream in the channel. However, distortion of the flow pattern 
in the electrode zone, which was c lear ly  recorded on the photographs, occur red  because of the strong ef -  
fect of electrode phenomena�9 For  this reason the cur ren t -dens i ty  distribution measured  in this way did 
not always correspond to the distribution in the undisturbed zone (this is indicated par t icu lar ly  by the photo- 
graphs, inwhich it is seen how the ra ther  narrow luminous cur ren t  r ing spreads out in the electrode zone 
to almost  the entire length of the measur ing insert) .  Nevertheless,  this method enables one to obtain ra ther  
abundant information concerning the dynamics of the cur rent  and its distribution, and in conjunction with 
the magnetic probes it gives ve ry  reliable information about the process �9  

The intensity of the vort ical  e lec t r ic  field was measured  using single concentr ic  so-cal led  E-coi ls  
[41, 

The velocity of p lasma propagation in the tube and channel was measured  from photoscans of the 
p lasma motion�9 All the experiments  were conducted on a i r  with an initial p ressu re  of 0.7 mm Hg. 

3. Because of the great  heterogeneity of the plasma formation obtained in the e lec t r ic  discharge p r e -  
l iminary Studies were made of the nature of the flow in the disk channel without a magnetic field to de te r -  
mine the duration of the flow, the radial  distribution of the pa ramete r s ,  etc.  The p ressu re  distribution and 
the propagation velocity of the leading front were measured  direct ly  , while the e lec t r ica l  conductivity and 
tempera ture  were est imated by indirect means.  

The following was established. The rate of movement of the leading front along the channel was ~14 
k m / s e c  at a radius of 40 mm, 10-11 k m / s e c  at a radius of 50 mm, and the velocity then decreased  slowly 
to 8.5-9 k m / s e c  at the end of the channel. 

The total p ressu re  measured  at the channel axis is 80-100 atm for  15 #sec and then decreases  to 10- 
15 atm and stays at this level for 100-150 ~sec.  The static p ressu re  in the s t ream at the entrance to the 
disk channel ( r~40-60 mm) is subject to the s t rong effect of the initial heterogeneity of the p lasma and the 
establishment of a mode of flow hardly occurs  in this region. However, at large radii  the effect of these 
heterogeneit ies  is smoothed out (although it does not disappear  completely}, anda quasis tat ionary p res su re  
distribution charac te r i s t ic  of supersonic flow is established along the channel in the range of  60-110 mm. 
The p ressu re  falls f rom 4-5 atm at r = 4 0  to 0�9 atm at r=105  mm�9 The formation of a p ressu re  profile 
at the leading front also takes place pract ical ly  at a radius of ~60 mm. This profile has a form c h a r a c t e r -  
istic for a cyl indrical  shock wave. 

The s p a c e - t i m e  pattern of the p ressu re  distribution for this case is presented in Fig. 2. The results  
of an analysis  of the p ressu re  osc i l lograms for  H 0 =0 are shown here.  The numbers  of the curves  c o r -  
respond in increasing o rde r  to the t imes t = l ,  2, 3�9 5, 6.5, 9.5, and 15 #sec.  Here and la ter  the s tar t  of 
the t ime frame (t=0) is taken as the moment the leading front of the p lasma reaches  a radius of 40 mm. 

The synchronizat ion in t ime of the signals from p res su re  pickups located on opposite walls of the 
channel at the same radius made it possible to establish that the p res su re  front at radii of <60 mm is not 
perpendicular  to the channel walls (the pickups located at the back wall of the disk channel record  the shock 
wave front somewhat la ter  than the pickups located at the front wall). With an increase  in radius this slant 
of the p res su re  front becomes vanishingly small�9 
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The indirect est imate of the e lec t r ica l  conductivity and t e m -  
pera ture  of the plasma,  made on the basis  of measurements  of the 
disturbance in a ve ry  weak magnetic field (-< 100 Oe), gives values 
of 5-10 ~2 - l .  cm -i  and (8-10) �9 103~ respectively,  in the zone of 
established flow at r =  80 mm. These values are  not in bad ag ree -  
ment with the calculated pa rame te r s  of the a i r  behind the shock 
wave. 

Thus, it can be assumed with sufficient basis that quas i s ta -  
t ionary supersonic flow with a duration of ~15-20 psec  is es tab-  
lished in the channel in the zone of r=60-110  ram. 

Photographs of the plasma expansion in the disk channel for 
the cases  of H0=0 and 3000 Oe are presented in Fig. 3a and b, 
respect ively .  Here the t ime between f rames  is 2.66 psec and the 
dark disk at the center  is an opaque screen.  

The following proper t ies  of the process  can be detected from 
a compar ison of these photographs. In the central  (axial) part  of 
the channel ( frames I and 2) the nature of the p lasma luminosity 
is the same in the two cases :  the luminosity is very  great  at small  
radii .  Then it decreases  so much that it is not always recorded  
on the film (a consequence of the s t rong expansion and cooling of 
the gas, as noted ear l ier ) .  During the fur ther  motion of  the p lasma 
in the channel (frames 3-9) in the absence of a magnetic field the 

distribution of luminosity along the radius has a sharply decreasing nature.  The brightly glowing ring v i s -  
ible in f rames  6-9 is caused by a shock wave which arose  as a resul t  of the reflection of the p lasma s t ream 
from s t ruc tura l  elements  located outside the channel. 

The presence  of a magnetic field such that the magnetic  p ressu re  H~/8~r becomes comparable  to the 
static p r e s su re  in the s t ream leads to a qualitative change in the flow pattern.  A brightly luminescent  ring, 
which moves with a velocity of ~8 k m / s e c  up to r ~ 8 5  mm and then is sharply re tarded with its velocity 
decreas ing to 2-3 k m / s e c ,  appears  at some distance beyond the weakly glowing leading front (Fig. 3b, f rame 
3) ~5-6 /~sec af ter  the s tar t  of the expansion (by this t ime the leading front of the plasma reaches  a chan- 
nel radius r ~ 7 0  mm).  A shock wave t rave ls  f rom this brightly glowing zone in the direction toward the 
center  of the channel. It is well seen both in the framewise photography of the process  and in the photoscan 
of Fig. 4. The presence  of this wave, as will be shown below, is also confirmed by the p res su re  m e a s u r e -  
ments.  At f irst  this wave is ca r r i ed  by the oncoming gas s t ream toward l a rge r  radii and then it stops and 
begins to move toward the center  of the channel with a velocity of ~2 km/ sec .  

The results  of an analysis  of the p res su re  osc i l lograms for H 0 =3000 Oe, presented in Fig. 5, show 
that in the central  part  of the channel the radial  p re s su re  distribution is the same as in the absence of a 

magnetic field. Here the p ressu re  distribution is shown by solid lines while the dashed lines show the dis-  
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tribution of current  density. The p ressu re  distribution for H 0 =0 is shown by the dash-dot line. The num- 
bers of the curves  in increasing order  correspond to the t imes t=4 .5 ,  8, 12, 15, 20, 27, and 37 ~sec.  At 
large radii,  however, the p ressure  pickups record  a marked difference in the course of the process .  At 
the time t=12  psec (by this t ime the leading front of the plasma has already left the limits of the channel) 
in the zone of the brightly glowing ring (r~80 mm) a charac te r i s t ic  p ressu re  peak appears which is then 
formed into the shock wave moving off toward the center .  The moment of formation of this wave and its 
position found from the resul ts  of the p ressure  measurement  agree well with the photographs of the ex-  
pansion process  (Figs. 3 and 4) synchronized with it. The p ressure  in the front of the newly formed wave 
reaches 3-3.5 atm. In the region behind the front the p ressu re  is ~2 aim and stays at that level for the 
entire t ime of existence of the brightly glowing ring. 

The results  of the measurement  of cur rent  density presented in Fig. 5 indicate that a maximum also 
appears in the current  distribution (for weak fields of H0-  < 1000 Oe this distribution has a monotonic nature). 
The current  density reaches  ~1500 A/cm 2, and the total cur rent  flowing through the plasma in the zone of 
the maximum reaches  ~104 A. A compar ison of the distributions of p ressure  and current  density shows that 
the developing zone of increased p ressu re  initially cor responds  to the maximum in  the current  density. 
However, the subsequent intense retardat ion in the magnetic field of the zone of maximum cur ren ts  leads 
to the formation of a shock wave and to the c lea r  spatial separat ion of the zones of maximum currents  and 
p re s su re s .  This separat ion is not only retained,but even increases  inthe later  stage of the p rocess  because 
of the movement of the shock wave toward the center .  At the same time the spatial position of the zone of 
the intensely luminous ring is c lear ly  connected with the maximum in the current  density. 

This is also confirmed by the pat tern of deformation of the field in the channel presented in Fig. 1 
(here the numbers of the curves  correspond in increasing o rde r  to the t imes t=3 ,  6, 8, 10, and 15 ]zsec). 
The width of the brightly glowing zone averages  2 cm, andthe e lec t r ica l  conductivity in it, calculated from 
the measured  current  density, velocity, and magnetic and e lec t r ic  field strengths,  reaches  80-100 ~ - I  �9 cm -~, 
This value is ~10 t imes g rea te r  than the e lec t r ica l  conductivity at this point of the s t ream with subcri t ical  
magnetic fields and is evidence of a considerable increase in the plasma tempera ture  in the zone of the 
brightly glowing ring. The only thing that can serve as the cause of the intense heating of the air  is the high 
local density of Joule dissipation, reaching ~0.2 J / c m  3 in the initial stage of the process ,  which exceeds the 
value of the internal energy of the gas and therefore  can provide for  its rapid heating. 

Under the conditions of the experiment  the charac te r i s t ic  time of the process ,  i.e., the t ime it takes 
the leading front to t r ave r se  the entire channel, is 10 #sec .  The t ime of development of the current  layer  
from the moment of its inception to the attainment of the maximum current  density is 3-5 ~sec, as seen 
from Fig. 5. As mentioned above, the moment the leading front of the p lasma reaches  a radius of 40 mm 
is taken as the s tar t  of the time frame.  The time of existence of the cur rent  layer  is ~20 psec,  and as seen 
from the i l lustrat ions presented,  its decay occurs  predominantly as a consequence of the intense lumines-  
cence and the decrease  in current  density caused by the sharp drop in velocity owing to the re tardat ion of 
the layer  in the magnetic field. In a number  of cases  dis turbances charac te r i s t i c  of a R a y l e i g h - T a y l o r  
instability, the size of which increased to 20-30%of the width of the layer ,  were observed at the time of 
maximum negative accelerat ions  at the outer boundary of the cur rent  layer .  However, not once was a case 
of the decay of the layer  because of such an instability observed.  On the cont rary ,  these disturbances rap-  
idly died out (in 2-5 psec) and the form of the outer  boundary was thereby res tored .  This fact is in ag ree -  
ment with the results  of [3], where it is shown that the p l a s m a - m a g n e t i c - f i e l d  boundary is stable in the 
presence of an increasing magnetic field, which exactly corresponds  to the conditions of the experiment.  

1. 

2. 

3. 

4. 

L I T E R A T U R E  C I T E D  

A. N. Tikhonov, A. A. Samarskii ,  L. A. Zaklyaz~minskii, P. P. Volosevich, L. M. Degtyarev, S. P. 
Kurdyumov, Yu. P. Popov, V. S. Sokolov, and A. P. Favorskii ,  "Nonlinear effect of formation of a sel f -  
sustaining, h igh- temperature ,  e lec t r ica l ly  conducting gas layer  in nonstat ionary p rocesses  of mag-  
netohydrodynamics ,"  Dokl. Akad. Nauk SSSR, 173, No. 4 (1967). 
L. M. Degtyarev, L. A. ZaklyazTminskii, S. P. Kurdyumov, A. A. Samarskii ,  V. S. Sokolov, and A. P. 
Favorski i ,  "Development of finite local disturbances in e lec t r ica l  conductivity in a s t ream of weakly 
conducting gas in the presence of a magnetic field," Teplofiz. Vys. Temp.,  7, No. 3, (1969). 
B. B. Kadomtsev, "Hydromagnetic stability of a plasma,"  in: Problems of P lasma Theory [in Rus-  
sian], No. 2, Atomizdat, Moscow (1963). 
V. A. Derevyanko, L. A. ZaklyazYminskii, S. S. KatsnelTson, A. Yu. Kerkis,  E. F. Lebedev, N. A. 
Trynkina,  and V. P. Fomichev, "Study of nonstat ionary interaction of a c lus te r  of conducting gas with 
a given e lec t r ica l  contour,"  Zh. Prikl .  Mekhan. Tekh. Fiz., No. 2, (1968). 

3 1 6  


