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Sensor Design for an Electromagnetic Flow-Meter
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It is shown that in an electromagnetic flow meter the magnetic field strength, the number of turns
and gauge of coil wire may be computed when the inductive and resistive effects in the coil are equal in

magnitude.

1. Introduction

Several workers have published developments of
electromagnetic flow-meters'~® in recent times.
Aside from spar and discus shaped sensors, most
instruments can be broadly classified either as single
or double coil types, with excitation having the form
of either ac or switched dc. It is noted from the
published results that there is a wide range in coil
power and sensor sensitivity.
normalized to a coil power of IW, ratios as dis-
parate as 8'47 and 136'36 pV W/m/sec are obtained —
the higher efficiency figure relating to the lower
dissipation. The ratios are obtained considering
that the sensor sensitivity increases as the square
root of coil power and the difference in the obtained
ratios is traceable, therefore, to the sensor design.

Our work has been largely on double-coil ac
excited sensors and we intend to show here that for
this mode of excitation, several different factors like
wire gauge, number of turns, radius of coil, magni-
tude and frequency of coil current are interactive,
and when other parameters are restricted, it is
possible to obtain an increase in magnetic field by a
correct choice of the gauge and number of turns—
accounting for both the resistive and inductive effects
of the coil. More efficient coils are especially at-
tractive for field use as well as in situations demand-
ing long-term unattended operation.

2. Theory
Consider a coil sensor consisting of two plane
parallel coaxial coils, each of radius » and separated
by a distance equal to r (Helmholtz coils). By
Faraday's law of induction, the voltage ¥; induced
in a pair of electrodes lying in a plane parallel to and
midway between the coils is given by:
Vi = uBl (1)
‘where [ is the distance between the electrodes and u,
the flow velocity of sea-water (say) is orthogonal to

If the sensitivities are _

B, the magnetic flux density produced by the current
flowing in the coils, and to Vi the induced
voltage.

The sensitivity V;/u defined as the voltage induc-
ed at the electrodes per unit velocity flow 1is, there-
fore, directly dependent on Band /. Thus optimizing
the flux density B, provides a method of increasing
the sensitivity of the flow sensor.

The magnetic field (B) produced by two narrow
Helmbholtz coils carrying a current /, and each having
N turns is well-known:
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B = cpo NI .-(2)

In most coil sensors, N is usually large (200 to
500 turns) and it is necessary to consider inductive
effects as important. A simple analysis of two series
excited coils each having inductance L, and resist-
ance R shows that the current J of frequency f lags
the total applied voltage Vo by the phase angle
tan™! (2= fL/R), and that the magnitude of the
current / is* ;

1 Vo
-9 (@« [P L2+ R
The value of L is obtained by substituting for the

various terms in the expression L = ¢r/I where ér
the total magnetic flux linkage is:
$r = poN*ar - [(1/2) + (1/2P°F] - T .. (4)
In Eq. (4), the first term in the square brackets is
the self-inductive contribution whilst the second
term is the contribution from the neighbouring coil.?
The expression for R 1s straightforward and is
given by

I (3)

29rp N
< - ()

where p is the resistivity of the coil wire (namely
copper), A is the cross-sectional area of the wire,
and wo = 4 7 X 1077 H.m.7! is the permeability of
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vacuum. Using Eq. (3)-(5) in Eq. (2) results ina
modified expression for the flux density B
02p Vo N
darr  [fE (0677 pomEN*+p N/ ATTE
- ...(6)
Eq. (6) shows clearly that Bis dependenton N, A4, r,
f, and Ve.

B=

3. Design Analysis

[n most electro-magnetic flow-meters, the para-
meters f, Vo, and r may have design constraints
imposed on them. For example, f may be fixed by
electronic design considerations, and Ve (and conse-
quently 7) may be limited by the battery supply
used. In a similar way, r could be restricted by the
constructional details of the flow-meter. We need, -
therefore, consider only, the eflfect produced on B
by changing N and 4. The dependence of B on N
for different cross-sectional areas (A4) is shown in
Fig. 1. These curves have been plotted using
r=092m,f=208Hz and Vo = 10V as repre-
sentative values of a flow-meter developed by one of
us (to be published). Also shown in Fig. 1 is the
dependence of the current I on N for the same
values of 4. [see Eq. (3)]. The information present-
- ed in Fig. | allows us to investigate the dependence
of magnetic flux density B on gauge cross-section A4
for a given rms value of current /. The latter
dependence is shown in Fig. 2 for’ representative
values of 7= 250 mA, and 600 mA. It is also
possible to extract the dependence of B on N at
constant { from the curves given in Fig. 1, as shown
in Fig. 3. The expected linear dependence is con-
sistent with Eq. (2).

The behaviour in Fig. 2 shows that no appreciable
change in B is obtained at large values of 4 in
contrast to the linear change for small values of A4,
A close examination shows that the knee point on
the graph at which the asymptotes to the two por-
tions of the curves intersect, takes place at a value of
B for which the two terms in the denominator of
Eq. (7) are equal to each other. Making use of this
fact, we have after rearrangement : ’

- p
N= 56Tur=4 (N
Similarly, equalizing the terms in the denominator
.of Eq: (3) and using Eq. (7), we have :
2 _4&[_1)2_1_ .
. A = Ge6Tmf Vs ~.(8)
The formulae (7) and (8) enable one to calculate the
number of turns N, and the wire gauge required in
the design of the sensor when the magnitude and
frequency of the maximum current allowable from a
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Fig. 1—Calculated dependence of magnetic flux density B
and current / on the number of coil turns N for different
gauges of coil wire (shown by numbers against each curve)
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Fig. 2—Calculated curves of magnetic flux density (B) as a

function of the cross-sectional area of coil wire (A) for

- constant rms values of the current (/) (The dotted lines are
the asyrmptotes to the branches of each curve)
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Fig. 3—Calculated dependence of magnetic flux density (B)
on coil turns (V) at constant rms values of the current (I)

supply voltage V is known. As an example, using
the values of r, f, and Vo quoted above and also
I = 250 mA, we have by substitution in Eq. (1),
(2), (7) and (8) :

N =663 turns. A4 = 46 x 100" m?® (SWG = 21),
B =163 x 1074 teslas, sensitivity =
m/sec and 176 W for the power dissipated in the
coils.

The physical picture of the origin of the ‘knee’ in
Fig. 2, may be given as follows. It arises when the
resistance and inductive reactance of the coil are
equal in magnitude. When such a balance exists,
the current / lags the applied voltage Vv by 45°,

and the power dissipated in the coils is Vo I/a/2

where Vo and I are the rms values of voltage and
current.

In the analysis above, it was assumed that the
Helmholtz coils were of sufficiently narrow cross-
section so as to justify the use of Bq. (2). In
practice, the large number of turns used, results in

1907 uV/

typical coil cross-sections of the order of 10-4m?, If
we consider a coil width equal to 10% of the coil
radius, then a corresponding percentage change in
flux density B is produced. The effect is small, and
may be neglected in the treatment above.

If the constraints on parameters r, f, and I are
removed, it would provide a means for increasing
the field strength and sensitivity still further. This
may be seen from Figs. 2 and 3 where large values
of B correspond to higher values of 7. In addition,
it is seen from Eq. (6) that B oc 1/r* f when the ex-
pressions for N and A4 from Egs.(7) and (8) are used.
Hence, a low frequency current and a smaller coil
ate favoured, but the obvious advantages of a small
coil are marked by the closer operation of the
electrodes [see Eq.(1)], thus reducing the overall
sensitivity. Also, at smaller coil radii, the effect of
coil thickness is more marked and the allowance
would have to be made in Eq. (1) for magnetic
fields.

4. Conclusion

It has been shown that a proper choice of the
gauge of wire and the number of coil turns can lead

to the construction of an efficient sensor. . The

resulting improvement in the sensitivity of the sensor
means that the power dissipated in the coils can be
usefully conserved without having to pump current
into the coils in order to increase its sensitivity.

. The saving of power is an important consideration

for portable field instruments, and more so in
oceanographic work where ocean current flows need
to be monitored continuously.
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