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A genera l  theory  of the nonsta t ionary  Doppler  effect ,  which or ig ina tes  dur ing wave passage  
through a m ed i um  whose p rope r t i e s  v a r y  in t ime ,  is  elucidated. Relat ions  a r e  obtained for the 
f requency shift  and phase  d i f fe rence ,  and numer i ca l  e s t i m a t e s  a r e  made  in an example  of u l t r a -  
sonic osci l la t ions .  The advantages  of methods  of invest igat ion and control  based  on the effect  
under cons idera t ion  a r e  shown. 

In invest igat ing and control l ing different  phys icochemica l  and technological  p r o c e s s e s  of modern  p roduc -  
tion, it is  n e c e s s a r y  to know not only the magni tudes  of the di f ferent  phys icochemica l  p a r a m e t e r s  of the medium 
being control led in many  c a s e s ,  but also the i r  r a t e  of change in t ime.  This  is espec ia l ly  cha rac t e r i s t i c  for  new 
highly intensive technological  p r o c e s s e s  which a r e  being introduced, for  nons ta t ionary  methods of de te rmin ing  
the phys icochemica l  p r o p e r t i e s  of subs tances ,  etc.  In format ion  about the ra te  of change of the p a r a m e t e r  being 
control led  in these  c a s e s  is  often m o s t  impor tan t  and s o m e t i m e s  even sufficient.  

However ,  it should be  noted that  informat ion  about the r a t e  of the p r o c e s s  is o rd inar i ly  obtained by r e -  
cording the dependence of values  of the p a r a m e t e r s  being control led and different ia t ing this  dependence with 
r e s p e c t  to t ime.  Such a method conceals  sources  of e r r o r .  F i r s t ly ,  the opera t ion  of d i f ferent ia t ion  i tse l f  i n t ro -  
duces  an addit ional e r r o r  when the analyt ic  fo rm of the functional dependence of the p a r a m e t e r  being con-  
t ro l led  on the t i m e  is unknown. Secondly, iner t i a  of the t r ansduce r  which yie lds  the information about the m a g -  
nitude of the p a r a m e t e r  being control led is man i fes ted  in rap id ly  varying p r o c e s s e s .  I f  the t r ansducer  is in-  
s e r t ed  in the med ium being invest igated,  and is in contact  with it, then by its p r e sence  it, as  a rule ,  a l r eady  
d i s to r t s  the p a r a m e t e r  field of the medium being investigated.  Moreover ,  it a lways p o s s e s s e s  an intr insic  
t ime  constant ,  Le. ,  an in t r ins ic  iner t ia .  Hence,  for  a nonsta t ionary p r o c e s s  the t r ansduce r  readings  always 
dev ia te  f rom the r e a l  values  of the p a r a m e t e r  under investigation.  Questions of the t h e r m a l  iner t ia  of contact  
t h e r m a l  de t ec to r s  a r e  examined in deta i l  in [1-3], e tc . ,  for example.  It  follows f rom these  that an exact  ana -  
lyt ic  accounting of the e r r o r s  in m e a s u r i n g  nonsta t ionary  t e m p e r a t u r e s  is p rac t i ca l ly  imposs ib le  because  of 
the abundance of f ac to r s  which a r e  difficult  to take into account,  such as the complex  nature  of heat  exchange,  
the complexi ty  of  the geome t ry ,  the dynamica l  e r r o r s  a s soc ia ted  with the heat ing r a t e ,  the difficulty in e s t i -  
mat ing  the t h e r m a l  r e s i s t a n c e  of the contact  l aye r ,  etc.  

Hence,  in addition to a fu r ther  improvemen t  in contact  methods  (miniatur izat ion,  s t r i c t  theore t ica l  a c -  
counting of e r r o r s ) ,  the deve lopment  of nondest ruct ive  low- iner t i a  methods  of invest igat ing and control l ing d i f -  
ferent ,  pa r t i cu l a r ly  t he rm a l ,  nonsta t ionary  p r o c e s s e s  s e e m s  promis ing .  One such method is that which is 
based  on the use of the nons ta t ionary  Doppler  effect.  

The effect  mentioned is  considered in [4] for the case  of d i s c r e t e  s ignal  propagat ion  in a homogeneous 
medium.  Let  us examine  it for  continuous waves .  

If a plane wave is propagated  along a ce r t a in  x axis  in a homogeneous medium,  then any phase sur face  
wil l  a lways r e m a i n  plane and perpendicular  to the x axis.  Let  us examine  a ce r t a in  sect ion of the medium in 
the x - ax i s  d i rec t ion  which is included between the coordinate  x 1 and x2, where  L = x2 - xl is the sect ion 
length. Let  us a s s u m e  that  the veloci ty  of wave propaga t ion  in the medium depends on the t ime  v = v(~-), where  
the function v(~-) is continuous and integrable .  

If the phase  plane of a wave with the phase  ~ a t  the t ime  ~ 1 should enter  the sect ion of the medium under 
cons idera t ion  and should leave it at  the t ime  T2, then it is evidently poss ib le  to wri te  
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L = f v(,) d'~. (1) 
"r 

Furthermore, let the phase plane with phase ~ + A~  enter the section at the t ime ~1 + AT~ and leave i t  at the 
t ime T~ + Av9., then analogously 

XzVcAr 
L= ~ v(~)d% (2) 

~,+Act 

and, the re fo re ,  the equal i ty 

"i v(,) & = "'-~a"o (,) a~ (a) 

is valid for  L = const ,  f r om which the re  follows 

Applying the t heo rem  of the mean ,  we obtain 

"r 
.f v (~) dT. (4) 
'Ca 

v (q) a ,~  = o (~) A,2, (5)  

where  r l  - ~1 -< r~ + Ar~; r 2 ~ ~t _~ T2 + AT2. 

We a r e  in te res ted  in the dependence of AT 2 o n  AT1, which c h a r a c t e r i z e s  the re la t ion  between per iods  or  
the f requencies  of  the s a m e  wave enter ing into and leaving f rom the sec t ion  under considerat ion.  We shal l  
hencefor th  consider  the veloci ty  of wave propagat ion  not to v a r y  in t ime  outside the sect ion (xl, xz ) under con-  
s iderat iorb i .e. ,  the f requency of the wave en te r ing  the sec t ion  a g r e e s  with the f requency of the osci l la t ions  
being emit ted f0 (we cons ider  it cons tant ) ,  and the f requency of osci l la t ion a t  the point x = x z a g r e e s  with the 
f requency being r ece ived  by  the de tec tor ,  which we denote by f(T) .  Le t  us wr i t e  the  obvious re la t ionsh ip  

where  Tz -< 0 < r2 + Avz. We hence obtain 

A~ ~ 2nf0A~i = 2nf O) Az,, 

A T 2 =  f0 
A,, I tO) 

Passing to the l imi t  as Aq -* 0 (hence ATI -* 0, Avz -- 0), we obtain 

lim 5 %  _ fo 
a , , - o  A , l  f(T2) 

On the other  hand, i t  follows f rom re la t ionship  (5) that  

lira A'r,. = v ('q_~) 

T h e r e f o r e  

(6) 

(7) 

(8) 

( 9 )  

f(n) = fo v(~2) (I0) 
v (~t) 

The frequency shif t  at an a r b i t r a r y  t ime  r equals 

[ v(~)  I Af(x)=f(z)--fo= [ v(x--%) l j  (ii) 
/0 - - - -  ~ 

where r = v2, �9 - T3 = vl, T3 = r2 - vl are the times of passage of a wave intersecting the boundary x = x2 at 
the time T, over the section (xl, x 2) of the medium being controlled (delay time). 

Relationship (11) is exact, but inconvenient to use in practice since the instantaneous values of the wave 

propagation velocity must be known at the time of crossing the boundaries of the section under consideration. 

However, if the section dimensions are such that the wave velocity during the crossing varies insignificantly, 

i .e., 

Av = v (T) - -  v (~ - ~) ~ v (~), (12) 

then  it can be a s sumed  with sufficient  a ccu racy  that  
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and then we finally obtain 

dv L (13) 
v ~ - ~ ) = v ( ~ )  ~ - ~ ,  ~ =  v(~) 

Af (x) = foL do 
v 2 (~) d~ (14) 

As is seen f rom (11) and (14), the effect  being descr ibed  is  substantial ly nonsta t ionary,  axid due to the change 
in t ime of the p rope r t i e s  of the medium affect ing the wave propagat ion velocity.  It  mus t  be emphasized that 
these  re la t ionships  have been  obtained under the assumption L = const ,  i .e . ,  t he re  is no ord inary  (kinematic) 
Doppler effect .  

In addition to the f requency shift  described~ a change in wave propagation veloci ty in a medium evokes 
the appearance  of an additional phase d i f ference  equal to 

A~ (~) = 2~ ~!Af (~) & 2~f0Ao (~) (15) 
Vo [vo + ~v (~)1 ' 

0 

where  z = 0 is  taken as  the or igin and v0 is  the mean  veloci ty  of wave propagation in the medium co r r e spond-  
ing to this  t ime  (initial ve loc i ty) .  

Relat ion (15) is exact.  Let  us also note that (11), (14), and (15) a r e  valid for any waves independently of 
the i r  nature  (e last ic ,  e lec t romagnet ic ,  light, t r a n s v e r s e ,  longitudinal, sur face ,  etc.). 

In the genera l  case ,  the effects  cons idered  can be caused by a s imultaneous change in a number  of phys-  
ical  p a r a m e t e r s  K~, K2, K s , . . .  ,Kn which influence the veloci ty  of wave propagatiom In this  case,  by cons id-  
e r ing  the i r  Changes continuous~ we can wr i te  

d K ~ , d ~  ' 
~=: ~=1 ( 1 6 )  

n 

d_v_v = ~ d ig  
d~ ~ .... b~ dr, 

Let  us examine the case  when only one physical  p a r am e te r  K va r i e s ,  which might  be the t empera tu re ,  
p r e s s u r e ,  concentrat ior~ etc. If its range  of var ia t ion  is  slight~ then dependence v(K) can be  assumed lirmar 
with sufficient  accuracy ,  i.e.~ dv/dK = b = const ,  and we eas i ly  obtain f rom (14) and (15): 

dK v 2 
- -  = - -  A L  ( 1 7 )  

d'~ foLb 

v~A~ 
AK = (18) 

b (2~[oL - -  vohq~) 

As is seen  f rom these  las t  re la t ionships ,  the f requency shift  yields informat ion about the r a t e  of change 
of the physical  p a r a m e t e r  being control led,  while the additional shift  in the phase d i f ference  yields in fo rma-  
t ion about the magnitude of its change. Simultaneous record ing  of the t ime dependence Af and A ~ yields c o m -  
plete informat ion about the dynamics  of the p rocedure  of the p rocess  under investigation. 

The reso lu t ion  of methods of investigation and control  based on the effect  descr ibed  is de termined  by  the 
accu ra c y  of measur ing  the f requency and phase shLffs. The nonstat ionary Doppler effect  for continuous u l t r a -  
sonic osci l lat ions of 1-  and 5-MI-Iz f requency is used [5-9]. The measur ing  sys tems  were  const ructed by us -  
ing the principIe of mult ipl icat ion of the f requency shift  or  the phase shift  10 n t imes ,  where n = 1, 2, 3 , . . .  
(the pr inciple  of f requency mult ipl icat ion with subsequent heter0dyne conversion).  The sys tem opera tes  r e l i -  
ably for  a 104 t imes  multiplication.  The e r r o r  in measur ing  the phase shift  is hence not m o r e  than 10 "2 de-  
g rees  of angle. The e r r o r  in measur ing  the f requency shift  depends on its magnitude and the measu remen t  
t imes  (averaging t ime);  however ,  it  is actually not difficult  to achieve conditions under which it will not exceed 
10 -4 Hz. Taking these  as  initial data,  let  us es t imate  the resolu t ion  of the f r e q u e n c y - p h a s e  methods. Let  us 
take the t e m pe r a tu r e  as  the p a r a m e t e r  being control led.  We take f0 = 106 Hz,  L = 0.2 m ,  v = 5" 103 m / s e e  
(metals) for  the numer ica l  es t imates .  The t e m p e r a t u r e  coefficient  of the ultrasound veloci ty  for  meta l s  is on 
the o rde r  of ] d v / d T  I = b = I m / s e e  "deg K. 

Substituting these  da ta  and the above-ment ioned e r r o r s  for  Af and A 9 into (17) and (18), we obtain the 
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minimal velocity and the magnitude of the temperatture change which can be recorded thus: 

d T ~ 10_2deg K/see. 6T ~3 .5 .  t0 -~ *~ 
d'c 

For fluids we take v = 1.5. l0 g m/ see  (water), b = 3 m/sec"  deg K~ then analogously 

dT 
~ 4.10 -4 degK/see,~3T~ 10 -~ *K. 

dx 

For gases we take v = 1340 m / s e e  {air), b = 0.6 m / s e c - d e g  K, L = 5 cm (for L = 0.2 m there will be 
strong damping in a i r  at the frequency f0 = 1 MHz)~ then 

dT 
- -  ~ 4.10 -4 deg K/sec,6T ~ 1.1.10 "4 *K 

dx 

It follows from the estimates presented that extremely slow processes  can be controlled by the ultrasonic f i e -  
quency-phase method by recording negligible changes in the parameter  being controUed. Let us note that the 
numbers presented are  not limits. The resolution can be elevated by going over to a higher frequency of the 
ultrasonic oscillations being emitted in the medium or by applying a greater  than 104 t imes multiplication of 
the f requency-phase  shifts. 

The upper bound of the measurements of the rate  of change of the parameter  being controlled is de te r -  
mined principally by the inertia of the acoustic channel, i.e., by the time the wave takes to pass the section of 
medium being controlled. For the values of v and L taken above for metals,  the delay time is ~3 = 4 .10  -5 
sec. This means that under these conditions nonstationary processes  causing frequency shifts to Afmax = 
l/T3 = 2.5" 104 Hz can be recorded by the method described. Performing the computation for the temperature  
by (17), we obtain 

( d ~ , )  ~3 .10  e deg K/see. 
m a x  

The corresponding values of (dT/dr)max for fluids and gases are  approximately two orders  of magni- 
tude lower. 

. 

Therefore ,  use of the nonstationary Doppler effect affords the possibility of recording practically arbi -  
t ra r i ly  rapid processes ,  including shocks, explosions, etc. 

It should certainly be kept in mind that the methods described cannot completely replace other existing 
methods. For instance, it is impossible to determine the nature of the change in a physical parameter  at some 
point of the object being investigated by using them; they afford the possibility of recording the rate and magni- 
tude of the change in just the mean value of the parameter  on the section of the medium under control but with 
great  accuracy. Fur thermore,  these methods permit  the measurement  of only excess values of the parameters ,  
and their changes from the beginning of the measurements.  The initial values must  be determined by other 
methods. Difficulties also occur in the use of these methods for media with high absorption of the probing 
waves (these a re  porous, friable media, certain plastics,  etc. for u l t r a sou~) .  At the same time, they possess 
a number of indubitable advantages, high accuracy, low inertia, noise rejection, the broad possibility of auto- 
mating the experiment, etc., which make their application and further development both urgent and promising. 

N O T A T I O N  

v, wave propagation velocity in the medium; x, coordinate; ~-, time; ~ ,  phase of the oscillations; f, f r e -  
qusncy (f0 and f are  the frequencies of the emitted and received oscillations, respectively); T~, delay time; 
T, temperature;  K, K1,.. �9 ,Kn, some physical parameters  of the medium affecting the wave propagation veloc-  
ity. 
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SOME C H A R A C T E R I S T I C S  OF A 

AN I N T E R E L E C T R O D E  I N S E R T  

A. S. S e r g i e n k o  

P L A S M A T R O N  WITH 

UDC 533.9.082.15 

A cri t ical  analysis of the cr i ter ion R* + Rb > 0 is made for a d c  electr ic  arc in the region of 
stable burning. The numerical  values of the dynamic factor are  determined and the dynamic 
cur ren t -vo l tage  character is t ic  is investigated. 

In [1, 2] the method of static cu r ren t -vo l t age  character is t ics  (SCVC) was used to establish the range of 
variation of the parameters  of a dc electr ic  arc  centered by a distributed air vortex along a discharge chamber 
with a sectioned (d s = 1 - 10 -2 m, n s = 3) interelectrode insert.  

Devices of this type give a U-shaped SCVC (R* a = d U a / d I  a > 0). This indicates [3] Chat current  amplifi- 
cation in the arc is due both to the dora in~t  increase in f lee-e lec t ron  concentration in comparison with the 
reduction of their  directional velocity (part with R* a < 0) and to the opposite relation of these character is t ics  
(part with R~ > 0). In part icular ,  in the considered plasma generator only the falling part  (Ra < 0) of the SCVC 
could be obtained owing to the limitations of the power su~pply (UL = 0-400 V; IL = 200 A). 

In this case,  in accordance with the Kauflnann stability cr i ter ion [4] 

a freely burning arc can exist for a long time only ff the electr ical  circuit  contains a series-connected ballast 
rheostat.  We will a ~ y z e  the validity of condition (1) for an arc operating in conditions of forced spatial s ta-  
bilizatiom Cri ter ion (1) is graphically illustrated in Fig. 1. 

All points with coordinates belonging to the plane situated on the right of the bent line R * - M - N  will 
correspond to stable regimes.  Since R* < 0~ the region ABC of existence of the arc  lies below the R b axis 
and well to the right of the interface MN(R b = -R*) .  Hence, although condition (1) is satisfied on the bounda- 
r ies  AB and AC (the boundary BC identifies the maximum permissible prolonged current  Ima x = 200 A of the 
experimental  device) the arc  is extinguished. This fact leads to the following conclusion: In the case of an 
electr ic  arc  spatially stabilized by a gas vortex cr i te r ion  (1) is a necessary,  but not sufficient, condition for 
its existence. It is probably the unsteady mechanism of interaction of the positive column of the arc and its 
electrode regions with the surrounding medium that is responsible for the observed anomaly at the boundaries 
of the region ABC and for its limited size. In the discharge chamber of a plasma generator there occur numer-  
ous intense thermal,  e lectr ic ,  and magnetohydredynamic processes  of a complex nature. I n  addition, the con- 
sidered picture is greatly complicated by their pronounced unsteadiness. 
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