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A Magnetic Flowmeter with Conducting Pipe Wall

Hiro YAMASAKI, Satoshi HONDA ", Dongzhi JN™ and Chuji AKIYAMA®

Theinterna pipewall of magnetic flowmeters must have been non-conductive to prevent generated el ectromotive force from
short-circuiting. Usually the insde of metallic pipe is lined with insulating material. The lining limits applicable
temperature range of measured fluid and also its reliability. A new structure is proposed, in which the insulating liner is
eiminated. A potential distribution is formed on the pipe wall by applying voltage proportional to fluid flowrate. The
potential distribution is kept nearly identical to the flow-induced potentia in the fluid so that no current flows across the
boundary between fluid and the pipe wall. Therefore the output signal is exactly the same as that of conventional magnetic
flowmeters. In this paper theoretical analysis and experimental results are described.
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1 Introduction

The magnetic flowmeter is widely used in process
instrumentation as one of the major liquid flow metering
devices. Its obstruction-less structure and linear flow
characteristics are of great advantage in thisfield.

In some applications, however, a magnetic flowmeter
cannot be used due to its poor corrosion-proof
characteristics or the limited applicable temperature range
of the insulating material used as inside wall liner. The
insulating liner is necessary for detection of correct output
signals because it prevents short-circuiting of the flow-
induced dectric field.

Abrasion of the insulating liner changes the diameter of
the flow conduit, which may cause the error. The cost of
the lining process in manufacturing may be another
problem.

The objectives of thisinvestigation areto develop a new
magnetic flowmeter, which has metalic flow conduit
without any insulating liner, and to expand the applicable
area of magnetic flowmeters with improved reliability.

The principle of the proposed magnetic flowmeter is to
realize an equivalent boundary condition between fluid
and metallic pipe wall. A potential distribution is formed
on the pipe wall by applying dectric voltage proportional
to fluid flowrate.

The potential distribution on the wall is kept nearly
identical to the flow-induced potential in the fluid so that
no current flows across the boundary between fluid and the
pipe wall. Thus the boundary condition is kept equivalent
to that of non-conducting pipe wall automatically by the
use of eectronic servo techniques. Therefore the output
signa is exactly the same as that of conventional magnetic
flowmeters.

The first report of our study was presented to SICE
Annual Meeting in 1981, In this paper, our theoretical
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analysis is summarized and test results by experimenta
model are described.

2 Principles
2.1 Principle of magnetic flowmeters

When a conductive material is moving with velocity V
in a magnetic field B, Maxwdl’'s equations tell us an
electric potential U isinduced across the material as shown
in equation (1):

DU =div(V" B)=B rotV-V rotB (1)

Let us use Cartesian coordinate system X-Y-Z to
describe the arrangement of the meter, as shown in Fig. 1.

! Q(O, -a, 0)

(@) Coordinate system of (b) Flow pipe eectrodes
magnetic flowmeter having and magnetic field

circular flow conduit
Fig. 1

The inner radius of flow conduit is denoted by a. We
can assume that the flow velocity V has only one
component V in the direction of the Z-axis, and the flow
velocity profile being symmetrical to that axis. We can
also assume that the magnetic flux density B is uniform,
having a single component, B, in the direction of the X-
axis.

A pair of potential-sensing dectrodes are located at
P(0, a, 0) and Q(0, -a, 0) on the Y-axis, as shown in Fig.
1. Then the problem can be reduced to a two-dimensional
problem and can be reduced by utilizing a polar co-
ordinate syssem using r and f . Then, the equation (1) can
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be smplified as equation (2):

- v
DU=B —— 2
1y 2
where U isthe potential, V isthe flow velocity vector, and
B isthe magnetic flux density.

2.2 Potential on the pipe wall and boundary conditions

(1) Non-conducting pipe wall

Let us discuss first, the case of a non-conducting pipe
wall as conventional magnetic flowmeters.

The boundary condition of this case is given by
equation (3), which is the boundary condition at the inner
surface of insulating liner of the pipe.

qu__ _
ar 0, ar=a (3)
wherer =0 x* +y?
The solution of equation (2) is given as (4) under the
above boundary condition.

2

U(x,y)= |m{ ﬂ DV(xh)[— Jaxdn} (@)

z"(@*zz")

wherez=e+ix,z = e-ix, z = x +iy, and Im(-) denotes
the imaginary part of a complex variable. Domain of a
double integral D is the pipe cross section including the
electrodes.

Now that we have an axialy symmetrical flow velocity
distribution, we can change coordinate system from the
Cartesian (x, h) tothe polar one(r, Q).

Thenz=ré%z=aé'

Sincethe flow is axially symmetrical,

V(r, ) =V(r)

Potential on the pipe wall boundary at q = f is given by
equation (5).

U f=im{ > f S vl — .q v
e jar efe') Ir rda} S
Theresult of the equation (5) is given as equation (6).
U(a,f) =B aVsnf (6)

whereV isthe mean flow velocity given by equation (7):

V =

(")

As the two dectrodes, P and Q, are located at (a, p/2)
and (a, -p/2), respectively, the potential difference Urpg
between the electrodes P and Q is obtained from equation

(6), wheref is substituted by p/2 at P, and by -p/2 a Q as
shown in equation (8). Thus we get the wel known
magnetic flowmeter output voltage.

Uiro =Uip—Uro= U@, — )-Ula,- > )=28aV (8

where Uip and Uiq are fluid potential at P and Q
respectively.

Equation (6) indicates that the angular potential
distribution on thewall isa sinusoidal function of f, where
V isthe mean flow velocity.

(2) Conducting pipe wall

Next, let us discuss
the case of the
conducting pipe wall.
Here the problem is,
how the conductivity
and the potential of the
conducting pipe wall
influence the flowmeter
output.

Let s bethe dectrica
conductivity of the
liquid, k the
conductivity of the pipe wall, a and b the inner and outer
radii of the pipe, respectively, and t the contact resistance
per unit area between pipe wall and liquid, as shown in
Fig. 2 Now the equations to be solved are as follows,
where Ur and Uw denote the potential in the liquid and the
wall, respectively:

)\
Ty

Fig. 2 Cross Section of
conducting flow conduit

D U= 9)

DUw =0 (10)

The boundary conditions for these equations are given
at theinner and outer wall of the pipe:

At the inner surface of pipewall, r= a

Ut TUw MUs

=k yUs+st ——— =Uw 11
o o U " (12)
And at the outer surface of pipewall, r = b,
TUw
71” =0 (12)

The first condition of equation (11) means the
continuity of current, while the second one means the
continuity of potential at the boundary.

The potential difference between the eectrodes, which
means the flowmeter output voltage, is obtained from the
solution of equations (9) and (10) as shown in equation
(13):
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1+kt (b*-a?)/a(a’+b?)
1+(k/s)(1+st/a) (b*a?)/ (a*+b?)
We can assume that the conductivity of the metallic wall

is much higher than the liquid conductivity and that it is
also higher than the inverse of contact resistance:

k>s, k> alt (14

then equation (13) can be reduced to a simple expression
(15):

Urp —Urq =2BaV

st/a
l+st/a
The last factor of equation (15) describes how the flow-

meter output is influenced by eectrical conductivity. We
can deduce following conclusions from equation (15):

Utp — Uro = 2BaV (15)

(1) The output is influenced by liquid conductivity and
contact resistance, but not by wall conductivity if it is
much higher than that of the liquid.

(2) One of the important features of magnetic flowmeters
would be lost, because the output is strongly
dependent on the conductivity of liquid.

(3) If either or both of the liquid conductivity s or the
contact resistance t is high enough, eguation (15)
approaches to the one for conventional magnetic
flowmeters: Urp —Urq = 2BaV.

(4) The larger the pipe radius a is, the more output is
influenced by liquid conductivity s.

2.3 Effect of wall potential distribution

The idea is, if we control the potential at the inner
surface of the wall to the same potential as given by
equation (6), then the last result of equation (8) sets up a
new boundary condition to compensate the effect of pipe
conductivity.

Since, Uw = Us, at r = a, equation (11) gives.

MU+
qr
The new boundary condition is clearly the same as that

of the non-conducting wall, as given in equation (3), and it
means that no current flows across the boundary, as long
as the new boundary condition is satisfied.

=0, ar=a (16)

If t increases to infinity in equation (15), then the
flowmeter output, Urp — Ut o, approaches to 2BaV, which
is the output of a magnetic flowmeter having a pipe wall
with non-conducting lining. This is the working principle
of the proposed magnetic flovmeter. We call this new
control method as the “potential compensation.”

3 Electronic Circuitsand Working Principles
3.1 Flowmetering system

A block diagram of experimental setup of new magnetic
flowmeter is shown in Fig. 3.

(13)
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Fig. 3 Block diagram of the new magnetic flowmeter

Potential
Electrode

The applied magnetic fidd is a square wave having a
constant frequency of 3.125Hz.

The input impedance of amplifier first stage must be
high enough. Otherwise, loading effect might cause an
error and the compensation would not be perfect. Since the
lower limit of liquid conductivity is usually about 5 ~ 10
n/cm for magnetic flowmeters, the impedance between
electrodes can be estimated at 500~1000kW, assuming the
impedance is 1/sd, where d is the dectrode diameter and
we assume d = 2mm. Input impedance of over 10™°W is
necessary to make the loading effect less than 0.01%. A
voltage follower circuit using FET-input operational
amplifiersisused at the first stage for this purpose.

The éectronic circuit, which drives pipe wall potentia
for compensation, is a pair of servo amplifiers as shown in
Fig. 3.

Other parts of eectronics are almost identical to those
of conventional magnetic flowmeters with low frequency
square wave excitation of magnetic field. The flow signal
is aso square-wave, the signal output of the differentia
amplifier is sampled at the end of a positive and a negative
half-cycle, respectively. The difference between these two
sampled signals gives peak-to-peak value of output
voltage, which is expected proportional to the flowrate.
This configuration improves the immunity from noise,
especially hum and quadrature components.

Fig. 4 shows a circuit of the servo amplifier. Because
the conductivity of metal pipe wall is high, a high current
gain is necessary for a servo amplifier.

3.2 Configuration of electrode of the flow pipe

Let us describe the structure of the flow transmitter of
experimental mode of the new magnetic flowmeter.

The flow pipe of dtainless sted has 30mm outer
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Fig. 4 Thecircuit of servo amplifier

diameter and 27mm inner diameter, and has a pair of
electrodes, which are insulated from the pipe wall.

The flow transmitter is equipped of three different types
of eectrodes; signal eectrodes (SE), current electrodes
(CE), and potentia electrodes (PE) — as shown in Fig. 5.

Signal Electrode i
9 12 Potential

> Electrode

Feeding Point

=R
')

e 4

Insulator/‘
Current/
Electrode

22.5 6

Ground Electrode 45
60

>

Fig. 5 Configuration of flow pipe and e ectrodes

A pair of the signal dectrodesis insulated from the pipe
as conventional transmitters, Diameter of the signd
electrode is 2mm, which can be considered as a point if
compared with pipe inner diameter. Diameter of insulator
ring around signal eectrode is 4 mm, this size has some
effect on the signal level, when the compensation is not
applied. However, the effect becomes negligible, when the
compensation is applied.

A pair of separate potential electrodes is also welded to
the outer pipewall.

The current electrodes consisting of plates are welded
near the signal electrodes.

Through the current dectrodes, the servo amplifier
feeds current to the pipe wall so as to make the voltage of
PE same asthat of SE, irrespective of potential drop dueto
the resistance of the welded junctions of CE and the lead
wire. The location of the current eectrodes is carefully
positioned as point symmetry to SE.

Fig. 4 shows how the servo amplifier works in forming

the potential distribution. The signal voltage detected by
SE isapplied to the input of the servo amplifier via voltage
follower, and the voltage of PE is applied to another input
of the servo amplifier as a feedback signal. The gain of
servo amplifier is so high that the potential of PE is kept
equal to the potential of SE.

The signal level of the experimental modd is low, order
of 10V, and magnitude of feeding current is 1A at largest.
Therefore the power consumption at pipe wall is less than
1mw.

Thus angular distribution of potential on the pipewall is
trapezoidal, which is not completely compensation of
sinusoidal one but a good approximation as shown in
equation (6). The two corners on the trapezoid correspond
to the angular locations of CE.

Let us discuss the longitudinal size of formed potential.
The length of current eectrode is 45mm, but the distance
between upstream and downstream current feeding point is
12mm. Outside of this range, more than 1% reduction of
magnetic field is observed.

4 Experimental Results and Discussion
4.1 Compensation effect of potential distribution

Test results are shown in Figs 6 thru 10. Theoretica
values are shown by dotted line for reference in the
figures.

(1) Fig. 6 shows the correation of the mean flowrate and
output voltage using tap water (with conductivity s =
163 n5/cm). Without applied wall potential, the output
is reduced down to about 60% of theoretical value

4 I: Output with potential —
I1: Without potential _—
T: Theoretical valug = =
1.5
T ¥
S
¥
o
—
o 1.0
(@]
E
o
>
0.5 Tap water
s =163 nBS/cm
T =18°C
B =81" 10“tesla
a =13.5mm

1 1 1
0.2 0.4 0.6
Mean Flow Velocity (m/s)

1
0.8 >

Fig. 6 Output Voltage vs. mean vel ocity
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(salid line 11); however, it can be increased to 99% of
theoretical value with wall potential applied (solid line

).
(2) Fig. 7 shows the effect of fluid conductivity s.

A
181 T
b= = e T — 5 == = = =
l —
~ -
16 z (e
npo T
7
— 7
>
1.4
& 4
—
- Water
g V =0.80 m/s
g oL B =81  10“tesla
§ a =13.5mm
10 ) .
I: Output with potential —
I1: Without potential ~—=—
T: Theoretical value — —
08
(4
0.6 l l l l l >

102 2 5 103 2
Fluid Conductivity (mS/cm)

Fig. 7 Output voltage vs. fluid conductivity at
constant flow rate

Equation (15) indicates that the flowmeter output is
dependent on liquid conductivity without wall
potential. Theoretical values are again shown by two
dotted lines. The upper one indicates the theoretical
value, when the pipe wall is non-conductive. The
lower curve is calculated from equation (15). The
contact resistance is assumed constant (t = 1.397
Wm?) and this value is calculated from the observed

U (a, T) T
- —=.BaVsinf i

0 pi2 p
Fig. 8 Angular distribution of potential Us(a,f)

output at the conductivity of tap water (200 ns/cm),
because of the technical difficulty in direct
measurement of this quantity. Measured data are very
close to the theoretical value, and large conductivity
effect is observed without wall potential. However,
no effect of liquid conductivity is observed if the wall
potential is applied. The results suggest that the
formed wall potential distribution is very effective,
although the shape of distribution is an approximated
one. Our assumption of constant t is correct.

(3) For comparison purpose, we measured the output of
magnetic flowmeter having non-conducting tube of
the same dimension, and the same magnetic field.

Obtained results are as follows:
U, =1.76" 10™*V, with a non-conducting pipe,
U,=1.74" 10"V, with a compensated metal pipe,
Us=1.75" 10"V, as calculated from equation (8),
In case of mean flow velocity = 0.8m/s, B=81" 10*T.

A uniform magnetic field along the pipe axis is assumed
in calculating Us while the domain of uniform field is
limited for experimental models.

Considering above assumptions, both U; and U,

coincide well with calculated Us.

4.2 Shape and magnitude of angular potential
distribution

(1) Fig. 8 shows theoretical and measured potential
distribution, Ur (a, f). Angular distribution of the
flow-induced potential is measured at the wall and
liquid boundary. Keeping flow velocity constant at
0.8m/s, wall potential is measured for angle f = 0 to
90°, utilizing a pair of dectrodes which isinstalled on
the inner surface of non-conductive pipe wall.

. The cause of the small discrepancy can be regarded
as following two reasons:

| Core |

B (" 10“tesla)

| Core

B (" 10“tesla)

90 90

Core

-20 -10 0 10 20
(mm)

Fig. 9 Magnetic flux density distribution
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Fig. 10 Angular distribution of potential Ur and Uw, and output voltage vs. conductivity

a) Non-uniformity of the magnetic field
b) thefinite size of electrodes

Measured magnetic flux density and gpatial
distribution are shown in Fig. 9. Along the X-axis,
flux densty increases near the pipe wall, and along
the Y-axis, it decreases near the wall. The cause of
the difference between theoretica and measured
values of Ur at f = p/2 is regarded as the non-
uniformity of flux density.

(2) Fig. 10 shows the compensated potentiad and
flowmeter output recovery. As discussed in 2.3,
compenseation potential distribution must be identical
to that of the flow-induced potential, however,
realized digtribution is trapezoidal approximation as
shown in Fig. 8 The characteristics of the new
magnetic flovmeter are very dependent on the shape
of potential distribution.

In order to find an optimum approximation, tria tests
were made of three transmitters with different locations of
current electrodes at various potential dividing ratios. Here
the potential dividing ratio is defined as K = Uw max/Uf max-

The value of k can be changed by adjusting the resistor
Rz in the servo amplifier (seeFig. 4).

Using Fig. 10, the performance of test modes is
evaluated by the dependency of output for variation in the
liquid conductivity s. The least dependency isthe best. In
thefigures, f indicates the location of CE, and values of k

are shown as parameters ki, ko,
potential distribution).

The experimental results can be summarized as follows:

..., ks (ks = 0 means no

a) The reaults suggest that there is an optimum
combination of f and k; that isf = 60° and 120°, and k
= 0.965. The flowmeter output is stable and not
influenced for wide variation of liquid conductivity.
The potential compensation works effectively although
its angular distribution is a trapezoidal approximation
of snusoidal one.

b) In the case of f = 70° and 110° (eg., y = 40°), the
compensation is not sufficient even for the highest k =
0.995. The output is reduced by lower conductivity.
Thereason is, Uw(a, ) islower than Ur (a, f) outside
of current electrodes (f <70° and f > 110°).

¢) In the case of f = 50° and 130° (eg., y = 80°), the
compensation is not sufficient if the optimum k is less
than 0.9. If the k is bigger than 0.9, the feedback
circuit becomes unstable. The feedback system is
oscillatory for lower conductivity s.

d) Three different stainless pipes are used to ingal
current eectrodes in three different locations. They
have a common diameter but different surface
roughness and surface color, therefore, their contact
resistance t of inner surface are different; 1.397 Wh?,
1.327 W?, 0.367 Wm?, respectively. Their outputs
characterigtics are very different when the potential
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compensation is not applied. However, they are less
sensitive on s when the potential compensation is

applied.

5 Conclusions

In conclusion, on the basis of theoretical analysis and

experimental data, the results of this investigation can be
summarized as follows:

D)

2

3

(4)

(5)

A boundary condition, which is equivalent to that of a
non-conducting pipe wall, can be achieved by
applying voltage to the conductive pipe wall of a
magnetic flowmeter.

A proposed structure of magnetic flowmeter, having
metallic pipe wall with the equivalent boundary
condition, is realized by the use of eectronic servo
techniques.

Experimental results agree well with calculated data
based on the theoretical analysis.

The optimum design parameters have been obtained
and confirmed by experiments.

One can expect the reiability and applicability of
magnetic flowmeters to be improved by removal of
theinsulating liner.
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