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E L E C T R O M A G N E T I C  M E T H O D  OF M E A S U R I N G  MA S S  V E L O C I T Y  

A ND E L E C T R I C A L  C O N D U C T I V I T Y  W H I C H  V A R Y  A L O N G  T H E  S T R E A M  

A.  V.  P i n a e v  UDC 53.082.7+538.4 

1. A theory  of veloci ty measu remen t  in an MHD channel  with allowance for  nonuniformit ies  of the mag- 
netic field, mass  veloci ty,  and e l ec t r i ca l  conductivity ac ross  the channel is presented  in [1, 2] in connection 
with the problem of the e lec t romagnet ic  measuremen t  of flow ra te .  The solution of the problem of the e lec t r i c  
field dis t r ibut ion for  a s t r e a m  with a constant e l ec t r i ca l  conductivity and a mass  velocity which var ies  along 
the channel is presented  in [2]. A method of e l ec t r i ca l  contact  measuremen t s  is presented in [3, 4] which gives 
a good enough reso lu t ion  to obtain the profi le  of e l ec t r i ca l  conductivity which var ies  along the s t r e a m  on the 
example of a detonation wave in a solid explosive,  and an es t imate  of the accuracy  of the method is given. A 
survey  of e l ec t r i ca l  measu remen t s  of e l ec t r i ca l  conductivity is given in [5]. 

Noncontact methods of measuremen t ,  which are  modifications of Lin ' s  method [6], are unsuitable for  
measur ing  the e l ec t r i ca l  conductivity of a medium when the velocity va r ies  along its s t r eam.  The e l ec t r i ca l  
contact  method [4] allows one to obtain the profi le  of e l ec t r i ca l  conductivity in a detonation wave with good spa-  
t i a l  resolu t ion ,  but it does  not yield any data  on the mass  veloci ty of the s t r eam.  

In a number of p rac t ica l  p roblems,  such as i n th e  case  of the investigation of shock and detonation waves,  
the dependence of the mass  veloci ty and the e l ec t r i ca l  conductivity on the coordinate  along the s t r e a m  proves 
important .  The accuracy  of the MHD contact  measuremen t  of a m a s s - v e l o c i t y  profi le  was es t imated  in [7] and 
it was shown that  MHD contact  m e a s u r e m e n t s  of the profi le  of e l ec t r i ca l  conductivity are  possible when the 
mass -ve loc i ty  profi le  is not known in advance. 

However,  the MHD contact  method is unsuitable for  de te rmin ing  the mass -ve loc i t y  profi le  when it var ies  
significantly along the s t r eam,  such as in a detonation wave, since the e r r o r  of the velocity measu remen t  is 
large  [7]. And for  the same r ea son  it is undesirable  to use the method of e lec t romagnet ic  measuremen t s  sug- 
gested in [8] to de te rmine  the prof i les  of mass  veloci ty and re s i s t ance  in detonation waves.  

In the present  r epo r t  a method of contact  e lec t romagnet ic  measu remen t s  is descr ibed  and the conditions 
for  such measu remen t s  are  found which allow one to el iminate the influence of the nonuniformity of the mass  
veloci ty  and e l ec t r i ca l  conductivity on the accuracy  of the i r  de terminat ion.  

2. A schemat ic  d iagram of the measu remen t s  is presented  in Fig.  1. A medium with a mass  veloci ty 
v(z) and an e l ec t r i ca l  conductivity a(z), where  z is the coordinate  along the s t r eam,  propagates  along the z 0 
axis of a channel of c i r cu l a r  c ro s s  sect ion with conducting walls .  A coaxial  conductor  1 is fastened at the cen-  
t e r  of the channel. The channel consis ts  of a cy l indr ica l  capaci tor ,  the cen t ra l  1 and outer  plates 2 and 3 of 
which se rve  as the e l ec t rodes .  The outer  plate is fo rmed  by two metal l ic  cy l inders  separa ted  by an insulating 
space r  4. The cy l inders  are  e l ec t r i ca l ly  connected with each other  by a connector  5. 
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222 0021-8944/81/2202- 0222507.50 �9 1981 Plenum Publishing Corpora t ion  



/4 j.2 
/ / f  . ( ' ~ . / / / / / / ,  r / l % ~ - / / , . . / / . . /  v 

Z, 3 

Fig .  1 

A per iodic  (or constant) r ad ia l  e l ec t r i c  field and a constant  (or periodic) magnet ic  field,  the l ines of 
which cons is t  of cy l indr ica l  c i r c l e s  with cen te r s  along the axis of the tube, a re  produced in the channel by the 
outside e l e c t r i c a l  sources  6 and 7. With motion of the conducting medium f r o m  r ight  to left in the cyl inder  2 a 
cu r r en t  flows between the e l ec t rodes  1 and 2. At the moment  cor responding  to the a r r i v a l  of the leading 
boundary of the conducting zone in the cyl inder  3 a cur ren t  s t a r t s  to flow between the e l ec t rodes  ! and 3 through 
the e l ec t r i ca l ly  conducting medium and between the cy l inders  2 and 3 through the connector .  The s ize  of this  
cur ren t  grows up to the moment  cor responding  to the a r r i v a l  of the t ra i l ing  boundary of the conducting zone at 
the cyl inder  3. 

Let  us set  up the p rob lem of de te rmin ing  the prof i les  of m a s s  velocity v(z) and e l ec t r i c a l  conductivity 
q(z) using this s cheme .  

We will a s sum e  that the following conditions a re  sat isf ied:  

1) r, the c h a r a c t e r i s t i c  t ime  of var ia t ion  of v(z) and q(z), cons iderably  exceeds  the ha l f -pe r iod  T/2 of v a r i -  
ation of the ex te rna l  field, i .e. ,  r>>T/2; 

2) the d i sp lacement  cu r r en t  in the conducting s t r e a m  can be neglected, i .e. ,  c ~ - i < < l ,  where  a ~  c o = 
10-~/36w F/ml  w is the cycl ic  f requency of the ex te rna l  field,  rad ians  per  second; 

3) se l f - induct ion in the s t r e a m  can be neglected,  i .e. ,  (9g(,))_1/~ >> R, where  ~ ~0 =4~ �9 I0  -7 G/m; R is the 
inner  rad ius  of the cyl inder ,  m e t e r s ;  

4) Ohm's  law for  the medium is wr i t ten  in the f o r m  J =g(E + v x  B), i .e. ,  the conductivity of the e l e c t r i -  
ca l ly  neut ra l  medium is i so t ropic  and does  not depend on the magnet ic  field ((eB/m)rco<<!) ,  where  J is the cu r -  
ren t  densi ty  in the medium,  a m p e r e s  per  square  me t e r ,  E and B are  the e lec t r i c  field s t rength ,  volts per  
me t e r ,  and the magnet ic  field induction, t e s l a s ,  in the s ta t ionary  coordinate  sys tem;  e and m are  the e lec t ron  
charge ,  coulombs,  and m a s s ,  k i lograms;  rco is the t ime  between col l is ions of an e lec t ron  with p ~ t i c l e s ,  
seconds;  

5) the ex te rna l  magnet ic  field does not affect the motion of the medium and the magnet ic  field induced by  
the moving medium is s m a l l  com pa red  with the ex te rna l  magnet ic  field, i .e. ,  Rem=t tov l<<l  , where  i is the 
c h a r a c t e r i s t i c  l e n ~ h  of the conducting zone, me t e r s ;  

6) the act ive and r eac t ive  r e s i s t a n c e  of the medium between the e l ec t rodes  cons iderably  exceeds  the 
r e s i s t a n c e  of the cy l inders  and the connection between them,  i .e. ,  the cen t ra l  and outer  plates of the cy l indr i -  
cal  capac i to r  a re  equipotent ial  s u r f a c e s .  

We note that  the conditions 1-6 a re  sa t is f ied s imul taneous ly  for  a wide c l a s s  of phenomena and cons ide r -  
ably s impl i fy  the s ta ted p rob lem.  

Allowance for  the conditions 2 and 3 allows us to s impl i fy  the Maxwell equations descr ib ing  the e l e c t ro -  
magnet ic  field in the invest igated medium,  to introduce the e l ec t r i c a l  potential  ~o(E = - V ~ ) ,  and to obtain div 
J=0. 

F r o m  th is ,  with al lowance for  the conditions 4 and 5, we obtain, in the cy l indr ica l  geome t ry  under con- 
s idera t ion ,  

t 0 a  0q) ~ 0 
A~I~ + ~ o% oz o 

(z 0 = 0 c o r r e s p o n d s  to the middle of the insulating space r  with a width b). 

Rep re sen t i ng  the potent ial  ~ in the f o r m  ~ =~0 +~ot, where  go 0 is the potential  in the absence of an insu- 
lat ing s p a c e r  and go 1 is the d is tor t ion  caused by the space r ,  and sa t i s fy ing the condition b/l<<1, we find Chat q~l 
is a solution of the Laplace  equation. Phys ica l ly  this  means  that the vec to rs  Vq and V~ are  perpendicular  
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almost  everywhere  inside the cyl inders  (Va.V~0 =0): here,  as in [4], the dis tor t ion of the electr ic  field caused 
by the nonunfformity of conduction a longthe  s t r eam is unimportant.  By analogy with [4], to find ~1 we reduce 
the problem to a plane one by requir ing that b/R<<1. Then the potential ql is the solution of the Laplace equa- 
t ion in the upper half-plane (x, y > 0) with the boundary conditions 

q)l ----- 0 for [x] > b/2, y -- 0, r "+ 0 for x ~ -{- y2 ~ oo, O%/Oy ----- ~ ( E R  + eR) for Ixl < b/2, y = O, 

where E R =U(t)/(R In (R/r0)); U(t) is the potential of the centra l  electrode;  r 0 is the radius of the centra l  e lec-  
t rode;  e R =nvBR; B R =(p/2~rR)]I[; n=s ign  (v• B). The second boundary condition means that in this approxi-  
mation the centra l  e lectrode cor responds  to y =~ .  

Using the T F K P  method [9], we determine that  the dis tor t ion of the e lec t r ic  field near the inner surface 
of the cyl inder  (y=0,  Ix[ >b/2) is 

E,a (En_l_en) ( i  x ) 
1/x" - -  ( b / 2 )  ~ 

The total e lect r ic  f ield near the surface of the cyl inder is E =E R - Eyly= 0 (a minus sign since E R = - E y ) .  The 
to ta l  current  to the wal l  of cyl inder 3 is 

s(t) Dt 

~(t) = j" ]~,dS = 2~R S ~(~)[E + e,~(~)l cl~, (2.1) 
0 0 

w h e r e  D is the  ve loc i ty  of the  wave  f ron t .  In w r i t i n g  Eq.  (2.1) it was  under s tood  tha t  the r e s i s t a n c e  of the  e l e c -  
t r i c a l  c i r cu i t  t h rough  which  the  c u r r e n t  i(t) f lows is d e t e r m i n e d  by the  r e s i s t a n c e  of the  conduct ing  p r o d u c t s .  

Equation (2.1) can be rewri t ten  in the fo rm 

Dt 

i (t) = ~o (t) + 8t (t) = 2:~R ~ z (D [En + enl d~ + 8~ (t), 
o 

w h e r e  

Dt  b/2+Dt 

fii (t) = 2aR S (~ (~) Evd~ = 2nR j' z (b/2 + Dt --  x) Ey (x, y = O) dx. 
0 b/2 

~i (t) 2ba (z) [E R + eR (z)] 2b 
It can be est imated that ~ ~ l[a(En_i.e~)]max ~ - 7 - .  Here z is the coordinate in the c ross  sect ion z0=h/2 

separated by a distance I~ f rom the wave front~ 

Thus,  6i(t)/i0(t)<<l , and with a sufficient degree of accuracy  

Dt 

i(t) ~ io(t ) = 2~R .I' (~(~) [ E n +  en(~)l d.L 
o 

(2.2) 

Similar ly ,  we can show that 

Df 
di ( t )  dio ( t )  d 

o 

since we have the es t imate  dt ]dt  ~ - l -  << |" 

We write Eq. i2.3) in the f o r m  

{ i } dio ( t)  : d B  R 
dt = 2aR ~(z)D[ER+eR(z)] + ~ (~) d~ + T n o(~)v(~)d~ . 

o o 

(2.3) 

(2.4) 

The second and third t e r m s  on the right side of (2.4) depend on the profiles of mass  velocity v and e lec-  
t r i ca l  conductivity ~ of the medium, not known in advance, and therefore  to determine v and ~ we will consider  
two cases  of e lec t romagnet ic  measurements :  

a) ER(t )=E 0 sint0t, BR(t)=B 0 (E 0 and B 0 do not depend on t ime),  and then with allowance for the condition 
1 for  a t ime t lying in the interval  t 2 - t  I =T/2  (where sinc0t I =1 and sinwt 2 = - 1 )  we obtain 

v (z) = E~ (~' + d~) d, - a~ (2.5) 
nB o (d 1 -  d~)' (~ (z) = 4nBDEo , 
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where  dj = ~i- t=ti" By vir tue of the condition 6, the ent i re  cur ren t  i(t) flows between the cyl inders  through the 

connector .  The quantity di/dt can be measured ,  for  example,  by record ing  the voltage in a toro ida l  coil  looping 
the connector  or  by record ing  the voltage developed in the connector  due to its self- inductance;  

b) ER( t )=E 0, BR(t)=B 0 sinoJt, and then 

E0 (dl -- d:) (~ (z) = dl § d~ (2.6) 
v (z) = . B  ~ (d 1 § d~) ' 4 % ~ - ~  0 

The accuracy  in de te rmining  the z coordinate in Eqs.  (2.5) and (2.6) is de termined  by the spatial  r e s o -  
lution, the thickness  b of the spacer .  

3. In the invest igat ion of rapidly occur r ing  p roces se s  case  "a" is preferable  to case "b," since the 
c rea t ion  of powerful  periodic magnetic f ields is connected with far  g r ea t e r  energy expendi tures  and technical  
diff icult ies than the c rea t ion  of periodic e lec t r i c  fields.  

An example of an equivalent e l ec t r i ca l  c i rcui t  for  case "a" is shown in Fig.  2, where  C is a capaci tor  for  
supplying the cen t ra l  e lec t rode  with a d i rec t  cu r ren t  I~  103-104 A (RC >> v, I=Uc/R) ;  e R is the emf induced by 
the motion of the medium; Z and Cp are the r e s i s t ance  of the conducting medium and the capaci tance between 

the cen t ra l  e lec t rode  and the cyl inder  3 (Z ~. _ _ / i n n  ffmax(1-:l/r0) ' ~Cip >> Z); ~ is an osc i l la tor  with a f requency o~, con- 

nected in para l le l  with the capacitance C 1 and the inductance L1, for  the crea t ion  of a periodic radia l  e lec t r i c  

field between the e lec t rodes  (ZC, >> T. ~0 _~ i Ba << Z, where R a is the active r e s i s t ance  of the inductance 
�9 

L 1 and the leads); Zp is the paras i t ic  r e s i s t ance  due the closing of the space between the cyl inders  near  the 
insulating space r  by the e lec t r i ca l ly  conducting medium; r c and L c are  the res i s t ance  and inductance of the 
connector  (Zp~ (2~rRq) -1, Zp>>WLc, Z>>WLc, Z>>rc). 

Thus,  the capaci tance Cp and the closing of the cyl inders  by the e lec t r i ca l ly  conducting products can be 
neglected ff one assures  that (WCp)-l>>Z and Zp~  Z. 

With var ia t ion in the polar i ty  of the cen t ra l  e lec t rode  an additional al ternat ing cur ren t  In~ CndU(t)/dt 
CpOgU0~ 10 -2 A develops (w~107 rad / sec ,  U0~10-100 V, C p ~ 1 0  -11 F).  Since Ip<<I (I ~103-104 A) , o'ne can 
assume that  the magnetic field inside the cyl inders  is de termined by the d i rec t  cu r ren t  I only. 

In an exper iment ,  such as in an investigation of shock waves having a s teep profi!e behind the front ,  one 
must de te rmine  the influence of the boundary layer  on the boundary conditions. F o r  s t rong waves (D~ 1-2" 103 
m/sec)  propagsting i n a  gas under s tandard initial conditions, the flow in the boundary layer  is turbulent  and its 
thickness  is ~l =flRe-YS~ 10-2R (for R ~ 10 -1 m and l ~ 10 -i  m), where Re and fi are  the Reynolds number of the 
s t r e a m  and the coefficient  for  the turbulent  boundary layer  [10], respec t ive ly .  Near  the wall of the tube the re  
is a t empera tu re  boundary layer  with a low conductivity but far  th inner  than the dynamic boundary layer  [11], so 
that one must  expect  that the influence of the contact r e s i s t ance  is unimportant in this case.  As a resul t ,  we 
can take ER_ 5 =E R and eR_ 6 =e  R and wri te  the express ions  for  the curren~ i(t) in the fo rm of (2.1) and (2.2). 

Then  f r om Eqs.  (2.3) and (2.5) we obtain an es t imate  for  the e r r o r  in measur ing  v and a: 

Av h E .  AB 0 A (d 1 § d~) a (d 1 - -  d2) ' (3.1) 
v - -  d 1 § d 2 d 1 - -  d~ 

_Ao AD _4E 0 A (d  1 - -  do) 2h 

+ + T .  
The e r r o r  in measur ing  each of the t e r m s  appearing in (3.1) can be made equal to 1-2%, and the proposed 
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method allows one to determine the profiles of mass velocity and electr ical  conductivity f rom Eqs. (2.5) with 
an e r r o r  of 5-1~o. 

The use of this method for detonation waves requires  the analysis and estimation of the influence of the 
non-one-dimensionality of the wave structure leading to nonuniformity in the distribution of e lectr ical  con- 
ductivity and velocity over the tube cross  section. 

For  a detonation in tubes with a radius R ~ 10-2-10 -1 m, propagating through a gas mixture and through 
certain heterogeneous media, the character is t ic  parameters  usually lie in the following region: ~ 10-2-1 

- l /m,  l ~ 10-~-10 -1 m, v ~ 10~-10 ~ m/sec, r~ 10-%10 -4 sec, r~o~ 10 -12 sec. The actual sizes of cylinders are 
l_ . l f l  m and the thickness of the insulating spacer is b~  10-~-1 mm with the condition b/l ~ 10 -2. If one uy~ 
creates  a magnetic field with an induction B ~ 10-2-10 -i  T inside the cylinders and chooses an electr ic  field 
frequency of ~ 106-107 Hz, then one can satisfy the conditions 1-6 and measure the profiles of mass velocity 
and electr ical  conductivity in a detonation wave. In this case the e r r o r  must be calculated with allowance for 
the departure of the conditions from ideal and additional calibration on shock waves must be used. 

Fo r  processes  with slower variation of v and a along the flow (r>10 -4 sec) the region of measurement of 
the character is t ic  parameters  of the medium is considerably expanded and the conditions for the application of 
the given method are improved. 
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