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Effect of Magnetic Field Distribution on the Performance of the
Electromagnetic Flowmeter in Partially- Filled Pipes

Prof. Dr. 5.F. Najem Dr. Qais A, Rashack D, Muncer A. Ismael
Mechanieal Engincering Depariment- College of Engincering — University of Basrah

Electromagnetic flowmeters have proven their merit in' measuring the flow rate of
condueting liguids in fully-fiiled pipes. In contrast with the most of the published works abount
the electromagnetic flowmeter, the attentions were focused in this work into the use of these
devices in partially-filled pipes. 1n this application these devices suffer from the problem of
different outputs with different liquid level for the same flow rate. We studied whether the
process of changing the distribution of the magnetic field through the measuring section improves
the flowmeter performance against this drawback or not. An adaptive numerical mesh was used
in predicting the flow induced signal and its response to the liquid level. The induced sipnal was
assumed to be picked up by a pair of point electrodes tested for different angular positions.

The results showed that the performance of the electromagnetic flowmeter in partialty-
filled pipes could be appreciably improved by making the magnetic field progressively decreases
from top to the bottom of the flowmeter. When the lower magnet coil is excited by a current one-
half lower than the upper coil together with two point electrodes placed at 22° below the
flowineter horizontal centerline, the flowmeter performance offer more stable sensitivity.
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List of Symbols
(4 Cross-sectionn] flow area m’
i Uniform magnetic field Tesla
- B Magnetic fisld vector Tesla
3, Flowmeter diameter m
£ Mapnetic field scalar potential - N
7 Virtual eurrent scalar potential -
h Liguid level m |
Jv Viriual current density vector  Um®
L Electric curment passing A
: through the lower coil
i Electric curtent passing A
" through the upper coil i
i Half magnet length m
L Half Cowmeter length m
8 Flowmeter sensitivity =
| Vo bMean velocity _ m's
¢ Liquid velocity vector mis
W Weight vecior V,sfm“_
W'(r,8) Integrated weight function Vs
Hz Axial component of B C Vsm'
rdrdf Area ?Iement in eylindrical o
coordinales ]
Al Flowmeter output signal v
Yolume of the measuring, 1
T : m
sectlon 3
| Be Elecirode angular position dep.
Introduction
The idea of electromagneiic

flowmeter was bome at Faraday's days. It
operates on his principle of
glectromagnetic  induction - when a
conductor moves through a magnetic fleld
of given field strength, a voltage level is
produced in the conductor that is
dependent on the relative velocity between
the conduclor and the magnetic field. To
extend the idea to measuring the flow of
cnnducting liquids, the conductor is
replaced by the continuous conducting
liquid which flows through insulating
channel, the induced veltage picked up via
two electrodes {one diameter apart in most

designs) fixed in the flow channel walls
and in contact with the liguid to be metered
{Fig. 1). Hence the main elements of the
electromagnetic flowmeters are the pick-up
electrodes and the magnet {1]. Most of the
reported studies and the available
electromagnetic flowmeters are fooused
and designed where the measuring section
ig fuliy-filled with the liquid to be
measured. Despile the numerous published
siudies regarding the electromagnetic
flowmeters, the literature survey has
shown that there are little published works
relating the application of these devices in
partially filled pipes. knowing that the
pariially-filled flow is frequently occurs in
the; effluents from factories or processing
plants feeding into sewer, influent to
sewage {reatment works, discharge from a
scwage treatment works feeding a river
and with rain relention reservoirs [2].
Ttowever, the present study is focused into
the performance of ihese devices in
partially-filled pipes.

nsI.ated Tube

_'..a-“'

Fig. 1 Principle of Electromapnetic flowmeter [1]
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Mannherz [3] in 1976 published an
invention regarding advances in the main
elements of the electromagnetic flowmeter
to be usable in partiaily-filled pipes lines.
The inventors used a pair of insulated arc-
shaped electrodes mounted on the flow
tube and at opposed positions to span a
large portion of the toral tube
circumference. The magnet was excited by
a penodically interrupted direct current
where the flow signal is sampled during
the steady state intervals of the magnetic
field,  Searle [4] in 1977, in other
invention, paid the idea of the flowmeter
above to mainiain a large portion of the
electrode area in contact with the liguid at
all times. He shaped the eleciredes to have
an inverted T form, whose vertical leg
conforms to the inner circumference of the
tube and its horizontal base extends along
the bottom of the tube. Yoshida et al [5] in
1993 suggested a series of developments to
make the electromagnetic fowmeter
partially-filled  flow
accurately. They focused their attentions

measures the

towards the compensation of both the flow
velocity distribution and the conductivity
of fluid. The three works above were
experimental studies only, The first
analytical
electromagnetic flowmneter in  partially-
filled pipes were reported by Zhang [6] in
1998. He asswmed a uniformn magpetic

treatments of the

field; hence his study was concerned with
finding of the virtual current of one pair of
point electrodes 1o determine the weight
vector distribution. He assumed the
problem to be two-dimensional. He studied
the effect of the liquid level on the weight
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vector and discussed the optimum position
of the single pair of point electrodes that
gives minimum non-uniformity of the
weight function. Hence, the idea behind
the present article is to examine
theoretically the effect of distribution of
the magnetic field together with the
electrodes position on the performance of
these devices in partially-filled pipes,

Theory

Shercliff (7] solved the electromagnetic
{lowmeter equation but for specialized
constraints, these are, uniform magnetic
field, axis-symmetric velocity profile and
two point electrodes one diameter apart.
He found that the potential difference
between ihese electrodes is given by:

AU, =BDV, (1)

Where B is the uniform magnetic field, D
is the pipe diameter and ¥, is the lignid
mean  velocity, Bevir [8] introduced
another comprehensive solution to expand
the idea to three dimensions and any
distribution of both the magnetic field and
the liquid wvelocity by introducing the
concept of the virtual current J, such that
the flow signal becomes;

AU, = {fpr-BxJ, dr (2)

Where 1 is the flowmeter volume and the
virtual current J, can be defined as the

current density that would exist in the flow
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tube in the absence of magpetic field and
flow if unit current entcred by one
electrode and extracted from the other.
Bevir weighl vector W is;

W==8xJ, (3)

Hence;

AU = va -Wdrt (4}

Many studies and designs were based on
the assumption of the rectilinear flow (only
the axial componenmt of the veclocity is
effective and the other two are zero), so

that:

AU, = [[or. 0 (r,0) rdrdo (5)

Where 4 is the cross sectional area of flow
and W'frd) 1s the integrated weight

function given by ;
W)= |W,de (6)

To use equation (5) in partially filled pipes,
the following cssential netes should be

taken into account;

Elactrode

Magnetic field

i-The solution domain 1 is only the filled
portion of the flowmeter volume as the
weight funclion is zero otherwise and this
because of the virtual current is zero herein
fi- The distribution of the magnetic field B
inside the [lowmeter is assumed lo be
unaffected by the empty part o the pipe
because of the mapnetic permeability of
the air is nearly same as that of water and
equal to free space one (p,=34m X 107,

#ti- There is an essential problem arising in
the partially filled ¢lectromagnetic fow
measurement which can be explained as
follow: The flow signul induced n the
electrodes is the resultant of an intinite
number of generators dispersed in the
fluid. The output of each generator {Gen)
{see Fig. 2b) is proportional o the local
flux density and the local fluid velocity.
This output voltage is shunted by the fluid
surrounding the  generator, as &
consequence of which only a portion of

signal is seen at the electrodes.

Top finteiface)

Bottom of Aow tube

(b}

Fig. 2 {a) Uniform magnetic field. {b} Lignid equivalent resistance
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The circuit surrounding the single
{Gen) from the top to the
bottom of the flow tube may therefore be

genarator

represented by a bpetwoerk of fluid-
equivalent resistors R's [3]. Now, it is
conventionally known that the magnetic
field established inside the flowmeier, has
a flux distnbution n which the flux
intensity is svmmetrical from top to bottoim
of the flowmeter, then, for the same flow
rate, any drop in the liguid level will
decreases the shunting resistors. Therefore,
an increase in the output flow signal
amplitzde is produced. Therefore, in order
te minimize the effcct of flowmeter signal
by the liquid level drop, the flux density of
the mapaetic field is sel up so that this
density decreases progressively as one
goes from the top of the meter tube to its
bottom. This decrease in B density causes
the generator output to progressively
decrease also. The easiest mechanism of
generating such distribution is decreasing
the current passing through the lower coil

of the magnet.

The flowmeter output signal  is
normalized to be dimensionless by the
sensitivity criterion which is the flowmeter
potential output (obtained from Equ. 3) to
that {lowmeter output having uniform
magnetic field and axis-syrimetric velocity
profile (Equ.1) and as tollow:
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BDV,

Ve is the liquid mean velocity over the

partially filled cross-sectiona! area. The

larger the value of S is the stronger output
flow signal meter, The present attention is
to make & constant with the variation of

liquid level for the same flow rate.

Numerical Compuiations
The distribution of the virtual current
results fromn & scalar potential G which is

governed by Laplace equation as [9]:

J,=V5 (8)
and
V'G=( {9)

On the other hand, the magnetic field
equation 15 obtained by imiroducing a

scalar magnetic potential F as |9):

B=VF {10)
Hence;
ViF=f {11)

Each one of Laplaces equations (Equs. 9
and 11) were solved, separately using finite
difference method of irregular descretized

and as follow (for F potential):
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(13)

The notaiions of Equs.(l2 and 13} arc
shown in Fig.3. The G descretiztion is as
same as that of Equ. (12} with replacing
each F by .

To minimize the effect of the liquid level
variations on the ouiput flowmeter signal,
the magnetic strength of the upper pole
must be bigger than the lower pole ie. the
symmetry about the flowmeter horizontal
awis is lose. Consequently, solving one-
fourth of the
sufficient (see lig.4).

flowmeter volume is

The appearance of the magnetic field
boundary conditions may be as follow
(Fig.4);

Fig.3 Cylindrical coordinates notations of the
numerical solution

Upper pole piecs F=f;

Lowsar pold pisce F=f

Fig.4 Boundary conditions of the magnetic field
(F potential)

1- F=f; at the upper pole piece and
F={> on the lower pole piece. Where :
Jr-i and =1/, Hence fi and f2 represent
the effect of varving the strength of the
magnetic field through the flowmeter.

2. F=0 at the liner wall, the curved surface

ABCD except the two pole pieces.

3- 6F/g8 =0 at the planc surface ABCD
due to symmetry.

4- oF/dz=0

syimmetry.

at the plane z=C due w

W
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Sensitivity

5- £=0 at the plape z=L, (far from the
centre of the magnetic pole), where 2L is
the length of the flowmeter. Alternatively,
AF{dz=0 may be used instead.

On the other hand, the boundary
conditions of G potential can be
summarized as:

G=1 on the electrode surface and &G/on=0
otherwise

Results and discussions

The effect of the magnet lengih (21)
on the flowmeter sensitivity is given in
Fig.5. This

appreciable improvement in the flowmeter

figure implies 1o the
perfermance (regardless of the liquid level
or electrode posifion) by inereasing the
magnet length. Unfortunately, in praetice,
increasing the magnet length is undesirable
a5 this requires cxtra power and extra
flowmeter size. It is clear also from Fip.5
that increasing the magnetic length over

{0.8D) has no practical value.
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Fig. 5 Variations of flowmeter sensitivity with the length

of'the magnet for different liquid levels, fe=11°

3l

The behavier of the flowmeter sensitivity

VETsUs the decrease

progressively
{"decrease in lower coil gurrent I of the
magnetic field density from the top to its
bottom are given in Figs. 6 to 9. A general
view on these fipures may indicate to the
following facts;

1-The sensitivity decreases as the current
of the lower coil (I} becomes smaller than
the current af the upper coil (I,).

2-The sensitivily increases when the liquid
level goes down. This trend completely
disappears with reducing the magnitude of I;
10 25 percent of 1, as shown clearly in Fig. 7.
3-Overall ingight inte figures 6-8 tell us
that the {lowmeter sensitivity, for
conventional operation (I=L,), increases
when the position of the electrodes goces
below the flowmeter horizontal axis i.e.
increasing Be. This tendency is more clear
for the values of the sensitivity versus fe
for h =071 (see Fig. 9) where 0e is the
angular electrode position {see Fig.2) and h
is the liguid level.

Regarding to the third fact above, it is well
known that the (lowmeter sensitivity
becomes smaller when the eclectrode
position be lower than the flowmeter
horizontal axis, this is true when the
magnetic field is uniformly distributed
through the Alowmeter (6]. In contrast with
this, the

sensitivity of the present

flowmeter and for conventional magnet

e
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Fig, 8 Effect of progressively decrousing of the

mapnetic field on the sensitivity for different
liguid levels and constant flow rate, Be=45"

the
the

increascs  when

Falls

operation  (I=L},

electrodes  position below

conventional position. This tendency may
be attribued o thal the magnetic scalar
potential values f; and f; are directly set up
on the flowmeter wall i.e. the magnetic

coil/'ycke is in contact with pipe.

Hence, when the electrodes become nearer

to the magnet center {Be increased),

regions of high sirength product of the
magnetic field and the virtual current

fforming W, the weight vector) is

Sensitivit
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Fig.7 Effect of progressively decreasing of the

magnetic field on the sensitivity for different
liguid levels and constant flow rate, 0e=22"

—— 1=l

—— 12075l
—— 170051,
wmes |— 250,
—a—J=M0

1] 10 L an 40 by 50

Elecirode position (Be)

Fig.% The effect of the progressively decreasing of the

mainetic field on the trend of the sensitivity with
atgilar position of the elecirodes pair, W/D=07

localized. These high strenglh  weight
vector regions, say singularities, give rise
to the Oowmeter seositivity, The five
of Fig 8

progressively reduction of the magnet field

CUrves clarify  how the
density inside the flowmeier contributes in
holding the sensitivity around constant
value (exaclly when [=0.51,) although the

clectrode down.

position gocs
Furthermore, when the reduction becomes
(1,<0.25L,) the

monotonically decreases with decreasing e,

sharper sensitivity s

T ——
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Conclusions

The partialiy-filled electromagnetic
flowmeter sensitivity against the variations
of the liguid level for a given flow rate was
studied by imposing different densities of
progressively decreasing magnetic field
distribution and different electrode angular
positions. For a given liquid level and
electrode  posifion, the  flowmeter
sensitivity is appreciably improved by
decreasing the magnetic field density from
iop 1o bottom of the flowmeter. The best
mode obtained is that when the current of
the lower coil is ope-balf of the current
passing through the upper coil. In addition,
this procedure may save power consumed

by the magnet.
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