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ELECTROMAGNETIC METHOD OF MEASURING MASS VELOCITY
AND ELECTRICAL CONDUCTIVITY WHICH VARY ALONG THE STREAM

A, V, Pinaev UDC 53.082,7+538.4

1. A theory of velocity measurement in an MHD channel with allowance for nonuniformities of the mag-
netic field, mass velocity, and electrical conductivity across the channel is presented in [1, 2] in connection
with the problem of the electromagnetic measurement of flow rate. The solution of the problem of the electric
field distribution for a stream with a constant electrical conductivity and a mass velocity which varies along
the channel is presented in [2]. A method of electrical contact measurements is presented in [3, 4] which gives
a good enough resolution to obtain the profile of electrical conductivity which varies along the stream on the
example of a detonation wave in a solid explosive, and an estimate of the accuracy of the method is given, A
survey of electrical measurements of electrical conductivity is given in [5].

Noncontact methods of measurement, which are modifications of Lin's method [6], are unsuitable for
measuring the electrical conductivity of a medium when the velocity varies along its stream, The electrical
contact method [4] allows one to obtain the profile of electrical conductivity in a detonation wave with good spa-
tial resolution, but it does not yield any data on the mass velocity of the stream.

In a number of practical problems, such as in the case of the investigation of shock and detonation waves,
the dependence of the mass velocity and the electrical conductivity on the coordinate along the stream proves
important, The accuracy of the MHD contact measurement of a mass—velocity profile was estimated in [7]) and
it was shown that MHD contact measurements of the profile of electrical conductivity are possible when the
mass~velocity profile is not known in advance,

However, the MHD contact method is unsuitable for determining the mass-velocity profile when it varies
significantly along the stream, such as in a detonation wave, since the error of the velocity measurement is
large [7]. And for the same reason it is undesirable to use the method of electromagnetic measurements sug-
gested in [8] to determine the profiles of mass velocity and resistance in detonation waves,

In the present report a method of contact electromagnetic measurements is described and the conditions
for such measurements are found which allow one to eliminate the influence of the nonuniformity of the mass
velocity and electrical conduectivity on the accuracy of their determination,

2. A schematic diagram of the measurements is presented in Fig. 1. A medium with a mass velocity
v(z) and an electrical conductivity d(z), where z is the coordinate along the stream, propagates along the z,
axis of a channel of circular cross section with conducting walls, A coaxial conductor 1 is fastened at the cen~
ter of the channel. The channel consists of a cylindrical capacitor, the central 1 and outer plates 2 and 3 of
which serve as the electrodes. The outer plate is formed by two metallic cylinders separated by an insulating
spacer 4. The cylinders are electrically connected with each other by a connector 5.
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A pericdic (or constant) radial electric field and a constant (or periodic) magnetic field, the lines of
which consist of cylindrical circles with centers along the axis of the tube, are produced in the channel by the
outside electrical sources 6 and 7, With motion of the conducting medium from right to left in the cylinder 2 a
current flows between the electrodes 1 and 2, At the moment corresponding o the arrival of the leading
boundary of the conducting zone in the cylinder 3 a current starts to flow between the electrodes 1 and 3 through
the electrically conducting medium and between the cylinders 2 and 3 through the connector, The size of this
current grows up to the moment corresponding to the arrival of the trailing boundary of the conducting zone at
the cylinder 3.

Let us set up the problem of determining the profiles of mass velocity v(z) and electrical conductivity
0{z) using this scheme,

We will assume that the following conditions are satisfied:

1) 1, the characteristic time of variation of v(z) and o(z), considerably exceeds the half-period T/2 of vari-
ation of the external field, i.e., T>7T/2;

2) the displacement current in the conducting stream can be neglected, i.e,, ewe™ < 1, where e= Ey=
10%/367 F/m; w is the cyclic frequency of the external field, radians per second;

3) self-induction in the stream can be neglected, i.e., {(pow)-%*>> I, where pe py=4m« 1077 G/my R is the
inner radius of the cylinder, meters;

4) Ohm's law for the medium is written in the form j=c¢(E +vx B), i.e., the conductivity of the electri-
cally neutral medium is isotropic and does not depend on the magnetic field {((eB/m) Teo<1), where § is the cur-
rent density in the medium, amperes per square meter, E and B are the electric field strength, volis per
meter, and the magnetic field induction, teslas, in the stationary coordinate system; e and m are the electron
charge, coulombs, and mass, kilograms; 7 is the time between collisions of an electron with particles,
seconds;

5) the external magnetic field does not affect the motion of the medium and the magnetic field induced by
the moving medium is small compared with the external magnetic field, i.e., Re,, =povi«1, where [ is the
characteristic length of the conducting zone, meters;

6) the active and reactive resistance of the medium between the electrodes considerably exceeds the
resistance of the cylinders and the connection between them, i.e,, the central and outer plates of the cylindri-
cal capacitor are equipotential surfaces.

We note that the conditions 1-6 are satisfied simultaneously for a wide class of phenomena and consider-
ably simplify the stated problem,

Allowance for the conditions 2 and 3 allows us to simplify the Maxwell equations describing the electro-
magnetic field in the investigated medium, to introduce the electrical potential ¢ (E =—V}, and to obtain div
j=o.

From this, with allowance for the conditions 4 and 5, we obtain, in the cylindrical geometry under con-
sideration,

(zy =0 corresponds to the middle of the insulating spacer with a width b,

Representing the potential ¢ in the form ¢ =¢;+¢,, where ¢, is the potential in the absence of an insu-
lating spacer and @, is the distortion caused by the spacer, and satisfying the condition b/« 1, we find that @4
is a solution of the Laplace equation. Physically this means that the vectors Vo and V¢ are perperdicular



almost everywhere inside the cylinders (Vo+*V¢ =0): here, as in [4], the distortion of the electric field caused
by the nonuniformity of conduction along the stream is unimportant. By analogy with [4], to find ¢, we reduce
the problem to a plane one by requiring that b/R<« 1. Then the potential ¢, is the solution of the Laplace equa-
tion in the upper half~plane (x, y >0) with the boundary conditions

¢ =0 for [2]>b/2, y=0, g0 for 22 + y® — o0, /0y = —(Eg + er) for |x| <<b/2, y =0,

where Eg =U({t)/[R In (R/rp)); Ut) is the potential of the central electrode; r; is the radius of the central elec~
trode; eg =nvBg; Bg =(/27R)|1|; n=sign (vX B), The second boundary condition means that in this approxi-
mation the central electrode corresponds to y =,

Using the TFKP method [9], we determine that the distortion of the electric field near the inner surface
of the cylinder (y=0, |x| >b/2) is

E, =(Kp-|e 1— ‘-—Iz_x—z___*———- .
y = (Er R)( ng__(b/:)g)
The total electric field near the surface of the cylinder is E =Eg — Ey|y~ (a minus sign since ER =—Ey), The
total current to the wall of cylinder 3 is
13} Dt
i) = | jndS=2aR{ o)L +en®)a,
0

0

(2.1)

where D is the velocity of the wave front, In writing Eq. (2.1) it was understood that the resistance of the elec-
trical circuit through which the current i(t) flows is determined by the resistance of the conducting products,

Equation (2,1) can be rewritten in the form

Dt
1(t) = iy (8) + 81 () = 2R { 0.(§) [En + enl 05 + 8i (1),
! 1]

where

Dt b/e+Dt '
8i(f)=2aR [ 0 (}) Byt = 2aR | (b2 + Dt —2) Fy (z, y = 0) de.
0 ’ b/e
8i(n) _ 200(2) [Ep+ep(s)]
i (1) Lo (Ep+ ep)lmax
separated by a distance Dt from the wave front,

1 can be estimated that

9 . . . s
<. Here z is the coordinate in the cross section z,=b/2

Thus, 8i(t)/iy(t)<1, and with a sufficient degree of accuracy

Dt
i(t) > g (t) = 2nR | 0(8) En+ en(®] . _ (2.2)
0
Similarly, we can show that
Dt
i di
G0 o Do L onR (o) 1En+en (@) . (2.3)
0

asi(y /d . 2
since we have the estimate —%@—/ﬁ iy (t)é—li g B

We write Eq. (2.3) in the form

di, (1) dE B,

. Dt Dt
o =2nR{cr(z)D[ER+eR(z)] —|—7255I0(§) dE +—; njc(g)u(g)dg}. (2.4)
o [1}

The second and third terms on the right side of (2.4) depend on the profiles of mass velocity v and elec-
trical conductivity ¢ of the medium, not known in advance, and therefore to determine v and o we will consider
two cases of electromagnetic measurements:

a) Er(t)=E;sinwt, Br(t) =B, (E, and B, do not depend on time), and then with allowance for the condition
1 for atime t lying in the interval t, — t, =T/2 (where sinwt; =1 and sinwt,=~1) we obtain

By (dy +dy) d,—d, : (2.5)

- . 1
v =g —ay O = mror;
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Fig, 2

where d; = % e By virtue of the condition 6, the entire current i{t) flows between the cylinders through the
=t

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

b) Ex(t) =E;, BR(t) =B sinwt, and then

d,+d
v(5) = nBo((d 2'))' o) = Z??RT)Z‘?;' 26

The accuracy in determining the z coordinate in Eqs, (2.5) and (2.6) is determined by the spatial reso-
lution, the thickness b of the spacer.

3. Inthe investigation of rapidly occurring processes case "a" is preferable to case "b," since the
creation of powerful periodic magnetic fields is connected with far greater energy expenditures and technical
difficulties than the creation of periodic electric fields,

An example of an equivalent electrical circuit for case "a" is shown in Fig. 2, where C is a capacitor for
supplying the central electrode with a direct current I~10%-10% A (RC>» 7, I=Uqg/R); eR is the emf induced by
the motion of the medium; Z and Cp are the resistance of the conducting medium and the capacitance between

R
the central electrode and the cylinder 3 (Z ~ 5—13(—-”9)- !

y > Z\ e is an oscillator with a frequency w, con-
T Opax mCP /

nected in parallel with the capacitance C,; and the inductance 1,, for the creation of a periodic radial electric
field between the electrodes (ZC, > T, o~

, Ra & Z, where R, is the active resistance of the inductance

i71
Ly and the leads); Zp is the parasitic resistance due the closing of the space between the cylinders near the
insulating spacer by the electrically conducting medium; re and L, are the resistance and inductance of the
connector (Zp~ (2TRO)™, Zp»WLe, Z»WLe, Z>To).

Thus, the capacitance C,, and the closing of the cylinders by the electrically conducting products can be
peglected if one assures that (pr)"1>>Z and Zp~ Z.

With variation in the polarity of the central electrode an additional alternating current Ipe C dU(t)/dt~
CpwUy~107% A develops (v 210" rad/sec, U;210-100 V, Cp~ 107 F), Since Ip<I(I~ ~10°-101 A), one can
assume that the magnetic field inside the cylinders is determined by the direct current I only.

In an experiment, such as in an investigation of shock waves having a steep profile behind the front, one
must determine the influence of the boundary layer on the boundary conditions, For strong waves (D= 1-2°10°
m/sec) propagating in a gas under standard initial conditions, the flow in the boundary layer is turbulent and its
thickness is 6;=fRe~¥*~10"%R (for R~10"! m and I~ 10! m), where Re and 8 are the Reynolds number of the
stream and the coefficient for the turbulent boundary layer [10], respectively. Near the wall of the tube there
is a temperature boundary layer with a low conductivity but far thinner than the dynamic boundary layer [11], so
that one must expect that the influence of the contact resistance is unimportant in this case. As a result, we
can take Ep_s =ER and eg_g =eRr and write the expressions for the currem i(t) in the form of (2.1) and (2.2).

Then from Eqgs, (2.3) and (2.5) we obtain_an estimate for the error in measuring v and o2

Av ~ AE, + AB, A(d1+d2) A(d, —dy) (3.1)
v Ly B, d, +d, d—d, '

Ag AD | AB, | AG A

o — D TE, d, —d, I

The error in measuring each of the terms 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 electrical conductivity from Egs. (2.5) with
an error of 5-10%.

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 electrical con-
ductivity and velocity over the tube cross section,

Tor a detonation in tubes with a radius R~ 10"*-10"! m, propagating through a gas mixture and through
certain heterogeneous media, the characteristic parameters usually lie in the following region: o= 10-2-1
Q-1/m,1=107%-10"" m, v~ 10%-10" m/sec, 73107%-10"* sec, 7,,4107"2 sec. The actual sizes of cylinders are
loy121 m and the thickness of the insulating spacer is b 10"§-1 mm with the condition b/l ~10~2, If one
creates a magnetic field with an induction B~10"2-10"! T inside the cylinders and chooses an electric field
frequency of ~10°-10" Hz, then one can satisfy the conditions 1~6 and measure the profiles of mass velocity
and electrical conductivity in a detonation wave, In this case the error must be calculated with allowance for
the departure of the conditions from ideal and additional calibration on shock waves must be used.

For processes with slower variation of v and ¢ along the flow (T>10"¢ sec) the region of measurement of
the characteristic parameters of the medium is considerably expanded and the conditions for the application of
the given method are improved.
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