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" INTERACTION BETWEEN SMALL PERTURBATIONS WITH DISCONTINUITIES..

AND THE STABILITY OF SHOCK WAVES IN MAGNETOHYDRODYNAMICS

.

V. M. Kontorovich, Khar'kov
1. Annotation

We will examine the incldence of a plane monochromatic wave on a
surface of discontinuity in magnetohydrodynamics. A simple geometric
method 1s propoged for plotting divergent (reflected and refracted)
waves which occur in this case (V. M. Kontorovich [1]). .

Based on the results obtained, we will examine the problem of
the resistance of shock waves to splitting (A. I. Akhiyezer [2]) with
respect to oblique perturbatlons. It 1s shown that the number of
waves diverging from thé discontinuity does not depend on the angié
of incidence. We stress the need to classify waves into incident and
divergent waveé by group velocity and not by phase velocity since at
certaln angles of incidence their projections onto the normal to the ,
discontinuity have'differentisigns, With a classificatlon based on .
phase velocity we would have the paradox of unstable shock waves in---
magnetohydrodynamics.

' The geometric method of plotting waves diverging from the dis-idv
continuity can be applied in simplified form to the 1nterface oft two. !
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media in a conpressible fluid, and also 'to a tangential d‘iscontinuity.

‘ ‘we examined the occurrence of surface waves in a c‘onpressibl_e
tluid upon interaction between perturbations and shock waves. It |
1s shown in particular that surface waves arising upon reflection oi‘
waves from the interface and on thelr passage through the boundary in
a compressible rluid (R. N. Roberts [3]) are a. limiting case of that
branch of magneto-acoustic waves which approach ordinary sound and . “
disappear in an- infinite fluid when S—o o, h

We observed the peculiarities of‘ the Doppler effect during
interaction between small perturbations and shock waves. - We round
fre'quency drifts of the arising perturbatio‘ns relatire to the frequency
of the in_cident perturbation (in the system of coordinates in which
the shock wave moves) The frequency conversion can be cjuite large
| . due to a change to' perturbations of a type different ‘than an incident
“'wave, Measurements of the frequency shift theoretically allow us to
. restore the shock wave parameters.
. General expressions are obtained for the coefficients of reflec-
| tion from shock waves and for the passage through them. The final
formulas are given in the simplest case of normal incidence to a
perpendicular shock wave. v
Equating the determinant of the system forv.amplitudes to 'zero,'r

we obtain a characteristic equation which should be the basls of the
: investigation of stabllity relative to small wavelike‘ perturbations
of the surface of discontinuity. The region of spontaneous radiation
of sound (resonance region) corresponds to real values ofrfrequency
and of wave vectors. The characteristic equation for fasit and slow
shock wave.s and also for rotational discontinuities have'a different

i

form.
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2. Designations
|
| The wave vector = !

Pﬂa*:CFTHT-'

1

% | ',"-“.-(lleofl. q)' ‘ﬂ%.. | . . " “ . “!.(1) :"' ;

; . .The normal to the undisturbed surface of discontinuity n = (1 0 0)

U ———

: {
- The: proJection of the wave vector onto the plane of discontinuity

i a=0, cs‘nﬂ-cwﬂ) o .,(2i" ""3
X TR . " "‘f
f . ) P i

The angle of inciderce ~  , . - . . - {

FIRST [mig DE T ‘ . , Bk

tr .=arc¢o.*T.-.moot‘: .' . (3) f

‘ The angle between the direction of the_wave -vector and the
magnetic fleld is © . ; '

The frequency in the frame of reference 1, where the surface of |
the shock wave is at rest is w, whereas in the frame of reference
‘where the fluld 1s at rest, 1t 1s ‘Do The moduli of phase velocity
of perturbation in the direction n for fast and slow magneto-acoustic

: waves and Alfven waves [4] .are respectively'
Vi (. V_ (), Vo). ' (%)
The curve expressing the dependence of phase velocity bn angle.
of incidence in the plane of incidence, i.e., for B = const, 1s
Vila) Vo), Vals) - :.Q_(m
(1n polar ‘coordinates). - | _ .
The half-space in front of the shock wave 1s II; behind the shock,

wave,’ it 1s I The magnitudes pertaining +to H are designated by’T; -

and those to Dby A The Jump in magnitude at the discontinuity is

oo o et

e T ' T STOP HERS
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The angle Dbetween the total velocity of perturbation + V . niryn

(with regard. to drift) and the velocity of this perturbation v b »
' relative to the fluid at rest 18 designated by #’ .

j'—'q Y r.cosc;tl’(c)
9w

| oot’v"-—
IR _.-r.nlnc IRRL A

where “
v =fluid ve].ocit?} ;A
8 =speed of &ound."-: -

P =pressure,

H =magnetic flu“id;

T

bl 7

p =density;

o =enfrop'y;

W =heat funetion.

The group velocity of perturbation (in the frame of reference

. where the discontinuity surface 1s at rest)

where ¥ and a;n are the angle values at which % = 0 (on the W curve)

Aﬂo and o are the frequencies radiated by the generator and
recelved by the receiver which 1s fixed relative to i (relative to
the fluid in front of the shock wave) ; the frequency drift is

am T | (9
* The expression for the perturbed discontinuity 1s

_{=v.°xpl(q‘r-‘-'u!)- : o (10) -

The system of equatlions for amplitudes of divergent waves and of
the oscillation amplitude of discontinuity n(in = 6‘0(9)) is
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. -
Er,.uma}:v,.u j=42...1 4
e L =3 BN BN (11)
o 'l'he index j 1ndicates the number of the boundary equation, 4

' . COefficients '1'31 and UJ are xfound by expanding the'arbitrary pertur-
» ‘f,‘b&uon ‘to the Sum of mndamental waves : '

.vz.*."t“,"'e\ﬂ'l’“ln S
tllabsf.spm+a..,ugm.

“llere 6p+ 1a the pressure amplitude in the v+ wave, 6R 1s the
z-component of the magnetic field 1n the Alfven wave, The index (1) ‘
has the values of 1 and 2 and 1ndicates whether the given wave is with
the current (1) or agailnst the current (2) (if we change to a normal |

incidence). ‘In (12) 1s the summation with re'spe_c't to + and (1):

c " g -wzk—"'(ku).
LG B T
AN R Al — (kll)k - . )
L ok CE u’-—(Eu)' S PR (13)
. '= _'1_?_‘ B I m ' ‘
.c i l"‘ﬂp "‘ . - A= T

g
" If ‘the. boundary '_':eqizeti.d_r';'s .on_the. gl__ise_en:tinuity.:are reducedj to the

' form R
Ta u,+(r,.aa+P, 8p+Ri3\ +Qam=o, (14)

then the coefficients of equation (11) will be expressed by the comb:lna-
tlon of magnitudes ' - , . .

(1)

i -G )a—l’rl- R,n{,+Q,b§,
) |;||=R’,cm+Q, dy.
" From.the continulty of mass flow (J = 1)
1'.'."'.—_-(',(.._;_{,.‘.». T =re. L , (16)



From the continuity of energy flow (J = 2)
{(H-+ +4')(u—q‘)+plu+-llﬂgﬁi.

3.~,_‘(1+.)+,r] o .' ) (17).

et

"R—pr,\——ill+ (".+w+ )l.

"Q, “ ,; (vll) . , S ,
" The continuity of momentum flow. (J = 3,4,5) yilelds
C Te=—2pnqo ), Ty=ir;. . ,
PJ=I+‘.:I". n,=2pr,-n,-Q‘=._'!.; BEREE (18)
TW= "Al: ' —a-y ”U . }
o przhyt+pr,(w ‘l.‘)'i‘K(q H)}, —-rr.l',. )
P..="'::' ’ “,=(pr,, Plx,, 0)- Ql=(‘—'-:'?' 0) . (19)
T..={Pr‘k -;pr.-(u—q»-\')+ ", T..=rr.r.'; . ‘
: A= (20)

Py=22t R =(r.. O, »r.) Q= (—-—‘ o. -5

"From the continuity of tangential components of the electrical

field (J = 6, 7)

Teo={H(o—q-v)+r,(q- H), T, =0; '
P.:‘-Q, R.:—-(II,. -, 0), Q.= (—ry, Tas o);, ‘ . (21) :

T M (0—q-v)F £, (@ W), Tpy=0;

: pl = 0' Rt = (l’g. o, -—llx)n Ql = (-rlu or r«l)’ (22)

The elghth equation (J = 8,.thé continuity of the normal compo- . |
" nent 6f‘the magnetic field) upon perturbations of type (10) follows

;from the two preceding equations.

- 3. Results

We will present a number of results from this examinatlon.. ]

The law of reflection has the'form; _ -

i - R

atel o SRR : (23)
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.l,( 23), lie on one circumrerence (#-circumference) passing thrwgh the {

ends of the vector v_. n.

According to expression (7) R the ends of the phase velocity

,vectors for all retlected and incident waves satisfying expression

e

- X

: s
Pig. 1. Plotting of phase velocity S
vectors of reflected waves from.a : ' !
rapid inclined shock wave
=0k )= b cupafsine + 4y for the

medium behind the shock wave. The . o
arrow indicates the points of 1nter- i
section of the ¥-circumference with-
curves ‘V(a). These points are the
ends of -the phase velocity vectors of
the incident waves l:’ <o » thick

arrow) and of: reflected wave (K’ o)

For slow shock waves and magnetohydrody-
namic waves and for media in front of .
a shock wave a similar plotting (¥- X
circumference) 1s necessary. : :

This enables us, by means of a cross section of surfaces V * (W Vv [n),

and V - (n) with a plane of incidence, to construct the retlected

waves with respect to a given shock wave; the intersection of wec;l):':,~

cumference with V(a) curves will yield the ends of phase velocity-—‘-J

| . ' 3——
vectors of the unknown waves. | :
[ : 2- __.}
— __ _Differentiating expression (7) we obtain: = “—‘_i
e e e e e — _,_._1___________"._ e 0.1

STOF -EFE , STCP HERE




FID-TT-63-198/1424% -8-

(2%)

'l‘hc law of rerraction 18
e ~,' R (r.‘,oot'}}+ %‘l')_‘h; ' ‘ (25)

If q + (v) = 0, then expression (25) becomes "the law of tangents®

In order to find all of the divergent waves, we must plot the ¥, and
¥-circumferences, where ¥ and ¥ are related by condition ({25), and
‘'must separate all waves diverging from discontinuity with‘ respect 1:6
the symbol % . For fast waves. divergent waves do not occur in T and
1t“1s sufficient to plot only the w—circumferencg.f

'When v_- 0, y-circumference at the limit occupies a position
tangential to the' normal (x-axis) at the origin of coordinates.
Plotting of the reflected and refracted waves is as before. Since
when v — O formally ¥ - O, then in place of the derivative Y/da
we can introduce a derivative (having the opposite .sign) from the
diameter of the periphery -ﬁ and, by this value, clagsify the waves as ‘
1ncident and divergent. '
' The transition to an 1ncompressib1e fluid reSults in that

o
Vi~ '?Ti;"," . For this, however, there remains in N the

*These problems and also the .occurrence of  surface waves on
passage through and reflection from a shock wave and the role of
phase and group velocltlies have been examined by us in detail [1]




Therefore (M) is finite when s =,

frequency conversion with simultaneous amplification (attenuation) of

solution k(+ iq','g) » and 1n ﬁ = ¥(— 1q, @) > representing a surrace wave.

e ' ‘
‘ bl Gy Kool e (en) -

Po

The expression ,:_.(..,,- .;_ma g,;,,agand the slow sound at the limit
glves the Alfven baric wave = L R ' .

u
i pu  sfO

The i“ormulas_for frequency drifts (.9) owing to the Doppler effect
and as a result of the conversion of some forms of perturbations to
other forms for normal incidence to shock waves were presented in our
article [1]. fThe frequency measurements can be used for the study of

shock waves. On the other hand, the effect of change of freguency .

with simultaneous {generally speaking not small) change of amplitudes

both toward a deciease and toward an increase is a new mechanism of
the signal . This pertains, of course, to low frequencles, where
magnetohydrodynamics 1s applicable.

We will introduce the coefficlents of passage for a normal inci-
dence of a signal to a perpendicular shock wave. For the fast shock
wave we have:

Ta-ig+Tyde-T; 3pur+ Tia Bl + Ty 3y +

FTs8p 2+ Tic 83l oy = 2 Up3ap=;

Ta=Gh Ta=1). Ti=()h. Tu=0:
Tis =14k, Un=—(})

: Ui.:_.i;'.n k='. e “. L’u:—vn.

The coefficlents of passage for incidence of the V¥ + wave
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" For incidence of the ¥_

. Hére

v . V4N TN {7+ 5,

i VOEN) TZINQGTFA)
S Y ‘”"+)—uv+m
3P’un A PATENRY :

=Tw FOX
wave

3piay A

(u M- At )-—HI‘II( —‘\"",)
p_q MNOT+AN) 1-—I(II+M‘\' L
' "-—-r[l 4-—u/x 1442208,
l—PT/rr(t)«f,./Np) r= (00) 8= ;,‘f'; ’

(29) -

( 3;6‘)

on ‘changing to ordinary hydrodynamics (N> 1, A—0) we obtaln

from expression (29) the coefficient of sound passage through a shock

wave [5]—.'
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