
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD241738

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; JUL 1958. Other
requests shall be referred to Air Force
Cambridge Research Laboratories, Hanscom, AFB,
MA.

AFCRL ltr, 3 Nov 1971



UNCLASSIFIED 

AH 241738 

ARMED SERVICES TECHNICAL INFORMATION AGENCY 
ARLINGTON HALL STATION 
ARLINGTON 12, VIRGINIA 

UNCLASSIFIED 



NOTICE: Vnaen government or other drawings, speci- 
fications or other data are used for any purpose 
other than in connection with a definitely related 
government procurement operation, the U. S. 
Government thereby incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern- 
ment may have foimulated, furnished, or in any way 
supplied the said drawings, specifications, or other 
data is not to he regarded by implication or other- 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented invention that may in any way be related 
thereto. 



ERD-TN-60-771 
2/ 6* o 

On a Criterion of  the Applicability of the Mahnetohydrodynamic 

Equations to a Plasma 

S.   I. ERAGINSKII 

Vopr. Magnitnoi Gidrodln.  i Dinamiki Plazmyj, Akad. Nauk Latv. SSR 
Riga, 1959, PP. 6? - 71 

3 «-/^     *? 0e!:> 

MORRIS D.  FRIEDMAN,   INC 
1383A Washington Street 

West Newton 65, Massachusetts 

B - 164 

AFl9(6o4)-5969 

Prepared 
for 

AST I A 

AUG 3 0 1960   |l! f 
fa 

TiPDR A 

XEROX 

E;LECTRONICS RESEARCH DIRECTORATE 
AIR FORCE RESEARCH DIVISION 

AIR RESEARCH AND DEVELOPMENT COMMAND 
UNITED STATES AIR FORCE 
BEDFORD,   MASSACHUSETTS 



EKD-TN-60-771 

On a Criterion of the Applicability of the Magnetohydrodynamic 

Equations to a Plasma 

S. I. BRAOINSKII 

Vopr. Magnitnoi Gidrodin. i Dlnamlki Plazmy, Akad. Nauk Latv. SSR 
Riga, 1959, PP. 67-71 

MORFIB 0. FRIEDMAN, INC. 
1383A Washington Street 

West Newton 65, Massachusetts 

B - 16k 

AF13(fiQ^)-5969 

99mmH 

SLBCraONJOB HSiMARCH DIRECTORATE 
AIR IWCB JWi8A«0H DIVISION 

AIR RESEARCH ANß MUVKI^PMSNT COMMAND 
UNITED HAm AIR FORCE 
mmmn,   MAOAAUHUSETTS 



MORRIS D.  FRIEÜMAN,   INC. 

Russian Translation 

1-164 

Or a Criterion of the Applicability of the MagnetohydrodyTiamic 

Equations  to a Plasma 

S.  I.  ERAaiMSKII 

Vopr.   Magnitnoi Qidrodin.  i Dinatniki Plazmy.,   .Akad.   Nauk Latv.  SSR 
Riga, 1959, pp.  67 - 71 

The  magnetohydrodynaraic equations are often used in considering the 

phenomena in a rarefied plasma,   in particular,   in considering the phenomena 

of astrophysics.    A sufficiently rigorous description of the rarefied plasma 

s yielded by the use of a system of kinetic equations,  however,  this method 

appears to be much too complex.     A simple  criterion can be obtained which 

will indicate under which conditions use of the magnetohydrodynaraic equations 

and,   in particular,  their fundamental  corollary on the   ! «adhesion1' of the 

magnetic lines of force to the  substance,  affords a possibility of obtaining 

at least qualitatively correct results in a very rough approximation.    In 

order to obtain this  criterion,   it is convenient to use the' model of a plasma 

in the form of a mixture of two  charged gases,  an electronic and an ionic 

gas  £1-3].    ft-om the equations of particle balance  and momentum balance, we 

obtain by summing the appropriate equations for ions and electrons: 

(1) || + div pt - 0 

(2) e||_Vpaf^ 

where    q    is the density;   "j  = en(t - ^J     the  current  density;    n    the number 

of ions per unit volumej    t   the velocity of  the ionic gas;    t     the velocity 

of the electronic gas;    H    the  magnetic flaldj     ^F    the divergence  of the 

pressure  tensor which reduces,   in the  simplest  ca&es,   to  the  scalar pressure 

gradient   V(nTe = n^)   ,  where    TQJ ^    are the electron and ion temperatures. 

Quasi-neutrality of the plasma is assumed 

We neglect electron inertia in equaticr)  (2)  sincti wa are here interested 

only in low-frequency motions related to diapUcamant of the.substance. 

Furthermore,,  let us also assume that the frequtmcies of the motions are 

small in comparison with   ^    (where    L    Is  the characteristic dimension)  so 

that displacement currents can be neglac+ed. 

The equation for the magnetic field which laada to   »'adhesion" of the 
magnetic lines of force 

(3) || = rot   ^5] 
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follows from the Maxwell equation 

(h) ~ " - c-rot E ot 

and from the condition 

(?) E  + It 
c 

This latter is obtained in magnetohydrodynamics from the conventional 

Ohm's law for a moving medium under the assumption of infinite conductivity. 

Using the two-fluid model of a plasma and assuming infinite conductivity 

we obtain in place of (5) / \ 

(6) -VPa.en(K(?15])   .10-11]. 0 
Equation (6)  is the equilibrium condition for an electron gas;  here we 

neglect electron inertia,   as we did in (2),  since high frequencies are not 

considered. 

Hh order that (5)  could be used, the second term in (6)  must be the 

principal one.    L^t us  compare the terms 
H 

\m and en Using 

•^  = Tm ro* ^'"'Kn I ' w^aeTe    ^    is ^e characteristic dimension of (the system, 
H    the part of the magnetic field varying along the extent of the system,  and 

2      H^ 
using also the relation    pv ^ j-- , which is usual in magnetohydrodynamics, 

we obtain in order of magnitude 

(7) 
^S vH ~ env 

Mc 
1        2    ,2 Mn e    nL 

where M is the ion mass (or the order of magnitude of the ion mass during 

incomplete ionization). 

Hence, the condition that the last term in (6) be small is Ii»l , 

where 
1 ' 2 T2 Un e nL (8) rt = 

Mc 
or, if the number of particles oer unit length of the system under consider- 

2 ation is introduced    N^nL    ,  then 

(8») n 
2M e N 

T Mc 
A similar estimate shows that the first term in (6)  is also small for 

H2 

rt»!    if    nT * £-  . cm 
If we use (6)  instead of (!?),  then additional terms appear in (3) and 

it becomes j. 

(3.) I« . rot[r9j - ^(^[f t] - vpe)] 

E» m 
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If (2)  is used,   or if the equation of ion-momentum balance is taken at 

once instead of (6),   then using the transformation 

rot «ff = -—55 rot   [^ rot vl   , we obtain 

(3-) ^(f + rot tj  - rot[f,f + rot trj  - rot^J 

3h those cases when we  can put    P.   - nT.     and     |yn,VT.]  = 0 ,  the last 

term vanishes. 

Hence,  under the same  conditions, when the theorem on the   ,,adhesion'1 

of vortex lines to a substance in valid in the  conventional hydrodynamics of 

an ideal fluid,  the lines    yjr + rot v    are   "glued" in plasma dynamics.     If 

Pv " !m  '  then we obtain  lrot *l/© <^1    for    n:>71    &he last term in 
(3")  is small here]     so that the representation of the   "adhesion" of 

magnetic lines of force is approximately valid. 

The ratio    ^L . —S_ ^ n *    is  small for    H »1   .     The electron 

velocity is here close to the ion velocity even if collisions are absent. 

In this case the electrons are   "bound"  to the ions in this  case as a result 

of collective interactions An increase in the difference in the ion and 

electron velocities appears to be  impossible because  of the appearance of 

very large currents and magnetic fields.     This circumstance is also the 

reason that even the condition    Tl>71    permits the consideration that the 

magnetic lines of force are   "glued" to the substance  ,   i.e., to the ions, 

under  infrequent  collisions. 

As is known,  the quasi-neutrality condition of the plasma is that the 

Debye radius    5      be small in comparison with the  characteristic dimensions. 

It is  eas3'- to see that 

(QS 6D
        T    1 

1/    Ms   n 

so that the condition    U»!    is more rigorous and the quasi-neutrality 

is guaranteed with a large margin when it is fulfilled. 

A number of other  important plasma  characteristics   [IT]  are related to 

the parameter    XI  .     Thus,  for example,  the Larmor radius of the ions    r. 

is small in  comparison with  the  system dimensions  of    TI-^l     (if    nT ^ H /8n): 

(10) ^ A/ 
r, 
i 
-A/ 

Equalization of the temperatures between the electron and ion gases is 
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also determined by the parameter    11 .    If the Joulean heat of the electrons 

2 
tsj -1—    and the heat transfer from the electrons to the ions   ^yr- (Te"Ti^ 

e nx 
ra 

are equated in order of magnitude, where   -    is the frequency of electron 

collision with ions, we obtain (for    nT ^ H /8n): 

T    - T. , 

The condition    11 ^l    is usually satisfied well for astrophys leal 
N 9 

objects.     If    M   is the proton mass, then    H^—irr  .    Assuming    L ^ 10    cm 
10 

n/-10      part:icl8S/cm      for a solar protuberance,  for example, we obtain 

N~1026 cm-1,   H —1010    and assuming    L'-'1019 cm ,  n-'l    for interstellar 

gas clouds, we obtain    N ^1038 ,     11 ^J.022  . 

In those cases when the mean free path is small so that hydrodynamic 

considerations are applicable,  the   condition    II» 1    affords the possibility 

of transforming from the two gas model to conventional magnetohydrodynamics 

in a first approximation.     If collisions are so infrequent that the hydro- 

dynamic consideration is generally inapplicable,  strictly speaking,  then the 

magnetohydrodynamic equations with    H » 1    can still yield qualitatively 

true results,  simulating more rigorous  considerations,  in a number of cases 

even under very rough simplifications while the results obtained by using 

magnetohydrodynamics are completely untrue for    IT < 1   ,     If, for exanple, 

small plasma oscillations are considered by using the two gas model  [jQ, 

then the low-frequency branches of the oscillations agree with the Alfven 

waves obtained in magnetohydrodynamics and the two magnetosonic waves when 

H ?> 1    (it is necessary to take    i    for    L , where    k    is the wave number). 

The dispersion relations and type of oscillations appear to be conpletely 

different for    IK^l   .     The kinetic consideration for a rarefied plasma 

shows, moreover,  that it is impossible to take the adiabatic exponent equal 

to   -^    and also that strong wave attenuation can exist in a number of cases; 

these effects are not taken into account in magnetohydrodynamics. 

Moscow July 1958 

References 
1. A.  SCHLÜTERS Problems of modern physics.   II. Plasma dynamics.  7, 1956 
2. 3.  I. BRAGINSKII;  ZETF,  33(2),  h59 (1957)     (Translation exists) 
3. L.  SPITZERj Physics of fully ionized media.  1957 
k.  S.   I.  BRAGINSKII:  ZETF,  33(3),   6U5 (1957)     (Translation exists) 
5.  S.   I. BRAGINSKII;  DAN US5H,  115(3), U75 (1957)      (Translation exists) 


