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Abstract 

The response of an Electromagnetic Flowmeter to a secondary, nonconducting 

phase in a continuous conducting phase is investigated. Experiments are carried 

out on a commercial 2" Foxboro flowmeter with sinusoidal mains field 

excitation and point electrodes. The main aspects which are looked for are the 

change in flow signal and transformer signal. A mathematical model is 

developed to simulate the effect of the nonconducting phase in. the form of 

single spherical particles. The model also allows one to alter the electrode 

geometry. A second flowmeter is designed to incorporate an improved 

electrode and coil geometry as well as a newly designed signal processing unit. 
In a series of experiments, the predictions of the theoretical model have been 

mostly verified. 
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Notation 

The following notation is used unless otherwise stated: 

Angle to a point in the pipe cross section 

Mean value of weight function in specified area 
W 

AU Potential difference between electrodes 

01102 Angles from x-axis through centre of radially directed dipole to 
current source or -sink 

Y Angle to centre of dipole 

AUýj Relative potential difference between electrodes 

(X Volumetric ratio of nonconducting phase to mixture (for a no-slip 
condition this is equal to the area ratio of void to pipe area) 

Half the distance between current source and -sink 
Electromotive forces in generator theory (chapter 3) 

F, Non-uniformity of weight function 

PO Relative permeability 

G Conductivity of fluid 

Ir Flow tube volume used for integration 

(0 Angular frequency 

a Inner flow tube radius 

b Radius to centre of dipole 

B Magnetic field strength 

c Radius of gas core in annular flow 

c Radius of nonconducting sphere (chapter 3) 

d inner flowtube diameter 

I Current 

i Virtual current density 

io Current density of circulating current (chapter 3) 

io Undisturbed eddy current density 

ill Component of circulating current, perpendicular to the pipe wall 

xii 



j, Current density of dipole current source 
I Distance between current source and -sink 
Q Volumetric flow rate 

Qg Gas flow rate 

Q, Liquid flow rate 

r Radius to a point in the pipe cross section 

r,, r2, r3 Radii to current sinks and sources 

UO Potential difference between electrodes in virtual current theory 

UOEE Potential difference without nonconducting sphere 

U, Potential distribution for z >8 

U2 Potential distribution for z <8 

U1 Change of UO due to nonconducting sphere 

UIEE Potential difference due to nonconducting sphere 

v Local liquid velocity 

VM Mean fluid velocity 

W Weight vector 

xiii 



Chapter 1 

1.1 General Inm)duction 

In this thesis the performance of Electromagnetic Flowmeters in multiphase flows is 
investigated. 
Electromagnetic Flowmeters have been in use for 30 years or more in various parts 
of industry. Their basic principle is to measure the voltage which is generated when 
a conducting fluid passes through a magnetic field. The volumetric: flow is directly 
proportional to the voltage. The major advantage of E. M. flowmeters over any other 
Idnds of mechanical flowmeter is, that they are not intrusive. They don't cause an 
additional pressure drop because of some obstruction in the flow and they are not 
easily damaged by solid particles in the flow. Moreover, their accuracy has been 
proved to be as good as 0.2% if they are installed properly. Traditionally, 
Electromagnetic Flowmeters as well as almost all other types of flowmeters are used 
for measuring single phase flows only. In practice however, there are many 
applications where multiphase flows have to be measured. One example is the oil 
industry, where oil wells can produce a mixture of water, gas and oil. Although 
E. M. flowmeters can often be used for multiphase flows, there is always an uncertainty 
regarding the effects of a nonconducting second or third phase. Some experimental 
data is available on tests with two phase flows and the results indicate a limited 
applicability. However, the causes of variations of the output signal do not seem to 
be understood thoroughly. 
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1.2 Objectives 

In previous studies, E. M. flowmeters; have been optimised to eliminate the effects of 
a nonconducting phase. 
In this project the opposite view is taken. The usual output of the flowmeter is of 
minor interest and the work concentrates on and tries to utilize effects on signal due 
to the nonconducting phase. In the theory and experiments the following aspects are 
covered: 

Theoretical work 
a) Prediction of the effect of gas bubbles or oil droplets on the flow signal 

- using the virtual current(Weight Function) theory 
- using the Generator theory 

b) Investigation of the effect of a second, nonconducting phase on the uwsformer 
signal 

Experiments . Firstly, a conventional EM-flowmeter with 2" diameter flowtube and point electrodes 
is used to measure 

the flow signal 
the transformer signal 
electrode noise picked up on the electrodes without a magnetic field 

Based on the theoretical and experimental results, an E. M. flowmeter is designed, 
which uses additional information due to the nonconducting phase. It is attempted to 
measure the velocity of air bubbles using the transformer signal power spectrum. 
Finally, the new meter is tested in order to verify thý predictions. 
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1.3 Literature review 

The method of metering the flowrate of a liquid using a magnetic field has been 
known for a long time. In the early days, Faraday tried (in 1832) to measure the flow 
of the Thames by inserting two electrodes at each side of the river and using the 
magnetic field of the earth. For various reasons he did not succeed but the idea was 
born. 
In 1962, Shercliff was one of the first who investigated the performance of an 
electromagnetic flowmeter theoretically. He allowed for conducting and non- 
conducting flowtube walls, circular and rectangular cross sections and point and area 
electrodes at various positions on the pipe wall or in the centre of the meter. One of 
his major achievements is the definition of a weighting function which describes the 
sensitivity of the signal from the electrodes to velocity at points in the cross-section. 
He showed that for a flowmeter with uniform magnetic field and point electrodes this 
weighting function is such that any axissymmetric rectilinear flow profile with the 
mean flow velocity v. gives rise to the signal &U=v. Bd . Due to this fact, 
electromagnetic flowmeters were often described as ideal flowmeters which under all 
conditions, independent of the velocity profile, measure the mean velocity. 
The idea of the weighting function was then used by Bevir(1970) when he developed 
the powerful concept of the virtual current j, and introduced the weighting vector 
W=Bxj. The virtual current is the imaginary current which would flow when a unit 
current enters through electrode 1 and leaves through electrode 2. The distribution of 
j for a flowmeter with point electrodes 
and insulating walls is shown in Fig. 1.1. 
Bevir showed that the condition for an 
ideal flowmeter with an incompressible 
fluid is VxW=O . In that case, the 
signal at the electrodes will be 
proportional to the flow rate iffespecti 
of the velocity distribution. One type of 
ideal flowmeter is one with a rectangular 
cross section and insulating walls. Its 
strip electrodes are parallel to the 
uniform field (Fig. 1.2). 
Bevir also proved that the conditions for 
an ideal E. M. flowmeter cannot be met Fig. 1.1 Virtual current distribution in 
by the above shown circular flowtube E. Mflowmeter with point electrodes and insulating 
with point electrodes. pipe walls. 
By using the virtual current theory, 
many weight functions were theoretically investigated since then, altering the electrode 
shape and size and modelling the magnetic field as well. It was mainly tried to make 
the weighting function as uniform as possible. A uniform weighting function would 
mean that a velocity jet(tube of flow parallel to the axis) causes always the same flow 
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curmrrt 

Fig. 11 Type of ideal E. Mflowmeter with square 
charmel and strip electrodes 

signal independent of its position in the 
pipe cross section. In order to compare 
the non-uniformity P- of a weight 
function, the following definition can be 
used (Wyatt 1972): 
E is the root mean square deviation of 
the rectilinear weight function 

W(r, O) from the mean value W 
within a circle of radius ro, normalised 
to W. 

)/2 
ro 27c 

[W(r, O) -W(ro)]'rdrdO 
W2 (r 

0 
71 ro oo 

ro 2x 

17V(ro)- 1 ffW(r, O)rdrdO 200 
r. 

The radius ro, at which F, is calculated is taken with ro=0.9a(Wyatt) or 
ro=0.95a(Hemp, 1975). 
An ideal flowmeter as in Fig. 1.2 is described by Wyatt(1977). The flowtube had a lin 
square cross section with contacting strip electrodes. A long, uniform magnetic field 
was achieved by using a magnet of about 5in length. An 1/8 in diameter water jet was 
then situated 2.5in upstream from the electrodes and the jet could be rotated on a 
circle of 3/8in radius. The variation of the signal, with the jet either positioned 
towards the electrodes or towards the wall, was only 2%. Another flowmeter with lin 
diameter and point electrodes showed variations of 100% under the same conditions. 
Although the ideal type flowmeter performed very well as far as the response to 
velocity peaks was concerned, it is not build as a commercial meter. One reason may 
be that a square flowtube, combined with the very long magnet are impractical. A 
more serious problem however is the high sensitivity of the meter to any deposits on 
the electrodes. Because the electrodes were in contact with the fluid, a variation in 
contact impedance will alter the virtual current and hence destroy the ideal 
performance of the flowmeter. The signal output for example varied in an experiment 
by about 15% after the electrodes were washed with a detergent surfactant and the 
experiment repeated. Generally, point electrodes are the most velocity profile prone 
kind of electrodes with a weighting factor of co at the electrodes and 0.5 at the pipe 
wall away from the electrodes, when a uniform magnetic field is applied. 
A three dimensional magnetic field optimization has been solved by Hemp(1975). He 
defined the non-uniformity of the weight function W as 

11 45 

E=l 
W T5-E 

i-I 
Here, W,.. W45 are values of W at 45 points in a quadrant of the flowmeter cross 

section. W was averaged over a circle of radius r---0,95a. The resultant shape of the 
coils was very complex (Fig. 1.3). ne axissymmetric weight function was almost unity 
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up to a radius of 0.9a. A 20mm 
diameter flowmeter with point 
electrodes was build on which 
the coils were etched onto a 
copper foil. 
Although the design was again 
very good regarding the 
uniformity of the weight 
function, there is a drawback: 
The magnet is 2.51) long and 
therefore impractical for small 
medical flowmeters as well as 
for large meters of several 
inches diameter. Secondly, the 
efficiency is 25 times lower 

Figl. 3 Optirnised coil shape for E. Mflowmeter with point 
than for an ordinary point 

electrodes electrode flowmeter and hence 
it would consume too much 
power in larger sizes. 

Wyatt and O'Sullivan(1983) derived a method to compute the signal in an 
E. M. flowmeter for any rectilinear velocity distribution. If the flowmeter signal is given 
by U=fW-vdr and W=Bxj, the magnetic field vector B was obtained from a series 

of measurements and the virtual current density j was determined by mathematical 
'C 

analyses of the pipe/electrode configuration. Beside the two-point electrode 
configuration, multiple contacting and noncontacting point electrodes and large area 
electrodes were investigated. The large area electrodes were simulated by an array of 
noncontacting point electrodes. 
Considering the non uniform weight function of an E. M. Flowmeter with point 
electrodes, O'Sullivan(1983) then designed and tested an arrangement with 6 point 
electrodes. These were placed in three pairs on a flowtube with radius a=10mm. The 
magnet was only lomm long and it was designed to generate a uniform field. It was 
energised with a current of 0.96A RMS at 240 Hz, producing a maximum field 
strength of 15 Gauss. Due to the short field and the associated field fringing however, 
the field strength reached only 68% in the centre of the pipe. The computed weight 
function with six electrodes showed still area of high sensitivity at each electrode but 
it was overall more uniform than a conventional 2 point electrode weight function. 
This result was verified with following experiments. A jet through an orifice plate 
38mm upstream of the electrodes was rotated at radii of r--O, 0.5a and Ia. The 
flowrate was 1.51/min which is equivalent to a mean velocity of v. =0.08nVs. As a 
result it was found that the variation of the flow signal reduced by a factor of 2 
compared to a meter with two point electrodes. 
Al-Khazraji and Baker (1979) analyzed the performance of a flowmeter with large 
area, contacting electrodes. Three different arrangements were used for the coils; with 
or without yoke or the windings embedded into the flowtube. The weight functions 
were computed for all-contacting electrodes and it was shown that these weight 
functions were all more uniform than for point electrodes and for the previously 
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described six electrodes. Partially fouled electrodes were investigated as well. When 
part of the electrode is fouled, a quadrature signal is generated due to the loop which 
is formed with the electrode leads and the remaining conducting path in the liquid 
between the electrodes. For the case that the whole electrode was fouled except one 
edge, at a mean velocity of Im/s, the transformer signal is a factor of 10 larger than 
the actual flow signal. 

In order to overcome the disadvantage of the fouling of the large contacting 
electrodes, Wyatt and Cox (1983) designed a small E. M. Flowmeter with noncontacting 
large electrodes. T'he flowtube had 20mm diameter so that it was small enough to be 
used in medical applications. The electrodes were embedded into the flowtube and 
coated with a thin film of plastic to seal them off the liquid. To the rear, the 
electrodes were shielded with an active driven screen. The coils were operated at a 
48011z sinusoidal excitation. The high fiequency allowed to use the meter in a pulsed 
flow up to 8011z. Like in the experiment described above, a rotating jet through an 
orifice plate, 2mm off the pipe wall was used to investigate the sensitivity of the meter 
to non-axissymmetric flow. The result was such that the large electrodes reduced the 
sensitivity to the jet by a factor of 14 compared to point electrodes. This also shows 
a considerable increase in performance with regard to the 6-electrodes flowmeter. 

Hussain and Baker(1985) optimised a noncontact large area electrode 
E. M. flowmeter. They considered a meter body with a magnetic field based on a 
commercial design. By using a finite difference method they optimised the insulation 
thickness between electrode and fluid in order to obtain a more uniform weight 
function W. For the computation, point electrodes were grouped in longitudinal arrays 
as 8 strip electrodes per quadrant. As a result, Tle insulation thickness increased from 
1.5mm on the x-axis to 10.9mm on the y-axis (Fig. 1.4). The non-uniformity e of the 
weight function hereby reduced to 0.92% compared to 47.8% for the point electrode 
flowmeter. In a series of experiments a 
76mm diameter flowtube was testedL Its 
electrodes were 76mm long with aB 

Exwrmd kmkdiV vvd subtended angle of I' 80". An orifice 
plate with 38mm bore was placed 2.51) 
and 5.51) upstream of the centre of the 
electrodes; the bore was either in centre 
or midway between pipe axis and wall. Im mW kmkWng waR kIng wO 
The results showed only a 2% change in 
signal for the peak velocity at 90* to the 
elect-odes and the orifice at 2.5D 
upstream. Ile effect of electrode fouling Fig. 1A Optirnised thickness of insulating layer in 
was simulated by smearing the electrode E. Milowineter with large area electrodes 
area with grease. The maximum change 
in sensitivity was only 0.17% which is small compared to a 1.8% change for large 
contacting electrodes(Al-Khazraji, Baker 1979). 

Most of the optimizations have been made in order to make the weighting 
function as uniform as possible, whether for point-, strip- or large area electrodes. In 
the case of the large contacting area electrodes, the problem of electrode fouling was 
investigated and as a result, noncotacting, capacitively coupled electrodes seem to be 
the only way to realize them. As far as the fluid is considered, there was generally a 
single phase liquid assumed. Growing interest in multiphase flow however lead to the 
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investigation of the performance of E. M. flowmeters in various multiphase flow 
regimes. 

1966, Masao Hori, Tetsuo Kobori and Yoshihirio Ouchi did a series of 
experiments with Electromagnetic Flowmeters in two phase flows. 
As continuous phase they used mercury and water, the second phase were plastic rods. 
Two flowmeters were set in series, of which into flowmeter 11 the rods were inserted 
to simulate a void (Fig. 1.5). 
By inserting the rods of various sizes 
into the l' flowtube they simulated an 
annular flow at flow rates between Pleft Md 0.15-1.5 mIs with a void fraction up to 
75%. Beside the diameter of the rods 
they also varied its position in the Meter 11 

cross section of the pipe and its 
number. 
Because the flowrate of the continuous 
phase was the same in flowmeter I and 
II, the void fraction could be 
calculated from eqn. 1.1, where E, and 
E. are the outputs of flowmeter I and 
11 respectively. Motor I 

cc=l -(EIEII) (1.1) 

Comparing the calculated void fraction 
with the measured one they could not 
find a clear dependency of the 
measured voltage on the factors above. 

Ell 

Ei 

Fig. 1.5 simulated void calibration 

The measured void fractions were 
generally slightly lower than those calculated from the ratio of the pipe area and the 
cross section of the rod(s). It can be assumed that at high flow rates with an almost 
flat velocity profile the discrepancies vanish. 
In 1982 Bernier and Brennan investigated the use of Electromagnetic flowmeters in 
two phase flows. For a single phase flow the potential difference between two 

2BQ 
opposite electrodes is AO =2- , where Q is the volume flow rate, B the magnetic icb 
field strength and b the radius of the pipe. They concluded that a well dispersed 
nonconducting second phase which has no relative motion to the main flow will give 

2BQ, 
rise to a PD of Aý =- - 

(1.2) 
. Here, Q, is the volume flow rate of the 

ic b (1 --(X) 
continuous water flow and (x is the void fraction of the second, nonconducting phase. 
However this simple relation does only seem to be valid for the above mentioned well 
dispersed flow in which the main phase is continuous. In practice it is difficult to 
decide whether a flow is well enough dispersed or not. It is also still necessary to 
determine the void fraction separately in order to evaluate the volumetric flowrate of 
the continuous phase. 
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lie second special case of a two phase flow, investigated by Bernier(1981) was the 
annular flow with a concentric gas core in the middle of the pipe. 

b 

The exact solution for the PD was then Aý = 
2Bb 

- ,, 
f27rru(r)dr 

, where c is the 
7C (b 2-C2) 

C 

radius of the gas core. When substituting the void fi-action a, --elb' into the equation 
above, it is the same as the one for a fine dispersed flow. This result was also verified 
by D. Wyatt in 1986. For a flow with many long cylindrical voids Bernier(1981) 

calculated the PD with AO = 
2B (1 +cc) Q, , which is identical to eqn. 1.2 for low void ý -b 

fractions. 
In order to verify their predictions, Bernier and Brennen tested a 4in Foxboro 
Flowmeter in a vertical pipe section. The flowmeters magnets were energised at a 
frequency of 38011z. Flowrates were measured up to 1.14m/s superficial velocity and 
void fractions up to 20%. The results agreed very well with their predictions; a 
deviation of ±2% was recorded. Additionally it was found that the flow noise was 
almost independent of void content and flow rate. 
The case of an annular flow with an insulating core was extended to the consideration 
of a core flow (Wyatt, 1986). The core flow was defined as a flow with a poorly 
conducting outer ring and a well conducting liquid core of radius c. The void fraction 

- 
(b-c 2) 

a is then ab2, where b is again the inner radius of the pipe. If the ratio of 

the conductivities between conducting core and outer insulating ring yields infinity, 
then the potential difference between two point electrodes is given by 

U=2 B Qt 

7cb I-cl 
2 

Wyatt also investigated uniform isotropic dispersed fl 
* 
ows, where the nonconducting 

phase consists of thin rods or thin disks, parallel to the flow. In either case the result 
was the same as by Bernier and Brennen for the well dispersed flow with small 
spherical particles. He explains that, microscopically, the reduced volume of liquid 
between the nonconducting particles causes an increase in local virtual current density. 
This is balanced by the reduced volume of liquid and when integration the volume 

integral U=fAXtvd'r ,U remains unchanged. If the two-phase flow becomes non 

uniform and non isotropic, further dependencies arise. Bevir(1971) showed that in this 
case the signal is a function of the conductivity distribution and the velocity profile. 

In 1983, Deacon and Baker tested a commercial E. M. flowmeter with point 
elect-odes and 50Hz mains excitation in a two phase air-water flow.. The meter was 
installed in a vertical pipe with a multihole plate inserted 25D upstream. 71be flow rate 
was between 7.5mýh and 15.30/h, which is equivalent to a mean velocity of 0.26mls 
and 0.52m/s respectively. Ile void fraction ranged from 0 to 14%. As a reference, the 
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water- and gas flow rates were measured separately and the actual flow rate was 

calculated, using the relation Q=Q, +Q, ' 
Pý 
pt . Here, Q is the liquid flow mte, Q', the 

volumetric gas flow rate in the airline and Pi and P, are measured pressures in the 
airline and the test section respectively. "Ibe readings of the E. M. flowmeter showed 
a maximum error of +0.5%, -3%, where the over reading was for 2% void fraction and 
the under reading at 14% void fraction. 
A different approach to the multiphase flow was taken by I. D. Velt et al(1982). They 
considered the eddy currents due to the alternating magnetic field. When a 
nonconducting particle passes through the current field, it will unbalance the eddy 
currents and therefore produce a signal at the electrodes. This signal will vary along 
z as shown in Fig. 1.6. The distance 
between the peaks is only determined by 
the geometry of the flowmeter, its 
magnetic field and the electrode design. 
It is independent of the flowrate since 
the eddy currents itself are present even 
without flow. By correlating the maxima 
of this signal in two cross sections of 
the pipe, it was possible to determine 
the flowrate, provided the particles had 
no relative velocity to the main flow. 

Ay 

Fig. 1.6 Transformer signal of a single spherical 
particle 
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Chapter 2 

Noise signal without magnetic field 

2.1 Experimental setup 

At the beginning of a series of experiments with the 2" flowmeter, the noise signal 
from the electrodes was measured. It was not intended to investigate in every detail 
the causes of this noise but it had to be investigated whether a second phase causes 
a signal even in the absence of a magnetic field. 
The flowmeter was mounted in the centre of a 2m long vertical pipe section. A 
straight length of 20 pipe diameters before and after the flow-meter ensured a well 
developed flow profile. 
With the coils on the flow-meter switched off, the noise signal was recorded. Hereby, 
two signals were measured, one, which would be in phase with the flow signal and 
a second, which would have a phase shift of 7c/2 and is therefore in phase with the 
transformer signal. The noise was first measured in a single phase flow and then 
compared with that measured in a two phase flow. The second phase consisted in one 
case of plastic balls of 8mm diameter, released into the flow and in another case of 
air injected into the pipe. The real time signal was too low to show any obvious 
effects, therefore the noise spectrum was studied. None of the graphs show a 
significant noise signal increase due to a second phase. Fig. 2.1 and Fig. 2.2 show the 
noise spectra of the flow signal with and without balls being injected. The experiment 
has been carried out on various flow rates on upward and downward flow. 71be result 
is always the same. 
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Chapter 3 

Flow Signal 

A conductor of length 1, moving through a static and uniform magnetic field induces 

at its ends a potential difference of &U=vBl . This law applied to a conducting 
liquid flowing through a pipe still holds. The potential difference between two opposite 

electrodes for any axisymmetric, rectilinear flow is &U=v, Bd wherev. isthemean 

velocity of the flow, B the magnetic field strength and d the diameter of the pipe. 
In order to investigate the influence of a second, nonconducting phase, the problem 
is simplified by regarding a single nonconducting sphere first. Two approaches are in 
principle possible: 

3.1 Virtual current approach 

The virtual current i is the imaginary current density in the fluid due to a unit current 
driven into one electrode and extracted from the opposite electrode. The potential 

difference between the electrodes is equal to the volume integral UOýJE -Wdi) 
Vol 

where W is the weight vector Rxj. In the presence of a nonconducting particle the 
virtual current is altered by the amount of Y and hence the output signal is changed 

by U1=fXjfdb with W'=jjxf. The total virtual current has to satisfy the 
Vol 

boundary condition that its normal component is zero at all insulating surfaces i. e. at 
the pipe wall and the bubble surface. 

3.2 Generator approach 

The liquid passing through the meter can be imagined to consist of an infinite number 
of small cylindrical shaped voltage generators, each one contributing to the output 

signal by producing an electromotive force de =vxB -0 dl , where dl is the length of 

the element and a is the unit vector in direction of vxB. Since the velocity of the 

fluid is not uniform across the pipe section the electromotive forces de are not 

uniform either. As a result, the larger central e. m. f drives a current back against the 
weaker e. m. f close to the pipe wall and currents start circulating. The presence of an 
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airbubble will distort these currents and hence change the signal at the electrodes. 
The calculation of this signal change is done in two steps: 

The circulating current jo is determined in the absence of a bubble (Fig3.1) 

2. A dipole current source f, opposing 
the circulating current, is inserted at 
the position of the bubble (Fig. 3.2). 

Together, j, ) and X have to satisfy the UO 
condition that the normal component in of 
the current is zero at all insulating surfaces. 
The relative change of the signal is then 

'&U 
I where uEE is the signal "I=UiBtUOEE 

due to the bubble alone and UoEE is the FWA Circulating currents within an 

signal without the bubble. insulating pipe 

The first obvious result is that in a flow with 
a uniform velocity distribution no circulating currents exist, provided the magnetic 
field is uniform and infinitely long. In this case a bubble has no effect and the output 

is directly related to the velocity of the 
main flow. 

Ul 

Fig3l Dipole source widiin an insulating pipe 

In the following attempt to predict the influence of a nonconducting second phase the 
generator approach is used. First of all some idealisations are made: 

the flowmeter has point electrodes 
the magnetic field is uniform, infinitely-long and perpendicular to the flow 
the fluid flow is axisymmetric and rectilinear with a parabolic flow profile 
the undisturbed circulating current is uniform at the position of the bubble 
the size of the bubble is small compared with the pipe diameter 
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3.2.1 Circulating 
-currents 

in a vive section with a parabolic flow profile 

y 

V2 
r3 r3 

V2 

el + el 
r 02 

I 
ýbb 

Flg33 Definition of angles and radii for equations in chapter 3 

Ile flow at any point in the cross section of the pipe is assumed to have the profile 
shown in Fig. 3.4. 

2 

v, (r)=2v. (--l) 
a2 

where v- is the mean velocity of the flow 

z 
Bx 

FIg3A Parabolic flow profile in pipe 

To find the current due to this velocity profile, the equations to be satisfied are 
j=ci (E B) 

VxE-O 

v1=0 

. 
L--O at the pipe wall i. e. at r--a 
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With E=-VU , we can write i as 
j=affty; ýB -VU4VýB D=O( ? 

_) 

*=0=> 
j- 

=O 
ay az 

Because the radial component of j is zero at the pipe wall, we find 

-0=> 
i' 

=(-VU*ýVAD, -0 
c; 

. -. VU--vxB 

By definition, VI=V-VU 

=!. VXV ... 
V2U=VýVXB 

Expanding the expression above and writing it in polar coordinates yields 
V2U= 

Ia aU 1 D2U a2U 

(r )+--+ =B-Vxv 
r Tr Tr- r2 ay2 j)Z 2-- 

a2U DU+ I a2U+i2U= 

'ýT-2 
rar7-5 9-2 aZ2 

(B, g,. +B a +B. a)[( 
I av. 

- 
av, 

a +.! ( 
a (r-vý- 

av 

ra (p Tz- az Z)r --v r Dr a(p 
a2U I DU 1 CTU I av av 

-+-+- =-: B -B Dr 2r ar r 2T(p 2- rr9 ar 

with B, -Lýcosy+Bysin(p ; B,, =Bycos(p-B. siny 

a2U I DU I a2U 

'I (ý. Cosq +, Fý siny) 
'V' 

-(ýYcosy -B sin(p) 
'vz 

ar 27 War -ý 7 5'9-2 a(p x ar 

2 Dvz -, v rrr 
if vz(r) -2v, ( 1), then ; 7r=2v 2 =4v..; =0 7 1" 7 a(p 

a2U I aU I a2U r 

+ +--=4B sin(p v T7 7 Z)r r2 
a02 xma2 

A solution for this equation can be found by guessing a solution (U) first without 

considering the boundary condition that 
DU 
an 

Then another potential Wis determined, satisfying Laplace's equation V2U'-O and 

the condition 
aul Due I 
an in-r-a 
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Superimposing U' and U* then yields U=U'+U*, with 
r TU--4Lý. sin(p V. 2; 

au 
1-0 

a an,.. 

First, a solution is guessed for U* 
1 B,, v. sin(p r =2 xa2 (3.2) 

Its derivatives are 
DU*=3 

v. sin(p r ar 7 

a2U *=6 
v sin(p r ar 2Tz o" 

a2 
au* 1 

--j(-p -iB. VMC0s(P 
a2 

D2U 1r3 

-- v. sin(p äý2 2 

au* 3 DU' 3 I =. ýB v sin(p=: > -ý7r= --Avm sing ar .. 2"'2 

V2U/= 
a2U/ 

+I 
DUI I a2U/ 

ar 
2r or r2 D02 

By means of separation of variables the solution for U' is found. The result is 

Ul=-3B v. rsin(p (3.3) 2"I 

Now, UO can be determined by adding U* and U' (eqn. 3.2,3.3) 
1 U, =! B v sin(p(f -3r) 

12"'a21 
(3.4) 

., D and jD can be evaluated: Having obtained UO, F 

auo 1 au au 
E --VU --(-ar-a, + 0rr Z)y --v az 
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113 
E =-[. ZB v sin(p(3. Lý-3)a +'Rv cos(P(-L-3r), g =O 2x in a2r 2r xma2 

2 
Since v. (r)=2v. (--l) ; B=B a +B a 

a2 
Y-r 

aI 
, -. v -Z 

x vxB= 00 2v, (L. -I) --B 2v. (-'2 -I)a +B 2v. (-'2 
da 

aT 
.2rr.. 

P, Bq, 0 

2 

vxB =2v. (--I) [(ý. sin(p -Lýcos(p)gr 
a2 

+(B cos(p+B sin(p)a xy 'V 
2 

vxB=2v (--l)Bx(sin(pgr+cos(paýp) 
ft a2 

4=(Y(-VýU+yxB 

cr B. v. [(3-3 r2 +4 r2 
-4) singg, +(- r2 +4 r2 

-1)cos(pa,, ] 2 77 77 

cyBv,, [( 
r2 

-I)sin(pR, +(3 r2 
-I)cos(pa, ) 

(3.5) 

Ws is the circulating current due to a parabolic flow profile in a pipe with insulating walls and uniform 
magnetic field. 

In order to plot the current in vector form it is more convenient to write jo in cartesian 
coordinates: 

I 3x 2 +y 2 

4-., cyB, (-2EY), a. +(--I) (3.5a) V, "l a2a2 
gl) 

y)2 22 

_2ýL +(3X2 +y (3.5b) 
oB. v. 7a2a2 
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3.2.2 Dipole current source and potential difference 
between iDoint elecmAes 

The basic equations for a conducting liquid flowing through a magnetic field are 
j=a(E4ýy>ýB) 

VXE=O 

VI-0 
jj, ---OU at all insulating surfaces Le 
at the pipe wall and on the bubble surface. 

These conditions have been so far satisfied with eqn. 3.5 except the condition that the 
current on the bubble surface jo. ---O. Thus another current j! has to be added, so that 
jA, ). +j I n--O, 

Le fn=(-io). on the bubble surface. Conditions for the new current 
distribution therefore are: 

.I= 

-v a-E' 

VxE'---O 

V11=0 

Y,, =(-jo). on bubble surface 
j!. ---O at the pipe wall 

Without regard to the boundary conditions on the pipe wall and considering the 
condition of j. --O on the bubble surface only, a solution (outside the bubble) can be 
found by imposing a dipole source of appropriate 
strength onto the uniform current jo (Fig. 3.6) 

jo 

Fig3.6 Current dipole inserted into a uniform current 

Provided the bubble diameter is small compared to the pipe size, the cun-ent jo can be 
treated as uniform in the region of the bubble. The distortion of the cur-rent dipole by 
the pipe wall is negligible if the bubble is not too close to it. In this case the wall 
boundary condition j'. --O can be neglected because of the rapid decaying of a dipoles 
potential. Therefore it has to be a dipole current distribution found as a function 
J(r, E), z) . 
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Any function flrO) 0:! ýý ; -m*gn with -Lf 
I =0 (Fig. 3.7) can be written as a ar,.. 

Fourier -Bessel series 

ftr, O)=j 
tf., 

e'mGJj. pj,,,. -r) (3.6) W 

Here J. (x) is the Bessel function of order 'm(m--O; 1; 2; 3;... ) and 
D(J. (X)) a(j. (X)) 

J'. is the n,, zero of i. e. a: 

(n=1; 2; 3; ... 

Wx- ax 
'j, Fig3J Function written 

as Fourier-Bessel series 
Tbus the eqn. V2U / --0 with 

au, 
=0 can be written as a -iýr-i 

double series where U' is a function of r, () and z. 

imej U'(r, e, z) U. ', e IMPIMI. 
a) (3.7) 

M. - R. 1 

where U. =U. (z) 

Substituting U'. (z) into 
V2U/ 

: 

a2UI 1 alll I a2U/ a2UI a2U/ ./2 
Fum 

JIMIX) 

-=O yields -(- u, ',, =o 
ar 2r ar r' W az 2 aZ2 a 

with the general solution 

where aA. are constants 

Substituting U. now into eqn. 3.7 yields 

I=- imai / 

a,.. e ")e a 
a (3.8) 

The ea is-omitted (for z>O) because U' has to decay for z-->- 
So far only a general solution for V2UI ---0 has been obtained without considering 
the current dipole. Placing a unit current source and a unit current sink at two points 
on the x-axis, we can find the distribution of U' by using eqn. 3.8 with IzI instead 
of Z. 
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The coefficients a. have to be chosen so as to satisfy 

- 

aul 
I+ 

aul 
I=I 5(0)[B(r-r, )-B(r-r2)] 

(3.9) Z)z o. az o- r 
x 

differentiating eqn. 3.8, we then obtain 
au, 1 au, 1 au, 1 

Dz 0. Dz 0- Dz 0. Fig3.8 Definition of radii to 

-1 current source and -sink 
JIMIn (3.10) 

=-2E E a. e (--) e 10 a 
A basic property of the delta-function is, that 
a)it is oo at its origin and 0 elsewhere 
b) fS(r)dr=l 

kl 
c) fftx)8(x-xo)£Lr=flxdl 

a 

hence 1 8(0)8(r-rl)rdrdO= (O)dOf8(r-rl)dr=l 3. (11) ff-7 P 

when combining eqn. 3.9 and eqn. 3.10 one obtains 

8(0)[B(r-r, )-8(r-r2)] =2F, E a. e'-eJ I-PIMIx- (3.12) 
raa 

The general solution for the coefficients f. as in eqn. 3.6 is 
Xa ýkr, O) e rdrdO 
-XO 

12 - 2) (JInp I 
It))2 

(see Appendix A) 
IMIX-M IMIt))2 

The left hand side of eqn. 3.12 is a function Ar, O) and on the right hand side the 

terms 2a, j, - make up the coefficients f.. 
Rl , 

Inserting these expressions into eqn3.13 yields 
I 8(0)(8(r-rj)-8(r-r2))e 'Ji., (il.,. -')rdrdO 

0 
Im 

a 

7ra 
2 

(i /2 2) (jlnl(ill 
Il))2 

j/2 
IMIR 

IMIX m 
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Splitting up the numerator into the sum of two integrals and using eqn. 3.11 we obtain 
the coefficients a. of eqn. 3.8. 

a. =JI, -I- 
IMPIMIn 

a)-jImI(iImIA-7) 
21c a (i 12 

IMIR-M 
2) (jImlyll 

10)2 (3.14) 
M 

Since it is easier and faster to carry out the computation with real numbers rather than 
with complex ones, eqn. 3.8 is rearranged: 

[an, -me -'moJlml(ilml. -') ea a 
M-0 R-1 

Im a2 'o 

.1 

U, '=EE(a. e-ime+a. e'm'G)JI., (i', -')e 
a '(1-18 

M-0 R-1 

ImIn 
a2 nO) 

The last term (1 -18.0) provides that every term in the series is multiplied by 1 
2 

for In#0 and by 1/2 for m--O. By inspecting eqn. 3.13 it can be seen that a. =k,... 
Rewriting eqn. 3.15 therefore gives 

z 

a. (e -imO +e iml) . -')e 
a (1-18 (3.16) 

M-0 R-1 
IMPIm 

a2 MO) 

but (e-4mo+ei'nO)=2cosh(imO)=2cos(mO) 

hence eqn. 3.16 can finally be written as: 

COS(MO) U, '=E E-C (1 -'8 (3.17) 
M-0 R-1 na 7 mo 

potential distribution of a radially directed dipole, in a cylinder with insulating walls. 
JI-91 

Imin 
a) 

_JIMI(Illmln 
a im". 

(i 12 
-m 

2) (jl -12 

jI 

r (3.19) C=JIMIYI I. Pe a' 

Me W 
Note: For m--O; n=l, all terms e; J101(ijoll) e "' in eqn. 3.17 are 1. Tberefore, 

aj, O has to be zero to satisfy U', --O for z-ý- 
In the following Fig. 3.9,3.11 & 3.14, z and b are shown as fraction of the pipe 
radius. 
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Fig. 3.9 Potential lines of a radially directed dipole in an insulating pipe 
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The expression for U2, representing the potential of a vertical dipole, ie one 
positioned on the x-axis and pointing in the y-direction (Fig. 3.10)is derived in a way 
similar to eqn. 3.17. 

ra 

.f b--4 

Fig3.10 Definition of angle and radii to current source and -sink 

The coefficients a. of eqn. 3.8 now have to satisfy the condition 

- 
au" 

I+aU, 
' 

I 
5(r -r3) [8(0 -01) -8(0 -02)] (3.20) 

Combining eqn. 3.10 and eqn. 3.20 then yields the following equation, where on the 
left hand side vve again have afunction f(r, O) and on the righthand side the tmm 

make up the coefficients f.. 

1-1 5(r-r. )(5(0 -0, ) -5(0 -02»=2E E b. em'J�, (i, '. �-, r) 
JI-In 

m9 

Using again the general expression for the coefficients f. from eqn. 3.13, we can write 
b,. as: 

ii, 
-01) -5(0 -02» e rdrdü 

1 
Imülm 

a 
b�ng= 

21ca u 12 2) (jlmi(i / 
ljt»2 Iml» im 

With the properties of the 8 -functions in mind, the integrals in the numerator can 
be determined: 

(r-r3)Jlml(ilm ')dr=JjmjYjj. -! ) aa 

x 
-5(0 -02» e d0 

-x 
x ir 

=[f5(0 --0, ) e -imOdO-f5(0 --02) e ldül Jlml(i in ') 
-19 

=j Im In -") (e I-P 
Ia 
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Since 01ý'-02 
' 

. *. il. lUl' 1. ') (e "%-e -into') =Jj. I(i' 1.2) 2 sinh(imO2) x Im 
a 

Inserting the integmls above into the expression for b. then yields 

I/ i/r. in(mO JIMIX jmj(1jmj. -:! 
)is 

2) 

7c a (i 12 2 
-M 

2) Vj,. # 1 (3.21) 
IMIR Im 

with sin(-mO)=-sin(mO) b., 
-. =-b,,. and hence we can write U'2 as a series with 

m>-O je 
0 

-im -JN-1. ixi 
UJ=E E b. (e iml-e e 

M. o JR-1 
2 

1--,.. 
l(ii I, r, - 

Jii. 1--1 U2 2b. i sin(m0)J Ls Im .)e -- (1 -. 2 1110) 
M-o a-1 (3.22) 

In order to shorten the computation, all terms with m--O can be omitted since for these 
sin(mO)=O . Combining the complex numbers from eqn. 3.21 and eqn. 3.22 gives a 

real expression for U"2: 

2-- U2=- FIF, b. sin(mO)D (3.23) 
7ca..., ., 

potential distribution of a circurnferentially directed dipole, in a cylinder with insulating walls. 
/ ") sin(m 0 linl(ilinln- 2) b. =jlinln (3.24) 

y /2 
IMIA-M 

2) Vl, 
nl(il' I-)) 

(3.25) D =Jl 
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Fig3.11 Potential lines of a circumferentially directed dipole in an insulating pipe 
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Having derived equations 3.17 and 3.23, the potential distribution of any arbitrarily 
positioned dipole can be evaluated. For example adding U', and U*2 results in a 
dipole potential with its zero potential line at 45 degrees to the x-axis. 

ý = 

Fig3.12 Summation of a horizontal and a vertical dipole of the same strength 

By scaling the values of U', and U"2 different angles can be achieved. U', and U2 
should be scaled in a way dependent on the direction and length of the current vector 

. 
ý, so that the axis of the dipole is parallel to jo and its direction opposes jD. 

The size of the bubble is assumed to be small and the currentb to be uniform in the 
region where the bubble is placed. Then the scaling factor of U", can be found by 
considering a similar problem: 

For a spherical insulator in a unifonn field F ,, the potential at every point outside the 
sphere is given by [11 with: 

=ErcosO(l +( -) )=Ez+Ez I(c) 
Tr -f r 

Eol 
IIIII 

zt p 

c 

Fig3.13 Potential around insulating sphere in a uniform field F, 

(3.26) 

The change of potential due to the insulator is expressed in the second part of the 

righthandside, Eoz.! (-" )3 Thischange &0 is equivalent to the potential of a dipole. 
2r 
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The equation for a dipole potential only is Q1 cos(O) 
4ne 

0r2 

I (c)3 Comparing the potential of the dipole with the change Aý = Ez - gives the 7r 

required dipole strength. 

Eoz I cl_ Ql cos(O) r_ Ql z 
-f 

r3 4ne 0r2r 
4neo r3 

Q= 
2n 

c3 Eo= 27c C3 . (3.27) 
1 TO-10 

here, e. was omitted since it was not used in eqn. 3.26. 

In the initial calculation the dipole was modelled with a unit current source and a unit 
current sink. Thus M., has to be multiplied by the factor of eqn. 3.27. Next, the 
current j, has to be resolved into its radial and circumferential components L, and 
respectively. 
Then the correctly scaled components U'l andU"2are: 

27ic' .1 
271 C3 (y 

( b2 
Uý -Bxvmsin((p) - I=Ul a' (eq&3.17) (Tj 

4r= 
(eqiL3.17) (; 1 2 

, 7ccBv. sin((P) b2-- (-, -I)EEa,, 
c0s(m0)C(I-. 18 

a' M-0 R-I Tca 2 10 

ul / =Bv sin((p) c3 cos(m 0) Ea. c(I-I in 3a . 7ko 
(3.28) 

Potential of a radially directed dipole positioned in an insulating cylinder at a radius b and an angle 
(P 

- 

2nc' 2ncl 1 
aB v. (3 b2- 1) COS((P) -kýUý (eqn. 3.23) 2 

Uý 
(eq? L3.23) (y I cyl 2a 

3b 2 
--a 

2 2c 3-- 

Uý, =-Bxv, ncos(q)( 3 )COS((P) EEb. sin(mO)D 
aI M-1 R-1 

(3.29) 

Potential of a circumferentially directed dipole, positioned in an insulating cylinder at a radius b and an 

angle (P 
. 
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The potential of the dipole at any point in the cylinder is then the sum of U', and 
U'2: U'=U'I+ U12 

The total potential at any point in the pipe is therefore given as the sum 
U=U,, f + U', where U,,, f is the reference potential without a bubble. U,, is given by 

B vsin((p) (-3r, r for any point in a pipe with insulating walls. 
2 

U-- 
2B' vsin((p)(-3r+ 2 

)+(Ul +Uý) (3.30) 

Total potential at any point in a pipe in the presence of a nonconducting sphere 

More important than the total potential is the relative change of the signal compared 
with the signal obtained without a bubble. Assuming two point electrodes at opposite 
sides of the pipe, the potential difference between them is AU,, =Lýy. 2a without the 
bubble. 

The change in signal between the electrodes is 
1 

-(ul 
1 

+uý j) j)(a. 
läuf =(ul +uý 

Dividing through by the reference signal finally yields the required relative change in 
the signal. 

AU,,, = 
AU 1 

(3.31) AU,, f 
Relative potential difference between two opposite point electrodes due to a single insulating sphere with 
radius c. 

30 



Numerical aspects 

In order to compute U', the values of J. and j'. have to be determined. The zeros 
of the derivative F. are calculated using the following asymptotic equation from [21: 

. I'm _p+3_4(7p'+82p-9)_32(83W+2075p2-3039p+3537) J'M 0 ýp7 3(8p')' 15(80')" 
64(6949p4+296492p3-1248002p2+7414380p-5853627) (332) 

105(80'Y 

Pl=(n+ 1 
M- 

3 )n ; p=4M2 24 
The equation above is only valid for nwn . Since the equation for U'also requires 
zeros for which n-<m , eqn. 3.32 was only used as a first approximation with the 
following iteration to the correct value. 
The iteration works backwards, starting at a large n and using the fact that the 
distances between the nhand (n-1), hzeros increase only slowly. Hence the previous 
distance could always be used as the first iterative step. 
The values of J. were calculated using three methods in order to keep the 
computational time as low as possible. A direct computation with power series 
(eqn. 3.33) was only possible for small values of m. 

(. 12) 

(3.33) 
J. =E (-l)p 

P-0 P! (M +P)! High values of m require a computation in quadruple precision, which is very time 
consuming. However, that can be speeded up by using the factorials in tabulated form. 
The minimum number of terms for a given accuracy varies with x and m. By plotting 
the number of terms versus x and m, an almost linear relation is found. For a chosen 
maximum of 50 terms and an accuracy ofIGI a function f(x, m) was worked out, 
describing the minimum number of terms. Empirically, the equation was found to be: 

n min(. -, m)= 
1 

. 44x-0.06m-0.01 124mx+6 05; ý50 (3.34) 
0-<m: 550 

A large order Bessel function therefore needs (for small x) less than 10 terms for an 
accuracy of lOr. 
For x, m outside the range of the power series, two other formulae are used. 
The forward recurrence equation 3.35 can be used for m<x. If m>>x, the rounding 
errors dominate and the method becomes unstable. 

2m 
x 

(3.35) 

The inverted recurrence equation 3.36 works using the same equation as above but 

starts with J. -O - 
J. 

-I=iý. 
ý-Jý+l (3.36) 

x 
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The order of m to start with depends on the required accuracy. For a high accuracy 
one has to start with a large m. How large m has to be, can only be guessed. A 
description of this method is found in [2], page 385. This method always works but 
it is unnecessarily time consuming for rn < x. 
In the computation of J. (x), each of the equations described above covers the range 
shown below. 

MA 

hwerted 
rmowrmnce eqn. 4_qn. 

; 

cqn336 

S; 
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Fig. 3-15 Computation of the Bessel function. using three methods. 
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3.3 Theoretical values of flow signal 

With the derivation of eqn. 3.30 and eqn. 3.31 it is now possible to compute the effect 
of a single insulating sphere on the flow signal, on the basis of the idealisations made 
at the beginning of chapter 3. 
Three types of electrode geometries are investigated: 

Point electrodes 
Strip electrodes 
Large area electrodes. 

For each electrode type, the effects of two parameters are investigated, namely 
the position of the bubble 
the bubble size. 

In the following computations and figures all dimensions ie axial position Y, radius 
to bubble V and bubble radius 'br' are expressed as a fraction of the flow tube radius 
9al. 

3.3.1 Flow signal with point electrodes 

As we see from the equation for U', the potential difference depends exponentially 
on z, therefore the calculations are only carried out in a range of z=±1 radius. 
Considering two extreme cases, where the bubble is placed along the x-axis and the 
y-axis, we see that large variations in the signal occur. Moving along the x-axis, ie 

( (p --01 ), the current jo changes its sign at the radius b=0.578. Therefore the relative 

potential difference is zero at that position (Fig. 3.16). If the bubble moves along the 

y-axis( 9=90' ) towards one electrode the output increases rapidly and close to the 

electrode it is one order of magnitude higher than average (Fig. 3.16). 
The following graphs (Fig. 3.17 to Fig. 3.19) show the computed results of relative 
potential changes between point electrodes at different positions when the bubble 
moves along the z-axis with the same speed as the main flow. The maximum change 
always occurs in the zo-plane and the signal change is symmetric about z. These 
maxima are shown in Fig. 3.20 for the bubble at every point in the cross section at 

z-0. 
Equations 3.28 and 3.29 show that the output is proportional to the cube of the size 
of the bubble. This is reflected in Fig. 3-21. An increase in size has again its largest 
effect in the y-z plane. A doubling in size means an 8 fold increase in the signal. 
However, one should keep in mind that too great an increase in bubble size reduces 
the validity of the idealisations stated at the beginning of the chapter. 
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3.3.2 Flow signal with strip electrodes 

After calculating the relative potential difference for a flowmeter with point electrodes 
it is of interest to consider whether larger electrodes may improve the output in any 
way. It is known that large non-contacting electrodes tend to average the effect of 
vortices or sharp changes in the velocity profile and they therefore reduce the noise 
level of the readings due to turbulence. It could be possible that the effect of a 
nonconducting sphere is also averaged out and hence becomes even smaller. For 
computing the relative potential difference between strip electrodes it was assumed 
that the electrodes are contactless. Due to their high input impedance it is possible to 
model them by using a large number of point electrodes along an arc. The potential 
difference between all point electrodes is then averaged and related to the average PD 
without a bubble [15,19,201. 
The results of the new computations show that the peaks are reduced while the order 
of magnitude is still the same. 71be flowmeter 
is now less sensitive to the position of the 
bubble, in particular along the y-axis where 
the position of the maximum signal change is 
almost independent of the radius (Fig. 3.23). 
The signal changes for a bubble, at points 
along the x-axis, is nearly the same as it was 
with point electrodes (Fig. 3.23). In Fig. 3.24 to 
Fig. 3.26 the relative potential difference was 
calculated for bubbles moving parallel to the 
z-axis at different positions in the pipe cross 
section. The most significant averaging effect 

Fig3.22 modelling of a strip electrode by 
using many point electrodes 

is seen for (p--90* (Fig. 3.26). 
Fig. 3.27 shows a comparison of the signals of point- and strip electrodes when a 
bubble moves radially from the centre to the wall. For (p=O' and (p=451 thevalues 

are similar but at 9--90" the advantage of the strip electrode becomes obvious 
because with strip electrodes the flow signal is almost constant. 
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3.3.3 Flow signal with large area electrodes 

As for the strip electrodes, relative potential differences are computed for large area 
electrodes. Here a whole mesh of point electrodes is generated instead of just an arc 
and then the PD is averaged again. 7be results show only a slight variation from those 
for the strip electrodes in that the peaks are 
more flattened (Fig. 3.29 to Fig. 3.31). The 
order of magnitude is the same as with point Y 
electrodes and strip electrodes except for 
bubbles very close to the electrodes. In d- - 

dr 

Fig. 3.32 and Fig. 3.33 the results are directly 
compared for all three types of electrodes at X 
two radii. Here, the point electrodes can z 

produce a relative signal up to 5 times larger 
than that with area electrodes but the 
comparison between point electrodes and area 

Flg31S Modelling of a noncontacting area electrodes depends very much on the position 
electrode with point electrodes 

of the bubble in the pipe. 
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3.4 Experimental measurement of the flow si2nal 

Setting up the expefiment 

The 2" flow rig comprisc 
a horizontal and a vertic, ý 
section. The flow in tiý 
vertical section can t' 
either way. This allows tl-. 
generation of a large ran, ý 
of flow regimes. Gas aiiý' 
oil can be injected into the 
water to create a two ariýý 
three component flow. 
For symmetry reasons, ai, 
experiments are carried ow 
with the flowmete, 
installed in the vertici, 
section of the rig. 
To prove the validity ot 
the theoretical results, a 
device was designed which 
was able to inject balls of 
ca. 8mm diameter at i 
constant time interval into 
the pipe (Fig. 3.34). The 
hollow plastic balls were 
filled with oil-solvent 

mixture in order to achieve an almost 
neutral buoyancy with respect. to 
water. This was necessary to satisfy 
the idealisation of no slip velocity 
between the balls and the water flow. 
It is expected that a frequent change in 
the amplitude of the flow signal will 
be seen whenever a ball is passing the 
electrodes. This change should also be 
visible in the frequency spectrum 
analysis. 
In the first- experiment the flow signal 

Fig. 3.34 Device for injecting balls into the pipe was recorded on an oscilloscope with 
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Fig335 Measured flow signal with airbubbles 

and without balls passed through the meter. Ile change in the time signal was hardly 
visible. However, when air was injected and bubbles of 20 mm or more passed 
through the flowmeter a change in the signal's amplitude could be seen (Fig. 3.35). 
Due to the nature of the flow induced signal it is difficult to say at this stage whether 
the measured signal was caused by the predicted change in flow signal or whether it 
is a transformer effect. A flow meter with a low frequency sinusoidal magnetic field 
cannot suppress quickly changing transformer signals. After demodulation, the flow 
signal has the form of a fully rectified sine wave (Fig. 3.36, graphl). An alteration in 
flowrate changes the 
amplitude and therefore 
the dc-level of the 3 
demodulated signal. 
A closer inspection of 
the signal in Fig-3-35 
shows that there is not 
only an increase in the 
magnitude but also a 
phase shift. At the 
beginning of the 
experiment the 
electrode wires are 
aligned so that the 
transformer signal is 

Fig. 3.36 Rectified flow signal with additional umsforiner signal. minimised. If the 
increase in signal was 
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purely due to the previously described effect of the bubbles on the flow signal, then 
the new signal would only show an increase in magnitude (Fig. 3.36, graph2). Only if 
the transformer signal, which has a phase shift of 90', has increased as well can the 
resultant signal (the sum of transformer- and flowsignal) be phase shifted 
(Fig. 3.36, grapB). A direct measurement of the effect of a bubble on the flow signal 
is only possible with a constant magnetic field. This could be done either with a DC- 
driven coil or with a coil driven by a trapezoidal function where the sampling of the 
flow signal is taken at the end of the flat section. 
In the following experiment, the power spectrum of the flow signal is recorded. A 
comparison of the power spectra with and without balls shows a definite increase in 
the signal when the balls are injected. With changing flowrate, the frequency at which 
the envelope of the power spectrum has a maximum, varies. This indicates that the 
signal depends either on the flowrate or on the velocity of the balls. 
These first experiments are followed by a series of more systematic experiments, 
altering the parameters 
- flowrate 
- density of the balls 
The aim is to determine whether the change in the signal depends on the velocity of 
the nonconducting phase or on that of the continuous conducting phase. 
The Fourier series expansion of the rectified sinusoidal flow signal f(t) can be written 
as the product of a sine wave and a square wave: 

flt) --v 
411-1 

cos(2o)t) -1 cos(4cot)- 
1 

cos(6cot)-... ] 
71 -i -ý -1-5 "ý -5 

in a spectrum analysis one would therefore expect a dc-component and components 

at multiple frequencies of 2cot. Thus a 50 Hz driven magnet creates a dc-voltage 2.1 
7C 

and decreasing signals at 100 Hz, 20OHz .... 
Fig. 3.37 shows the recorded power spectrum of the flow signal. In all graphs, vm is 
the mean superficial water velocity and vb. v, is the average velocity of the balls in the 
water flow. Because a turbine meter is used as a reference water meter, the water 
velocity is often expressed in terms of the counter frequency. Calibration curves for 
the turbine meters used are given in Appendix D. ne measured frequency spectrum 
shows additionally low frequency noise which is generated by vortices in the turbulent 
flow. Due to poor filtering in the electronics, the power spectrum also shows spikes 
at the mains frequency and multiples of it, Le at 50Hz, 15011z.. Because these are 
also present when the coils were turned off, we ignore it in the further discussions of 
the flow- and transformer signal. In Fig. 3.38 to Fig. 3.44 the power spectra obtained 
with balls injected at different water flow rates is shown. Ile maximum of the signal 
change moves with the flowrate. The multiple traces on each graphic are due to 
several readings made under the same conditions. 
The lower the flowrate the closer is the maximum to 10011z. This was to be expected 
because of the demodulation effect. A modulating 5Hz signal will (after demodulation) 
be shown at 100±5Hz. A higher flowrate and therefore faster ball speed will modulate 
at say 1011z which after demodulation will be shown at 100±1011z. To show that the 
position of the signal maximum depends on the speed of the balls only, empty and 
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hence less dense balls are used in the next experiment. The flowrate is then changed 
until the rising velocity of the empty balls matches the rising velocity of the balls in 
the previous experiment. Comparing Fig. 3.39 and Fig. 3.41 with Fig. 3.42 and Fig. 3.43, 
the maxima are seen to be at the same position for equal ball speeds vb. v,,, 

independent 
of the flowrate. The use of empty and filled plastic balls allows us to alter their 
density by only a small amount. This results in an even more limited alteration in the 
speed of the balls. However, it can be shown that the change of the velocity of the 
conducting phase does not influence the position of the peak of the power spectrum. 
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Fig3A2 Measured power spectrum of flow signal with balls injected 
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CHAPTER 4 

Transformer signal 

In the previous chapter, it was shown that a nonconducting second phase does have 
an effect on the readings of an E. M-flowmeter. However, two questions are still open; 
what effect has been measured and on what parameters does it depend? 
As said before, it could either be an effect on the flow signal or on the transformer 
signal. In order to predict the effect of a nonconducting second phase on transformer 
signal, a theoretical model has to be developed which can simulate a single ball or 
multiple balls. In addition it should allow an investigation of the effect of different 
electrode shapes. 

4.1 Modelling a divole in z-direction 

In this section, a theoretical method is developed to predict the transformer signal in 
an E. M-flowmeter. In order to simplify the analysis, only a single sphere is 
considered. The analysis is based on the same idea used previously for the flow signal. 
A current dipole is imposed in a locally uniform current and the potential of this 
dipole is measured on the electrodes. The strength of the dipole is proportional to the 
strength of the current, its direction is opposite to the current. 
The calculation is divided into four steps: 
1). Evaluation of the eddy currents in a single conducting phase. Hereby a 

simplified model is used with an infinitely long magnetic field. In this case, 
the eddy currents are parallel to the pipe wall and are only a function of y. The 
end short effects are not considered. 

2). Calculation of the field of a general dipole directed in the z-direction. The 
boundary conditions are again that no current is flowing into the pipe wan, Le 
i. --O. 

3). Scaling the dipole to the strength of the eddy current and size of the sphere. 
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4.1.1 Eddy currents in an E. M-flowmeter 

Considering again an infinitely long magnetic field, applied to the flowmeter with 
point electrodes, the equations describing the E-field in the liquid are [3]: 

VxE=-icoB 
VXB=O 
V-B=O 
v! =o 

In an infinitely long magnetic field, the eddy currents will be aligned parallel to the 
z-axis, turning round at infinity (Fig. 4.1). 

4, 
y 

---------------- 

FigA. 1 Eddy currents in F-. Mflowmeter witli msulatecl PiPe walls and infinitely long magnetic field 

When applying Faraday's law to this E-field, the maximum magnitude can easily be 
determined: 

ýL-dS Faraday's law ff4l=-1cof 

C 
Here, C is a closed contour, bounding the area S. 
Equating both sides of the equation above yields 

2EI=-IcoI2yB 
E=-icoBy 

with the current written as j=(YE we find 
I 

j=-aio)By 
(4.1) 
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4.1.2 Dipole in z-dimtion in a Dive with insulating walls. 

The calculation of the field of a dipole in z-direction is similar to that for a dipole in 
a radial or circumferential direction. 
A source and a sink are placed on the z-y-plane, a distance 8 away from the y-axis 
and at height y (FigA. 2) 

ul -Ul 

UO 

FigAl Sink and source positiomng in pipe 

The potential for IzI >8 is denoted ± U1, the potential for IzI <8 is UO. 

The equations for U, and UO are again Fourier-Bessel series'. 

U, =E Fa., eim9i z>8 
(4.2) 

+alo 

UO=E Eb. e'J,., (I'I.,. -')sinh(L'-'z)+b z IZ1<8 (4.3) 
aa 

to 

In both of these series', the term with m---O, n=1 is initially separated. 
The conditions for U, and UO are continuity of potential and current at z=S. 

U, =U, at z=8 (4.4) 

aul I au I1 
5(0-" 8(r-y) (4.5) 

az z 
s. s- r +0 
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From equation 4.4 we can relate the coefficients a. in terms of b.. 

ae imoi :)e +a AM IMP 
I 

I-In 10 

JR-1 

b,, e im0j,., (i sinh(ý'"8)+b 8 10 

Because the Fourier series and the Bessel series are unique, the expressions on both 
sides can only be equal if their coefficients are equal. 

a�z, -b�8 (4.6) 
a =b sinh(i' am am IMIAa 

Differentiating U, and UO with respect to z yields 

au, = i»aj - jo i»w 9 it 
az 

Duo 
=j: 

j 
b. e cosh(j"' z) "ý'Il +blo 5z 

M. - jg. l 
41 aa 

Combining both equations with z---S and substituting the coefficients a. from eqn. 4.6 

yields 

uo 
=it ei'l-14 

ý 's in. - R-1 

We can write the product b. ýý" as c., for -n, m o 1,0 . Also, bjO=cjO. This is 
a 

because blo is of course an element of the series and i'101, --0 , J101(0)=1 , eO=I 

The expression above can now be substituted into eqn. 4-5: 
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-. 1) 8(r-y) EEC. 
-- 7 

M. - n. 1 

(4.7) 

The coefficients c. are now determined by inverting eqnA. 7. With the right side of 

the equation above being a function flrO) and the left side a series 

.e 
il"OJI. 

I(x) , we have the general expression for f. 

r, O) e rdrdO 2 

ffft 

a (4.8) [MIR 
7ra 2 12 Jjmj(, jjnjj) 2 

_M2)( IMIS 

Therefore 

S(O -1) e -""'dO 1 
rdr 

jil.. Wb 
-/2 

f4l 

2r j 

ce RM 

7ca 2 /2 ý 
IMIX 

giving 

.a .1a 

j/2 e -tmki 17)e 
IMIX I-P 1-1117 

ica 
2ý 12 /2 

(4.9) 

e -io; J I Y)e MIT 
101(i loll 

clu 

na 
2 (ilolulloll 

))2 7ra 

with blo, --clo => blo= 12 (4.10) 
7ca 
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C-a 
Because blm= 7, we find b. M from eqn. 4.9: 

.18 -im , -J Jkv-. 
j, I.,. e 

ica ý 12 
1, g_ 

2)(jl 
Im M nI(Iiinia» 

2 

For simplicity, we write from now on 

i Z) 
Gnm= IMP I I-I'l a (4.12) 

/2 
_M 

2)(Jlml(, 1 
Inl,, 

))2 
ý 

IMIR 

Inserting blo and b.. into eqn. 4.6, we also find alo and a. respectively: 

alo= 
82 (4.13) 

7ra 

with 

ej#"w! a,, = -. L-: -e e GM sinh(j' ImIn 
a 7ra 

a. =Ll-'I' e -im4 sinh(i 8) G,. 
m 

(4.14) 
7ra a 
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Having determined expressions for the coefficients a. and b., it is now possible to 
calculate U, and UO. In order to reduce computational time later on, the series is 

rewritten with ni starting at 0 instead at -. . We now have 

--- 6-1. 
-imO+a. e )+a (a., e 2 '0 10 

M-0 A-1 

Theterm (1-.! 8. d ensures that all terms with m--O are counted once only. Substituting 
2 

for the a. using (4.14) we find 

(a. 
e -""O+a e ... 9)4-e "; e -i-; +e sinh(i 8) G,, 

-M AM na a 

(a 
e-imo+a I) G 

R-M AM na IMIX a; AM 

(a. 
e-im'9+a eimG)=2cosq(-im(-"+O))L"I-'sinh(i',.,,, ±)G 

-M R" na a nm 

(a. 
e-iffQ+a eilnl)=2cos((m(O-.! ))Ll'-I'sinh(i',.,,, ±)G 

-M &" 2 7ca a AM 

Inserting the expression above in U, and substituting a,,, from (4.13) yields 

.i i' l", 1 8) 
2ý 

sinh(-' a G. (1 -'5,. 0) + T 
dl i 

M. o A-1 ica ej'sl" -na 

This is the potential distribution of the current source and -sink in the pipe with insulating walls for IzI >8 
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In the same way we can rewrite UO as 

UO=E Fz , 
(b., e -imO+b. enJ,., (i',,.,. L)sinh(L*lz) (I -A -7 d +b 

on-0 x-1 
a 10 

-i-O+b,, e i") =(e 
"n; 

e -i,, G+, -iý ee 
na 

(ba-me -""+b»me ') =(e e -j, 'w! 
na 

-me '»e 
(bn `A +bam e'-9) =2 cos(m(0 -. i na 

I 
sinh( ""14 z) 

U. =j 2aG. (1 - 18., 
0) +bjo z 

N-0 R-1 
7ra 

COýM(" 
2))Jlll(f'l'lla it a2 

e lmln; 
(4.16) 

This is the potential distribution of a current source and -sink in a pipe with insulating walls for IzI <8 . 
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So far we have considered a source and sink of unit strength at a distance 28 away 

K from each other. If we take the limit of Uj- for B-+O, we obtain the expression for 
28 

a point dipole of unit strengthK=Q-Iin z-direction. 

K Jim U, 
28 

lim 2 cos((m(O - 8-00 M-0 R-I 7ca 
K (1 am 2 mo) 2- na 25 

because lim linIn 

88, 

we find 
S-41S aa 

K lim U, 
8-40 28 

(4.17) 

K[ý cos((m(o-") ilfl, I.,. ') e G. (l 

1M 7ra 2T)aT 

This is the potential distribution of a dipole in z-direction in a pipe with insulating walls. (valid for z>O) 

4.13 Scaling the 
-dipole 

to the strength of the eddy current. 

In order to obtain the final equation for U1, we have to scale the strength of the dipole 
according to the strength of the eddy current and the size of the sphere. Here we can 
use the same factor as in the previous calculation of the flow signal (chapter3.2.2, 
eqn. 3.27). For a sphere of radius c, the dipole strength K has to be: 

3 
K=21c-j-4, 

where a is the conductivity of the fluid and 4 is the undisturbed eddy current from 

equation 4.1. 
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4.2 CoMRuted results for flowmeter with point electrodes 

Fig. 4.3 and FigA. 4 illustrate the potential distribution of a dipole in a pipe with 
insulating walls. 

0.75 

CJW 

025 

0.00 

-0.25 

-CM 

4). 75 

-IM 

The potential lines are 
perpendicular to the wall, 
therefore the normal 
component of the current is 
zero at the wall. 
Based on this potential 
distribution, the voltage 
difference is calculated 
between opposite points on 
the pipe wall, where the 
electrodes are located. For 
larger electrodes, the 
potential difference is 
computed at a grid of 
points and then averaged. 

-1.00 -0.7S -am -0.2S 0.00 025 0.50 0.75 Z 1.00 

Fig. 43 Potential lines in the y-z plane of a dipole in a pipe with 
insulated walls 
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FigAA Potential lines in the x-y plane of a dipole in a pipe with 
insulated walls 
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Fig. 4.5 shows the rectified transformer signal, generated by a ball with a diameter of 
1/10 of the pipe diameter. It moves along the pipe axis in the y-z plane. The 
computed curve decays exponentially to almost zero after three times the radius. At 
z--O. 5 to each side of the electrode plane, the transformer signal reaches a peak and 
in the electrode plane it crosses through zero, changing its sign. When the signal has 
reached its maximum value, it then quickly decays. At a distance of twice the pipe 
radius it is already decreased to 20% of its maximum value. In all the following 
graphs (unless otherwise stated), the transformer signal is computed for a pipe of unit 
radius and a magnetic field strength of 1. The frequency of the magnetic field is 5OHz. 

computed transformer signal in E. M. flowmeter with point electrodes 
ball dia.. 0.11 *pipe dia.; y. 0.05; x. 0 

*10" 
AU CVI FA 

Fig. 4.5 Computed rectified transformer signal due to a single nonconducting sphere. 
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Fig. 4.6 shows again the computed transformer signals for a single ball in the y-z- 
plane. The radius of the ball is 10% of the pipe radius. The position of the ball in the 
cross section of the pipe is kept constant while it passes through the meter. 
The shape of the transformer signal curves are similar but the absolute value increases 
as the path of the ball is moved closer to the pipe wall. Also, the distance between the 
maximum and minimum of the signal decreases considerably from approximately 
25mm, to half the ball size when the ball passes closest to the electrodes. 

transformer signal in UILflOwmeter with point electrodes 
' X-*-'ý11. bd)blG rCKrUI--O. T" 

0-1 I--*= - 

-2- radw-0.5 

Electrude -E9- m&A-M7 

-3 
-2 0 z2 

FigA. 6 Rectified transformer signal of a single ball at different distances to the electrodes. 

In Fig. 4.7, the maximum 
transformer signal is plotted 
as a function of its radial 
position in the pipe. The 
magnitude of the signal 
increases exponential like 
with the radius. Although 
the graph refers only to the 
signal change for motion in 
the y-z plane, the shape of 
the curve will be similar for 
other paths parallel to the 
tube axis. 
It is important to notice that 
the maximum of the 
transformer signal does not 
occur at a constant z-value. 

r . r: I 

- - V - - 
-- 

___ 
- - -I 
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The rate of change 
depends on the angular 
position in the pipe as 
well. This is shown in 
Fig. 4.8 for a radial 
position of r--0.9. - 
Again, the magnitude 
of the signal increases 
almost exponentially on 
approaching one 
electrode. 

Fig. 4.9 illustrates the 
previously mentioned 
curves of the maximum 
trnn-zfhrmt--r ---zipnnl fnr 

tl fV7 .A 
10 

ragm, 031 r-0-9. bL" 

If 

2 

0 
3 04 05 06 07 0 8019 91 

Fig. 4.8 Maximum transformer signal as a function of the circumferential different angular position of the baH. 
positions. For angles of 
less than 45 degrees, 
the curve is almost a straight line or even curved slightly outwards. At larger angles 
however, the path is more and more curved with its maximum curvature in the y-z 
plane. As a consequence, it takes a bubble in the y-z-plane almost five times longer 
to travel the distance between the points of maximum and minimum transformer signal 
when it is in the centre of the pipe as if it is near on an electrode. In other words, 
bubbles could generate frequencies in the power spectrum which vary by a factor of 
five, even though their velocities are equal. 
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Fig. 4.10 shows the 
locus of maximum 
transformer signal as a 
three dimensional 
shape. 'Me z-value in 
the plot is the distance 
between the maximum 
transformer signal and 
the electrode plane. 
It becomes apparent 
that point electrodes are 
not ideal for relating 
the transformer signal 
to bubble velocity 
because the position of 
the bubble influences 
the magnitude of the 
signal and its shape. 
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pipe dia. =50mm; bubble dia. =10mm 

z 

Fig. 4.10 Surface of maximum transformer signal due to a small bubble in an E. M-flowmeter With point 
electrodes and uniform magnetic field. 
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4.2.1 Experiments with transformer signal 

In order to verify the predicted effects of bubbles on the transformer signal, a series 
of experiments is set up using a commercial electromagnetic flowmeter. 

a single 25mm plastic ball is moved along the pipe axis 
a single 25mm ball is moved across the pipe cross section 
a single 8mm ball is used to determine the positions of maximum transformer 
signal. 

Transformer signal as a function of the Position of a baU along tube axis 

In this experiment, a 25mm diameter plastic ball is moved in a vertical pipe along its 
axis (Fig. 4.11). The pipe is filled with water and the ball is first positioned in the 
centre line of the pipe. It is then 
moved at a constant speed of 
0.3203mm/s. Due to the slow 
speed, the motion can be treated 
as quasi static. Any water 
circulations around the ball can be 
neglected. A weight on a long line 
compensates for the buoyancy of 
the ball. Because the plastic line is 
very thin and extends both sides 
of the ball, its effect is negligible. 
The value of the lOOHz fully 
rectified sinusoidal transformer 
signal is then recorded. 
Fig. 4.12 shows the recorded 
graph: The transformer effect 
decays exponentially as the ball 
moves far away from the 
electrodes. The signal is odd about 
the electrode plane and zero in the 
electrode plane, as expected for an 
E-field shown in Fig. 4.1. The 

PTII AA 

maximum anct minimum are 
seconds apart from each other 
which is equivalent to 23.52mm. 
When comparing the measured transformer signal in Fig. 4.12 with the computed 
signal shown below (Fig. 4.12a), a good agreement is found. 
The computed curve has decayed after 75mm, whereas the measured signal has 
decayed after 60mm. This difference can be explained with the fact that the theoretical 
model assumes an infinitely long magnetic field and therefore the bubble goes on 
generating a transformer signal at a longer distance away from the electrodes. 
The distance between maximum and minimum transformer signal is 23.5mm in the 
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153.52 SEC 109.57mV pipe dia. =2" 
2 0 ball dia. =25mm . 

point electrodes 

no flow 

REAL 
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Is---0.3203mm 

24.5mm in 76.5s 
X1 

a x. 
- ' 

-0.21 
-4 TNE 00SEC 

AX: AY: ' ýý220.60mV' '73.44-SEC-l' 

03/09/91 16: 38 
FigA. 12 Rectified transfoinic, signal, measured in a 2" E-Mllowmeter with point electrodes. 

experiment compared to 
25.9mm computed. An 
explanation for this 
discrepancy could be 
again that the eddy 
currents were assumed 
to be parallel and only 
a function of Y, 
whereas in reality the 
magnetic field is 
relatively short and end 
shorting currents exist. 
In addition the theory 
only holds for small 
bubbles and not really 
for one of V diameter 
in a 2" pipe. 

0 2- --- --- ------ . 
AtIM 

bcA cria. --25nvm 
Y=0.05; X=O 
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0- 0. 
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Fig. 4.12a Computed rectified transformer signal in an E. M. flowmetcr with 
point electrodes. Bubble size --0.5*pipe diameter 

bcA Cria --25mm; . 
Y=0 05; X=O . 
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Transformer signal as a function of posifion of ball in pipe cross section 

In the following experiment, the dependance of the transformer signal on the position 
of the ball in the pipe cross section is investigated. Fig. 4.13 shows the setup of the 
experiment. The 25mm ball is attached to a thin fishing line. The upper end of the line 
is fixed to a traverse which is itself mounted on an indexed brass ring. In order to map 
the cross section of the pipe, the angle is manually set in increments of 10'. The 
traverse is moved with a motorised micrometer in steps of lmrn. The height of the 
ball is then adjusted to 12.5 mm above the electrode plane. A weight at the bottom 
end of the nylon string compensates again for the buoyancy of the ball. Again, the 
amplitude of the transformer signal is recorded. 

/ 

= 

Fig. 4.13 

Fig. 4.14 shows the high degree of sensitivity of the meter to the position of the ball. 
Here, the z-value in the diagram is equivalent to the magnitude of the signal. 
in close proximity to the electrode, the ball generates a transformer signal 5 times as 
high as it does in the middle of the pipe. If the experiment is repeated with the ball 
moved on the saddle shaped surface (as in Fig. 4.10) in order to record the maximum 
transformer signal, this ratio would be even higher. Due to this variable weighting it 
is obvious that the magnitude of the transformer signal cannot indicate the void 
fraction. 
The above experimental result is compared with the computed transfon-ner signal in 
Fig. 4.15. Both graphs agree extremely well in symmetry and shape despite the fact 
that the theory strictly holds for small bubble sizes only. 
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Fig4.15 Computed rectilied Lransiormer sigjiw in an r-tvi-iiowme[er witn point electrodes and unitorm, 
infinitely long magnetic field. 
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Lines of maximum and minimum transfonner signal 

With the experimental result shown in Fig. 4.12 and the corresponding theoretical 
result in FigA. 5, the variation of the amplitude of the transformer signal was 
determined as a function of z. If a row of single balls passes the electrodes at irregular 
intervals, there will be one characteristic frequency in the power spectrum which all 
passing balls have in common. If the balls travel faster, this frequency will rise, if they 
slow down, it will fall. This characteristic frequency is independent of the position of 
the ball in the pipe cross section as long as the distance between the maximum and 
minimum of the transformer signal is constant throughout the cross section of the pipe. 
The computational result shown in Fig. 4.9 has already indicated that for an E. M- 
flowmeter with point electrodes the maximum or minimum transformer effect does not 
occur at a single value of z. In the following experiment a single plastic ball of 8mm. 
dia. is used to verify this prediction. The experiment is only carried out in the y-z- 
plane because here the variation is the largest. Fig. 4.16 shows the measured lines. 
these are curved towards the electrodes with the distance from maximum to minimum 
varying between 26mm and 8mm. In the theoretical result the maximum distance was 
25.9mm and the minimum distance only ca. 3mm. Ibis discrepancy of the minimum 
distance is due to the fact that the point electrodes in the flowmeter are in fact 10mm 
large in diameter whereas the theory assumes point electrodes. 
From this experiment it is finally clear that we will not find a single frequency in the 
power spectrum when a large number of balls randomly distributed over the cross 
section passes through the meter all at the same speed. 
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Fig. 4.16 Measured lines of maximum and minimum transformer signal in the y-z-plane 
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4.3 Large electrodes 

In addition to the point electrodes, larger electrodes are investigated. The two shapes 
considered are strip electrodes and area electrodes. Because both types of electrodes 
are meant to be noncontacting and 
only capacitively coupled to the fluid, 
they can be modelled as a number of 
independent point electrodes over 
which the total signal is averaged. 
This method has been described 
before in chapter3. In Fig. 4.17, the 
transformer signal of a single ball is 
compared for all three types of 
electrodes. 
The variation in the transformer 
signal amplitude due to this ball is 
similar for point- and large 
electrodes. However, the distance 
between the maxima is larger for area 
electrodes than it is for point 
electrodes. All three signals decay 
i-minllv fho hnt the, ahsolute 
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0 04- . 
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Fig. 4.17 Theoretical transformer signal due to a single ball in 
maximum of the transformer effect is E-M-flowmeter witli area, strip and point electrodes highest for point electrodes and 
lowest for large area electrodes. A 
significant difference between the three electrode types becomes apparent in Fig. 4.18. 
The magnitude of the trarisforiner 
signal depends much less on the 
position of the ball. x--O. bol &L-OýZ Z-accor&q to' Posmon of 
For the computed examples, the 'tj CO 10-- 
magnitude of the signal with area 
electrodes is only about half of 
that with strip electrodes and 
much less than that with point 

6- 
electrodes. The position at which 
the maxima are reached are Electrode 
different for all three electrodes. 4-- 

The disadvantage of the lower - 
signal with large area electrodes 2-- 
can be overcome by increasing 

-i the frequency at which the coils 
are operated because the strength 

0 
Ir 

TiYI 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
of the eddy currents is directly 

___j proportional to the frequency. FigA. 18 Magnitude of the maximum transformer signal in E. M- 

The main advantage of large flowmeter with area, strip and point electrodes 

electrodes compared to point 
electrodes is, that the distance between the maxima is less sensitive to the position of 
the bubble in the pipe cross section. Fig. 4.19 and eqn. 4.20 show the lines of 
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maximum and minimum 
transformer signal for strip 
electrodes and area electrodes 
respectively. With strip 
electrodes, the lines are almost 
as curved as with point 
electrodes but they do not 
change much with the 
circumferential position of the 
bubble. Area electrodes show a 
low sensitivity of maximum 
and minimum to the position of 
the ball. The lines are less 
curved than with point- and 
strip electrodes and they are 
nearly the same for all angles. 
Apart from the lower 
sensitivity to bubble position, 
area electrodes have another 
small advantage: The average 
distance between the maxima is 

strip eJectrodes 9Cr 
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Fig. 4.19 Unes of maximum and minimum transformer signal in 
E. M. -flowmeter with strip electrodes 
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Fig. 4.20 Lines of maximum and minimum transformer signal in 
E. M. -flowmeter with area electrodes of I pipe radius length 
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, 19, 
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larger. This should help to 
overcome the aliasing 
effect because more 
samples can be taken 
during the pass of the 
bubble. 
Fig. 4.21 and Fig. 4.22 show 
the three dimensional shape 
of the surfaces of 
maximum transformer 
signal. For both types of 
electrodes the surfaces are 
roughly of spherical shape 
with different curvatures 
whereas point elecnWes 
(Fig. 4.10) give a strong 
saddle shape. 
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Fig. 4.22 3-Dimensional path of maximum transformer signal in E. M-flowmeter with 
area eleCtrodes; electrode length=1 pipe radius 
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Fig. 4.21 3-Dimensional path of maximum transformer signal in E. Kflowmeter with 
strip electrodes 



Having established the 
advantages of large area 

r electrode length=2a, bubble radius=O. la 
1.0- electrode sthe 
r performance of a 

flowmeter with very 
long electrodes is 0.5- 
investigated. The 
electrodes have still an 
inclined angle of 90' 

0.0- but their length is 
increased from to I 
pipe radius to I pipe 
diameter. Fig. 4.23 -0.5- 
shows the lines of 
maximumand ph' MM9 

minimum transformer 
signal for this electrode -1.0 111 -1 Z 

geometry. Fig. 4.24 -2 -1 012 

shows the three Fig. 4.23 Computed lines of maximum and minimum transformer signal in 
dimensional shape of E. M. flowmeter with large area electrodes; electrode length= I pipe diameter. 

the surface of 
maximum transformer signal. This surface is now almost flat and the distance between 
maximum and minimum transformer signal is I pipe diameter. 

100 

Fig. 4.24 3-Dimensional path of maximum transformer signal in E. M. flowmeter with large area 
electrodes; electrode lengLh=l pipe diameter. 
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4.4 CoMRarison of the strength of flow siggal and transformer signal 

transfonner signal with airbubbles passing through 
v,. --0.70ni/s 

t7--- 

L 

LL 
REAL 

X1 

/VV 

TIME 9 LIN 40mSEC 
7.89imSEC -i. 0000 v 

26/04/gi 10: 39 

FigAIS Measured signal on 2" E. M-flowmeter in water-gas flow 

From the 
experiments 
which were 
described in 
chapter3, an 
attempt was 
made to verify 
the predictions 
regarding the 
flow signal. A 
change in signal 
was detected 
when gas 
bubbles were in 
the water flow 
but it was 
suspected that 
the measured 
effect was not 
entireIya 

change in the flow 
signal. All experiments 
with the transformer 
signal are carried out at 
zero water flow to %4 

ensure that all measured 
effects are entirely 
transformer effects. 

V17 
'1 

-J 

Fig. 4.25 shows the 
recorded signal of a 
water-gas mixture at a 
mean velocity of ca. 
1m/s. The electrode 
wires are aligned at the 
beginning of the Fig. 416 Flow signal superimposed onto transformer signal 
experiment so as to 
minimise any transformer signal under no-flow conditions. After amplification, the 
electrode signal is rectified in phase with the magnet current. As long as the 
transformer signal is zero, the electrode signal looks like curve 1 or curve 2 in 
Fig4.26. The phase shift of the signal in Fig-4-25 indicates that the signal is the sum 
of a ýine- and cosine function, like curve 3 in Fig. 4.26. This leads to the question - 
how strong is the transformer effect compared to the flow effect? 
The magnitudes of flow signal and transformer signal are now compared. 
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In chapter 3 it was shown that the circulating current density for a parabolic flow 
profile is 

1 
j- OB v. 

[(, 
"-1) sin0a, 

43.! ý-1)cosOa, 
] 

- 12 

The magnitude of j, written in cartesian coordinates is 

Ul =IaBv. 
ý (-2, "')2J2ý; -3) -lf 2 

The maximum magnitude of i is reached at x=a, y---O. Here, 
V.. I --GB -v. (4.19) 

From eqn. 4.1, we see that for the eddy cuffents, 

jm--aicoBy 

For comparison of the strength of the currents, -i can be dropped because it only 
indicates the phase shift of the current to the magnetic field. Hence we obtain for the 
transformer effect the following maximum current at y=a. 

Um,, I=acoBa (420) 

Comparing the current of eqn. 4.20 with eqn. 4.19 yields 

coa (4.21) 
V. 

Taking some typical values, the ratio can be determined: 

pipe diameter 2" 
mean flow velocity= 0.05 m/s (maximum possible velocity for laminar flow of 

water) 

- frequency of coil = 50 Hz co-314 

314 ý0.0254 
-160 0.05 
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In this example, the transformer effect is therefore about two orders of magnitude 
larger than the flow induced effect, considering the current strength only. However, 
this calculation does not take into account that the maximum currents occur at 
different positions in the pipe. The maximum current due to the transformer effect 
occurs at the pipe wall near the electrodes; the flow induced current is a maximum at 
the pipe wall but in the x-z plane, at the largest possible distance from the electrodes. 
A dipoles' potential decays with the third power of the radius from its centre, it is 
therefore expected that the transformer effect is even stronger. Referring to equation 
4.21, one could suggest that the dominance of the transformer effect will be reduced 
with increasing velocity. Bearing in mind that eqn. 4.19 was derived for a parabolic 
flow profile, this is only true if the pipe diameter is reduced as well, in order to keep 
the Reynolds number low and the flow laminar. Otherwise, an increasing mean 
velocity will only flatten the velocity profile and reduce the flow induced currents 
even more. 
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Chapter 5 

Theoretical power spectrum of transformer sianal 

In chapter 3.4, it was shown that the presence of a second, nonconducting phase in a 
continuous water flow changes the potential at the electrodes. The power spectrum of 
the signal alters its shape with varying flow velocity so that the peak of the spectrum 
moves almost linearly with the flowrate. In the last section of chapter 4 it was shown 
that this phenomenon is almost entirely caused by a transformer effect; the effect of 
the flow signal being 2 orders of magnitude lower. In this chapter, a theoretical model 
is build which is capable of predicting the power spectrum for randomly spaced bans 
at any transformer signal sampling rate. In a first stage however, the sampling rate is 
made infinitely fast. 

5.1 Idealization of transformer signal for eclually spaced balls 

xi 

TIM-- a 1.1., 1 20SEC 
j)2 5.117 SEC Ay. -2.260v -- 

Fig. 5.1 Measured mansfonner signal of a row of 8mm balls. 

In order to compute the power 
spectrum of the transformer 
signal, it is necessary to 
describe the transformer signal 
as an infinitely long series. For 
simplicity, a row of equally 
spaced balls is considered first. 
A further limitation is that the 
balls are separated by a 
distance which is large enough 
to avoid interference. The 
transformer signal which then 
has to be modelled is shown in 
Fig. 5.1. 

The transfon-ner signal of a single ball could be 

represented by a single high order polynomial 
function, a series of polynomials or as a combination 
of exponential- and trigonometric functions. For the 
ball along the centre of the pipe such a function is 

j(x)=-e', -'atan(-c2x); x<O 
flx)=e '-'atan(C2X); x>() 

where C, and C2 are constants to match the shape of 
the transformer signal. 

accurate signal "U, U; 

approximation 

FigSI Approximated transformer 
signal 

A series of these functions then has to be added in 

order to represent the repeated transformer signals of 
the balls. Because an infinite series of functions can conveniently be written in the 
form of a Fourier series, it was decided to approximate the function as a set of linear 
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functions as shown in Fig. 5.2. Each single transformer signal is represented by a 
triangular wave. By altering the slopes of the linear functions, the idealized 
transformer signal can quickly be adjusted to the measured signals. Having expressed 
the string of transformer signals as a Fourier Series, the power spectrum can be 
computedL The method which is used to calculate the power spectrum is described in 
[3]: The function is shifted by the time delay c and the autocorrelation function R(, c) 

is calculated using R(r) =-! t)At-, r)dt . Fig. 5-3 shows the autocorrelation function ilk 
of a single triangular wave. 
Performing a Fourier 
transformation of R(r) 
yields the power 
spectrum G(f). 
in the computation, 
only a limited number 
of cycles (i. e. number of 
balls) and a discrve 
Fourier Transform are 
used. Increasing the 
number of transformer 
signal cycles to more 
than 10 hardly alters 
the result, the spikes in 
the power spectra 
simply became 
narrower and higher. 
Fig. 5.4 and Fig-5-5 

f i E n 0.5- 0 . 

0. 
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0.5- : - -0. 
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2 
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)5 

). 05 

80 

show the computecl Fig. 53 Autocorrelation function for a single idealized transfonner signal. 
power spectra for 

various speeds and spacings of the balls. The position of the maximum (ie of the 
highest peak) varies linearly with the speed of the balls. For higher velocities the 
height of the peaks decreases because the same amount of energy in the signal is 
spread over a wider ftequency band. A variation of spacings between balls does not 
change the frequency of the maximum. However, a smaller spacing obviously allows 
more balls in the same time interval to pass through the meter and therefore increases 
the amount of energy and the magnitude of the spectrum. 
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Fig. 5A computed power spectra of transformer signal for different ball speeds 

v=0.2rTVs; f=inf; 5cycles 
ball dia.. 8mm 

0.15 

22 

spacing-60mm 

-6 spacing-116mm 
M spacing-200mm 

spacing=300mm 0.1 

0.05- 

. 41 i41 
111.. ... 

INA, 

0.0 44 iý- 4 
-- 

41 4z) 

23456789 10 11 12 
Fig. 5.5 Computed power spectra of transformer signal for different ball spacings 

80 

0.0 



5.2 Power spectrum for unevenly spaced balls 

Having calculated the power spectrum for equally spaced balls the spacing is now 
allowed to vary, thus representing real bubble flow rather better. Now a series of 
transformer signals is combined to one signal (Fig. 5.6). This is then written as a 
Fourier Series and processed as 
in 5.1. In principle it is 
possible to simulate a later 
experiment by combining into 
one signal as many transformer 
signals as there are balls are on 
a string . Practically, the large 
amount of computational time, 
needed to express the function 

Fourier as a series and 
integrate it, limits the 
possibilities to rows of about 
10 signals with varying spaces 
between each. 
Fig. 5.7 shows the computed Fig. 5.6 Idealized transformer signal, representing a sving of 
power spectra for a string of randomly spaced balls 
balls moving at a velocity of 
0.2m/s. The spacing varies between 65mm and 150mrn and the signal repeats itself 
after 7 balls and 15 balls respectively. If one draws the envelope of the power spectra, 
the position of the maximum is again nearly at the same frequency as it was with the 
equally spaced balls in Fig-5-5. 
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Fig-5.7 Computed power spectra for unevenly spaced balls 
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5.3 Power spectrum of egually spaced balls at low sampling rate 

In the previous computations of the power spectrum, it is assumed that the transformer 
signal is always detected by the electrodes in its simplest form. This can only be the 

case if the rate of change of the magnetic field aB 
=const. . In the commercial 

flowmeter used in the experiments however, the coils are mains driven and therefore 

DB 
=coBOcos(COt) where BO is a constant. The eddy currents in the liquid vary Ft 

sinusoidally. If the balls are moving fast enough through the flowmeter it is therefore 
possible that the eddy currents are very low at the moment one ball passes the 
electrodes. Consequently, only a small or zero transformer signal will be generated. 
An aliasing effect will occur and the signal will possibly be altered in a way that the 
information coming with it disappears. Such an altered signal may look like that 
shown in Fig. 5.8. If the eddy currents which cause the transformer signal are constant, 
then the effect of a 
-----I,, tr;, L? ". n IIUIJ%, UIILLU%ýLJLAIE, DFIA%14%1 A-3 a 

by the function fb(z) as seen in 
Fig. 4.5. For -a sphere at a 
velocity v the signal can be 
written as a function f, (t). 
Because the eddy currents are 
modulated by a function f. (t)= 
Ccoso)t ,a superposition of 
fb(t) and f. (t) gives the final 
transformer signal for a single 
bubble. Fig. 5.9 to Fig. 5.11 
show the idealized transformer 
signal multiplied by a rectified 
cosine function. 
The larger the velocity of the 
balls or the lower the 

.1L. - 

-LOOE-42 -I. OOE-02 O. ODE+00 
-I-SOFM -S. ODE-03 

t Is] 

I. OOE-W. IODE-02 
S. OOE-03 1.50E-02 

Fig. 5.8 Modulated a-ansformer signal 

frequency of the B-field, the 
more distorted becomes the transformer signal. The effect of the non-constant eddy 
currents on the power spectrum is shown in Fig. 5.12. In addition to the low frequency 
signal, the harmonics of the modulation signal are present at ±lOOHz (for the 5OHz 
alternating magnetic field). However, although the basic transformer signal looks 
highly distorted at large velocities or low modulation frequencies, the power spectrum 
does not vary much. The reason is that an averaging takes place over a long time 
period. Even if the occasional transformer signal is completely skipped, the effect on 
the power spectrum is merely a decrease of its magnitude. In Fig. 5.13, power spectra 
are compared with modulation frequencies of 1011z to -. Apart from the extra 
harmonics, the main signal in unaltered in position and only varies in magnitude. 

v 

rectified d 
, mMia fion 
signal 
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v. lm/s; spacing-66.667-66.667-66.667; f-WHz 
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f. f modulated transformer signal 

v. 1 ffVs; spacing-66.667-66.667-66.667-. f., WHz 

-0.1 -0.05 0.0 0.05 0.1 

F, Y, S'10 modulated transformer signal 
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Fit. 5'. 11 modulated transformer signal 
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Fig. 5.12 Computed power spectrum of 5OHz modulated transformer signal 
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v=l m/s; spacing =66.667-66.667-66.667 
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Fig. 5.13 Power spectra for equally spaced balls and modulated tramformer signal 
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5.4 Power spectrum of randomly spaced balls at low samDlinLy rate 

As in 5.2, the power spectrum is here computed for randomly spaced balls with a 
modulated transformer signal as in 5.3. Fig. 5.14 and Fig. 5.15 show the power spectra 
for two velocities. Despite the addition of some low level noise, the peaks of the 
power spectra are still at the same position as in the simpler models. 
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power spectrum of transformer signal 
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5.5 Leakage of transformer signal into the flow signal 

The sinusoidal signal at the electrodes of a mains driven E. M-flowmeter alters its 
amplitude when the flowrate changes. When it is processed, it is rectified in phase 
with the magnetic field and averaged. In the case that a transformer signal is present 
due to the misalignment of the electrode wires or any other asymmetry, the 
transformer signal has no effect on the processed flow signal because it averages to 
zero. 'Mis however is only valid for a constant or slowly changing transformer signal. 
If the transformer signal changes fast enough compared to the chopping frequency, its 
average over each cycle will no longer be zero. Fig. 5.16 shows the transformer signal 
due to one passing bubble, rectified in phase with the -magnetic field. The average 

si transformer gnal 
--chopped in phase 

with magnetic field unmodulated 
transformer 
signal 

average 
transformer 
signal 

f =50Hz 
v=3m/s 

-0.02 -0.01 0.0 0.01 0.02 

Fig. 5.16 Leakage of transformer signal into the flow signal 

over one cycle of the chopping frequency is clearly not zero. The amount by which 
the transformer signal leaks into the flow signal depends on the time over which the 
signal is averaged. As the modulation frequency increases, the transformer signal in 
the flow signal phase becomes more symmetric and its average approaches zero 
(Fig. 5.17 to Fig. 5.19). In Fig. 5.20 power spectra for the modulated flow signal are 
shown. Without any transformer signal or with a constant transformer signal, the 
power spectrum only shows a DC value and spikes at IOOHz, 20OHz ... etc. Because the 
transformer signal changes relatively quickly with regard to the modulation frequency, 
more noise appears around the harmonics of the fundamental frequency. These are in 
fact the same power spectra as those of the transformer signal but shifted by lOOHz 
and 20OHz respectively. Ile- theoretical power spectrum of the transformer signal 
(Fig. 5.20) which was rectified in phase with the 5OHz magnetic field compares very 
well with the measured power spectrum of the flow signal (Fig. 3.28). 
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This verifies that a nonconducting phase has almost no effect on the unprocessed flow 
signal and that the transformer effect is almost entirely responsible for the change in 
the processed signal from the electrodes. 

v=l m/s; spacing=66.667-66.667-66.667 mm 
*10,3 
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Fig. 510 Power spectra of modulated flow signal for evenly spaced balls 
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Chapter 6 

Measurement of the power spectrum of the transformer signal 

6.1 Transfonner signal without flow signal 

Previous computations of the transformer signal have indicated that its power spectrum 
contains information which allows the determination of the velocity of - the 
nonconducting phase. In order to verify that even the simplified model of the 
transformer signal as a triangular wave gives valid predictions, an experiment was set 
up as shown in Fig. 6.1. 
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The idea of the experiment is to generate a pure transformer signal by a 
nonconducting phase of known size and known velocity. The flow signal meanwhile 
shall be zero. 
The bicycle rim is driven by a geared electro motor with a gear ratio of 8: 1. Its 
rotational speed is measured using a slotted disk (with 8 slots), an opto switch and a 
frequency counter. The circumference of the driven wheel for a string with 8mm, balls 
attached to it is 1860 mm. The velocity of the balls is therefore such that Im/s a 34.4 
counts/s. Small errors occur due to the change in radius when either the line or a ball 
touches the wheel. These can be neglected when the experiment is run for a time long 
enough to average the effect out. The induced water velocity due to the balls motion 
is thought to be small as long as the ball size is small compared to the diameter of the 
pipe and the balls are moving slowly. In order to qualify this view, a short experiment 
is run in which the flow meter is used as a normal water flow meter: The device is 
run for 5 minutes and then stopped at a position where there are no balls closer than 
100 mm to the electrodes. An immediate reading indicated an induced bulk water 
velocity equal to 16% of the ball velocity. In chapter 4 it was shown that the flow 
induced change in signal is two orders of magnitude lower than the transformer effect. 
Thus the flow induced signal will be negligible. With perfect chopping of the signal 
in phase with the rate of change of magnetic field, the flow signal would not matter 
as long as it changes slowly. However, because of slight distortions in the flow signal 
as well as not perfectly timed phase detection, small errors have to be accepted. The 
trend of the results however is still valid. 
As indicated above, the speed of the balls has to be kept low for two reasons: Because 
the coils operate at 50Hz, the fully rectified transformer signal has a frequency of 
IOOHz. The maximum speed for a l0mm distance between the signal maxima is lm/s. 
At a higher velocity, aliasing errors occur. Additionally, too high a velocity of the 
balls causes a larger flow signal, which, although small, can leak into the transformer 
signal in the same way as the transformer signal leaks into the flow signal. 
The following experiments are therefore carried out at velocities between 0.02m/s and 
0.4m/s. Fig. 6.2, Fig. 6.3 and Fig. 6.4 show the power spectra measured for various 
speeds and spacings of the balls. For balls at the same speed, the envelope of the 
power spectrum has its maximum at the same frequency, independent of the 
distribution of the balls. The position of the maximum varies linearly with the speed 
of the nonconducting phase. Although the repeatability of each experiment is very 
good if done consecutively experiments, it is difficult to achieve the same result after 
the setup has been changed. Ibis is mainly caused by the high sensitivity of the 
transformer signal to the distance between the balls and the electrodes. As shown 
before in section 4.16, the distance between the transformer maxima changes 
significantly when the balls come closer to the electrodes. In order to measure a high 
transformer effect, the experiment was set up with the balls very close to the 
electrodes. Small changes in this distance therefore cause a large variation in the 
measured power spectrum. 
The best agreement between theory and experiment was obtained for evenly spaced 
balls. In Fig. 6.5 and Fig. 6.6, the power spectra are compared for a ball speed of 
0.2m/s and 0.4rrVs respectively. The distance between the spikes is almost identical 
in experiment and computations. Also measured and computed result show the 
maximum at the same position. 

92 



> 
E 
0 

co 

F- 
--. A 
Ld < 

M: 

Fig. 6-2 Measured power spectrum of transformer signal; 
ball speed---0.02m/s, balls randomly spaced 

= 

> 
E 
0 

z 
-j 

c 

tf) CL tl- C/3 03 

2.1 
IL 

Q 

0 

Ol 

v4 

93 



V4 
C" 

U3 0 

> 
E 
N 
0 

Cr) 

N 
IT, A- 

Ln C%j 

F- 

IM 

Fig. 63 Measured power spectrum of transformer signal; 
ball speed--02m/s. balls randomly spaced 

or) 

z 1-4 
-i 

1-1 , C: 

111111 

N 
M a: 

En 
CU 

aa X 

0 

94 

cu 
M>x 



to 

to 

Cý 

LO 
1-1 
rn 

0; 

tj 
Cl 

ýlr - =Vz 

=ZI: ý 

C) 
to 

>- 

z 
-j 

c 
to 
-C 

U) co 
cc Cý 
CL 

.0 
x 

to Q 
Cu 

CD> 

x 

Fig. 6.4 Measured power spectrum of transformer signal; 
ball speed=OAm/s, balls randomly spaced 

0 

a 

95 



96 

a1v 

um. ng; )ds jomod prainduioi put, pomsmui jo uostmdiuoD S, 9, älj 

jan elte 0-9 

unug II =qoi! d 

(M)l 
zz oz st 9L -vt zi OL 99 -V z0 

0,0 

9 

S/W 9*0=A - 
S LL) ()==A - 
S/UJ Z-O=A - 

WW qLL=f5UI3Dds -'WW 13=*Dlp IlDq 

2 

Go*O 

Vo 

GVO 

Z'10 

GZ*0 

Vo 



ball dia. =8 mýn; spacing=116 mm- * 

0.3 

0.25 

0.2 

0.15 

0.1 

). 05 

0.0 wlr_-t II. I 

0268 10 12 14 16 18 20 22 
f (H TO 

44 

v=0.4m/s 

pitch= I 16mm 

6,:; S'hrx PIVK 'SF 8 Ildn LIN OvIrd 

Fig-6-6 Comparison of measured and computed power spectrum 

97 



6.2 Transformer signal in the presence of a flow signal 

Having demonstrated the existence of a transformer effect produced by a 
nonconducting second phase in the absence of a flow signal, the following 
experiments are now carried out under realistic flow conditions. In the first 
experiment, the device in chapter 3.4 is used again. Oil filled Plastic balls with a 
relative density close to I are injected into the pipe at rates between 1/2Hz and 2Hz. 
Because the rate at which the balls are injected is constant, the spacing between the 
balls is relatively constant as well. One would therefore expect a power spectrum 
similar to those found before for equally spaced balls. Fig. 6.7 and Fig. 6.8 show the 
measured power spectra for mean water velocities of 0.72m/s and 1.25m/s. At a mean 
velocity of 0.72m/s, the power spectrum has a maximum at 10Hz. As expected for 
these relatively high velocities, the spectra fall off with increasing frequency only 
slowly. Ile earlier mentioned signal at 50Hz adds additional noise. The high noise 
level towards the 10OHz is partly caused by the modulation of the transformer signal 
(as seen in Fig. 5.12) and also, to a small degree by leakage of the flow signal into the 
transformer signal. With the increase of the mean flow velocity to lm/s, the 
maximum of the power spectrum moves to the righL Balls injected at a rate of l/2Hz 
generate obviously a lower level of transformer signal than balls which are injected 
at 2Hz. However, the maximum occurs at the same frequency. The good repeatability 
of the experiment can be seen in Fig. 6.7. At a mean velocity of 1.25nx/s, the power 
spectrum becomes considerably flatter than it was at v=0.72nVs. The maximum has 
still moved further to the right and is now at about 20Hz. This is slightly higher than 
expected. With a linear relation between the speed of the balls and the position of the 
peak in the power spectrum, one would have expected the maximum at about 17Hz. 
This assumes that the balls have the same speed as the water flow. The discrepancy 
is probably caused by the fact that the balls follow a slightly zig-zag path at lower 
speeds and they are therefore slower than the mean water velocity. With increasing 
flow rate the path of the balls becomes more straight. 
Now the experiment is altered in that filled balls are used for the first reading and 
then empty balls are injected for the second part of the experiment. Due to the lower 
density, the empty balls rise faster than the filled ones (at the same water velocity). 
The flowrate is then adjusted until the velocity of th6 empty balls is equal to that of 
the filled balls in the previous reading. The power spectra are then compared. When 
comparing Fig. 6.9 with Fig. 6.10 and Fig. 6.11 with Fig. 6.12, it is found that for those 
different flow rates at which the ball velocities are equal, the maximum of the power 
spectrum is at the same position. This demonstrates the dependence of the spectrum 
on the velocity of the nonconducting phase alone and its independence on the water 
flow rate. 
After this series of experiments with single balls, a real 2 phase flow is used to 
measure the transformer effect. The flow is adjusted to a superficial water flow 
velocity of 0-7m/s. Thenkeeping the water flow rate fixed, air is injected to create a 
bubbly flow regime and the power spectrum of the transformer signal is recorded. 
Fig. 6.13 and Fig. 6.14 show the averaged power spectra. The frequency of the 
maximum of the spectrum is each time at ca. 12.5Hz. Comparing this result with the 
reading at v=0.72nVs and single balls injected, 12.5Hz seems to be too high. 
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This is not the case if one considers the fact that in the first experiment the superficial 
velocity is almost the same as the mean water velocity because the void fraction was 
negligible with only a single ball passing through every second. In the case of the air- 
water flow the void fraction is estimated to be at least 10%. Therefore, the mean water 
velocity is about 0.8m/s. In addition, the air bubbles are buoyant and they are 
therefore faster than the water flow. The third reason for the seemingly high reading 
is the fact that the balls are injected in the centre of the pipe. Even if they are not 
rising in a straight line, they rarely pass the electrodes closely. This means that there 
is a large distance between points of maximum absolute value of transformer signal. 
A large distance means a low frequency in the power spectrurn. The airbubbles are 
distributed over the whole pipe cross section and therefore also close to the electrodes. 
Due to the weighting of the transformer signal with respect to the position of the 2nd 
phase in the pipe(Fig. 4.14), bubbles near the electrodes generate a strong signal at a 
higher frequency. Those in the middle of the pipe generate a much weaker signal at 
a lower frequency. 
The last experiment designed to show that it is possible to measure the velocity of the 
nonconducting phase with an E. M. flowmeter is again done with a2 phase air water 
flow. The buoyancy of the gas phase is used to create a velocity difference of the 
nonconducting phase while the velocity of the water is kept constant. This is achieved 
by reversing the flow direction in the vertical section of the pipe. For a not too high 
flow rate we expect the velocity of the gas phase to be larger than the water velocity 
in the upward flow and lower on the downward flow. The difference reduces as the 
water velocity increases. The experiment is run at superficial water velocities from 
0.4m/s to 2m/s. At each velocity the experiment is repeated 4 times and the result is 
averaged. Because of the earlier discussed aliasing effects at high velocities and the 
very flat power spectrum, the results at velocities above lm/s were considered to be 
not accurate enough to measure a difference between the upward and downward flow. 
They are therefore not listed. Fig. 6.15 shows the measured results for superficial water 
velocities of 0.4nVs and 0.8nVs. 
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Fig. 6.15 Frequency of power spectrum maximum in air-water flow 
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At the lower velocity, the readings are repeatable within 7%, at the higher velocity the 
results spread considerably more over a range of nearly 15%. At v---0.4m/s, the power 
spectrum has its maximum at 8.7Hz on the upward flow and at 3. lHz on the 
downward flow. The difference is 5.6Hz, the average is 5.9Hz. A very rough 
comparison with Fig. 5.4 and Fig. 6.16 to Fig. 6.19 (Appendix B) shows the peak of the 
power spectrum at 6.9Hz for a ball velocity of 0.4m/s. The difficulty in comparing 
those two experiments is, that the ball were all passing the electrodes closely and 
hence generated a high frequency power spectrum whereas a large number of air 
bubbles move through the central part of the pipe and therefore they generate a lower 
frequency power spectrum. At the higher flow rate of 0.8m/s, the difference between 
the peak frequencies for upward and downward flow reduces from 5.6Hz to 4.5Hz. 
The average is at 10.3Hz. This can be roughly compared with Fig. 6.20,6.21 (Appendix 
Q, where the neutral density balls were injected into a flow of v--0.75m/s and they 
generated a power spectrum with its maximum at IOHz. Although the various 
experiments are sometimes difficult to compare with each other and with the theory, 
there is a consistency which leads to the conclusion that it is possible to determine the 
velocity of a nonconducting phase with an E. M. flowmeter. However, in order to obtain 
more accurate and repeatable readings, the mains driven flowmeter with point 
electrodes is not adequate. Therefore an improved meter is designed. 
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Chapter 7 

7.1 Svm*fications for immved flow meter 

Considering the results of both experiments and computational analysis, it is thought 
that an F-Kflowmeter can be developed which measures the velocity of the 
nonconducting phase as well as that of the continuous, conducting phase. 7be 

emphasis in the new design is on the transformer signal rather than on the flow signal. 
In order to measure the transformer signal more efficiently the following 
improvements are made: 

Ile magnetic field is operated at a higher frequency (300 Hz). 17his higher 
frequency will provide a stronger transformer signal which is not effected by 
aliasing problems up to a flow velocity of ca. 2m/s. 
77he field is driven with a trapezoidal current wave form rather than with a sine 
wave. This will allow an easier separation of flow signal and transformer 
signal which are now separated in time rather than in phase (see illustration 
below). 
71e electrodes are of a large, non-contacting type. Ibe averaging effect of the 
large area electrodes providing a more uniform transformer signal over any 
cross section of the pipe and therefore a narrower frequency band in the power 
spectrum 

B-const 

t-0.5mas I awat-o 

A- B-0 

ýSampumg of - 
transforffier signal 

cun, ent wave form 
t1wough coils 
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7.2 Estirmtion of Eddy Currents in large area electrodes 

With large area electrodes in a quickly changing magnetic field, there is always the 
danger that eddy currents are generated, which themselves alter the magnetic field. A 
major factor is the thickness of the electrodes. In this design, they are assumed to be 
O. Imm thicL For a 50mm diameter flowtube, the electrodes are approximated as 
shown in Fig. 7.1. 

Fig. 7.1 Approximate geometry of large am electrodes 

The electrodes have an subtended angle of 90* 
at the tube axis and a length equal the 
diameter of the pipe. 

Using Faraday's law, we choose a closed 
contour C around half of one electrode 
(Fig. 7.2): 

fE-dl--ict)fB-dS 

ca 

Now 
fdl-2(2a+w) 

c 
-4a+2w Fig. 72a Integradon boundary C of a half 

clectiDde 

and 
fB-dS-B. w2a 

-Bsinpw2a 
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Bsinpw2a 
4a+2w 

from the proposed geometry, we have: 

0-22.5" 
cc-2 P 
a-25mm 
w-2asin! 2 

E--icoB 4a 2 (sin22,5"? 
--0.1059icoBa 4a (1 +sin22.511) 

An eddy current I circulates in the electrode with I--aE. 1 t, where Wt=. cross 2 
sectional area through which the current flows. 
This eddy current I generates a secondary magnetic field B'. Let us consider the eddy 
currents to lie all at the top of the electrode, where the total current is 21. Using 
Ampere's law: 

fB'-dl-po2l 

co 

Choosing a closed contour C' of the dimension wxw (Fig. 7.2b), and assuming B' 
is constant around it, we get 

B'4w-ii. 2cE wt 
-i 

Biwo*l059p. ci(üBat 
4 

The ratio, of B/B is then 

±L-. 
) i,, a (t) at B4 

a 
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Substituting some typical values into the equation above, we get: 

po-ftE-7 
cl. ý-, - (copper) IAE-l 

oD-30021c 
t-O. lE-3m 
a-0 . 025m 

::. --0 . 98% 

In the worst case therefore the eddy currents generate a secondary field of about 1% 
of the strength of the main field. This value can be tolerated, particularly as the 
undisturbed field cannot be predicted to more than a few percent accuracy anyway. 
In the above estimation a sinusoidal magnetic field was used with h. -io)B whereas 
in the actual design a trapezoidal current wave form is used where 1) wConst . 
However as long as the maximum h is the same in both cases the approximation is 
still valid. 
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73 Current distdbution for uniform magnetic field 

In the computations of the transformer signal, a uniform magnetic field is assu d 
inside the flowtube. With the new flowmeter an attempt is therefore made to design 
the coils in such a way that a magnetic field as uniform as possible can be achieved 
with reasonable effort. 
Firstly, the current distribution needed to produce a uniform field is calculated. After 
calculating the inductance of the coils, the boundary conditions are applied to give the 
final design. 

Consider a tube of radius b and a z-directed current density j(O) on its surface over 
a thickness t. The magnetic flux B has a potential Fj on the inside of the tube and F. 
on its outside (Fig. 73). 

Y 
The equations governing this magnetic field are: 

B=VF 
V2 F=O 

B, I =B, 
r-b- r-b+ 

(He I -Hs I ýdO =j(O) t bdO 
r-b+ "b- 

therefore we have 

af. aF 
-. L I =-- 0 

ar b- ar 
. b- 

and 
Wo DFý 

I dO =j(O) t bdO 
--b. TaO 

b- Po 
Po- 

x 

(7.1) 

A solution for V2F=O is: FO=A I sinO 
r (71) 

Fj=B r sinO 
j=C COSO 

From eqn. 7.1 and eqn-7.2, we get A_ 
b2 

and 
A 

-B b=po btC T 
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A+I. b% btC 
bb2 

2A--po tb2C 

Because B=By inside the tube, 

aFi 
-B -B-- 

A 
b2 (73) 

0.. B--- pQ tC. 

The toW cuzrent on the surface of the tube in the region from 0 :se :5 c/2 is 

fi(O) tb dO 
0 

Substituting j-CcosO into the equation above yields. 

C tb fcos0 dO-C tb sin0 1 -C tb 

Practically, this total current flows as the current I through N turns of wire. Instead 
of spreading the wires across the whole surface, they are bundled as coils. Again, for 

practicality, three coils are chosen, evenly distributed over the circumference (Fig. 7.4). 
From eqn. 7.2, we can determine the required ratio of numbers of turns of each coil. 
Through each coil with N, turns flows the same current I, therefore 

900 600 w 

NI: N2W3 - 
fcos0 d0 : 

fcos0 d0 : 
fcos0 d0 

601 30,00 
w 

sin0 1: sin0 sin0 (7.4) 
6c 300 0* 

- 0.134 : 0.366 : 0.5 

- 0.268 : 0.732 :I 

With two sets of coils opposite to each other, the total mapetic flux 0 is 

4)-2((DI +4D2+4b) 

-2 EBi M. 2xý 

ill 



But 4)-IL and B is constant inside the 
flowmeter, therefare we find for the total 
inductance I. - 

L-4 B (NIXIll +NM+NAl3) (7.5) 
7 

The total current in one quadrant is given 
by 

Ct b-(N, +N2 +N3) I 

Also, from eqn. 7.3, we obtain 

Ct b 
Po 

B. (N, +N. 2 +N3) (7.6) 
7 

The expression above is then substituted into eqn. 7.5 to obtain the final expression for 
the inductance: 

L-2 -P') (N, +N2+N. )(NX, 1, +NA12+Nx, 1. ) (7.7) 
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Having obtained an expression for the inductance of the set of coils, their physical 
dimensions can bA determined. Hereby, the following constraints are considered: 

the coils am driven by a trapezoidal voltage containing Fourier components up 
to 30OHz fi-equency. The ramp up and -down time is 0.5ms. 
The previously tested flowmeter with point electrodes was sufficiently sensitive 
to the change in transformer signal. It is therefore reasonable to assume that 

the new flowmeter can be operated with a similar rate of 
DB The magnetic Ft , 

field strength perpendicular to the electrodes is measured with a search coil 
with N=100 tums and a diameter d=25mm- With that coil, a peak value of 
0.5V is measured in the centre of the pipe. 

a DB d d' DO 
With V-N -N -Nx.; -B. (ocos(wt) , we can determine Bm&x -Ft t44 

DB (aB 
. and Thus Bmax=324Gauss and 10.2. L 

-Ft ý-Ft 

lax 

ma 

For a rise time of 0-5ms we therefore need a maximum field strength 
B=l0.2*0.25*l(Y'=25.5 Gauss. The design requires a magnetic shielding which 
itself increases the field strength in the pipe. Therefore the coils are designed 
to generate a field of 20 Gauss. 
due to the short rise and fall time of the B-field, the time constant of the coils 
has to be no more thanz=O. Ims. 
the maximum current to drive the coils is limited to I=2A because of 
equipment available. 
in order to avoid overheating of the coils, the current is also limited to 

J1(4)=WnM 2. At this value, the coils reach a steady state temperature of 

ca 30'C. 
the coils have to be long enough to provide a uniform field over the length of 
the electrodes. They also have to be as short as possible in order to minimise 
the inductance and therefore their time constant. 
The computations have shown that an electrode length of I pipe diameter gives 
an almost flat plane in which the transformer signal becomes a maximum. 
Although the signal strength decreases slightly with increasing electrode length, 
a signal of the order of ImV is considered to be large enough. Therefore the 
electrodes are chosen to be 50mm long. For a relatively uniform magnetic field 
in the area of the electrodes, the coils are chosen to be 2 diameters long. 
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The half widths of the coils are according to Fig. 7.4 xl=cos 75" b 
x2=cos 45* b 
x3=cos 15* b 

The lengths of the coils are chosen as 11--gomm 
12--95nM 
13"ý10()IM 

Substituting the geometric values above into eqn. 7.7 gives 

L- Po ( . 267 3 -+0.73205N, +N3)(0.2679N3 cos75" bO. 090 b 
+0.73205N3cos45" b 0.095 +N3coslY bO. 100) 

L-4 po N320.152009 ; po-4ir 10-7 (7.8) 

also from eqn. 7. S we have 

L=4 B (02679N3cos75"b-0.09+033205 cos45" b, 0.095+N3cosl5ll b-0.100) 7 
B L-4.::. N bi). 152W9 
13 

The resistance P., of all six coils in series can be calculated as 

k. 2(RI NI +R 2 
N2+R3 N3) 

with - 
R -2(1 + .! -630-*) 

P 
1 I ISO 

R2-2(1+ 2' 
6 
-W) 

! 
180 

R -2(13+.! -6 -150*) 
P 

3 so 4 

(7.9) 

(7.10) 

Here, d is the wire diameter and p is the resistivity of Copp . er, p=1.6E-80m. The 
radius b to the coils is chosen to be 35mm. ibis allows for a sufficient wall thickness 
of 10mm to cater for all structural problems. 

R= 16p 
c '=N. -0 33044161 

Xd2 
3 

(7.11) 
Re= 2.693E-8 

.d2 

114 



The time constant r of the coils is T--IA, Iberefore. for any configuration of the 
coils, c can be expressed as 

4bO. l52009.; N3 

2.693E-8 N" 
d2 

-c-790244 
Bd 2 

I 

The current limit for a given wire diameter is 6A/nm: i2 and the required strength is 
B=20E-4T. 

1 
=6.! A/nM2-4.712 Al"M 2 

d2 4 

'zu 4.712E6 
20E-4- 0.335 ms 

The time constant is therefore longer than the required 0.1 Ms. One way to overcome 
this problem is, to add a ballast resistor in series with the coils. Even though this is 
not efficient, it is acceptable for an experimental flow meter. 
In order to determine the value of this resistor, it is necessary to introduce another 
constraint. With regard to the available power supply, the maximum voltage drop 
across the coil and resistor is chosen to be V.. =25V. 
The total resistance is now the resistance of the coils Rr plus the ballast resistance Rb. 
In a new approach, the number of turns N3 are calculated, which are necessary for a 
field strength of 20 Gauss. From eqn. 7.4 and eqn. 7.6 we have 

B--Lo 2 N3 I 

2b 
N3. _ 

bB 

Pol 

After substituting the limits for B and I into the equation above, we obtain 

N3.. - 
0,035-20E-4 

-27.9 - 28 
41cE-7- ý 

Using eqn-7.9, the inductance of the coils is then 

L-4-4nE-7 - 28'- 0.152009 = 0.599 mH 
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From the maximum current of 6A/: mmý, the minimum wire cliameter d can be 
calculatedL It is: I 

7& 
4 

d- 4-2 0.651 nun wý 

A copper wire of 0.65mm is not available, so the next larger size is chosen with 
d---0.71mm. The resistance of the coils then can be calculated according to eqn. 7.11: 

Rcm 2.693E-8 28 
-3)2 

-1.50 Ll 
(0.71E 

The value for the ballast resistor R,, is obtained from 

, rm 
L 

Rc+Rb 
L Rj, ---Re 
T 

Rk - 
0.599E-3 

-1.5 - 4.502 
OJE-3 

Now the voltage can be checked, which has to be applied to the system of coils and 
resistor. 

V-(R, +Ry-(1.5+4.5)2-12V 

A voltage of 12V at 2A current is well within the limits. If a shorter time constant 
becomes necessary at a later stage, then there is still some margin left. Fig. 7.5 to 
Fig. 7.8 show graphs which can be used to select another combination of ballast 
resistor, maximum current and maximum voltage. 
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7.4 Measurement of the magLietic field 

Having determined the design parameters of the coils, they are now built. The coils 
are wound on plywood formers. The number of turns is rounded up, so that 

N3=28 
N2=21 
NI=8 

The wire diameter d is 0.71mm. 

After winding the coils, they are shaped and attached to a thin walled plastic tube (see 
picture below). The 
assembly is then wrapped 
in one layer of 0.1mm. 

Z Permalloy. The tube itself 
is mounted on a graduated Y 
brass traverse. A Hall 
probe is mounted on a 
vertical brass rack which 4r 2r 
can be traversed via a 
pinion The coils are then 
powered with a stabilized 
power supply at a current 
of just over 2A. After 20 
min warming up, the 
temperature of the coils is 
stabilized and the current 
is held constant at 2045mA. The magnetic field is then mappe d in 5 horizontal planes 
at z= -2"; -1.2"; -0.4"; 0" and 0.4". 
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In Fig. 7.9 to Fig-7-13, the strength of B-field in the shielded tube is plotted for each 
plane. At the end of the coils, the field is less than 50% of its maximum value but is 
still quite uniform with a variation of only 10%. 
At z =-1.2", the field has already increased to 94% of the maximum and it varies 18% 
across the plane. At z-0.4" the field has reached its full strength of ca. 31 Gauss. The 
variation of the field is only I I%. Towards the middle of the coils the field retains its 
strength and uniformity. The maximum field strength is 31.5 Gauss. In any plane, the 
maximum strength is near the smallest coils. 
After the mapping of the 5 planes, the field strength is measured perpendicular to the 
coils. Ideally, this field component is zero. However, a small component of B is 
measured in that direction. In the centre of the pipe it is a fraction of a Gauss, towards 
the end of the coils and along the sides of the largest coils it reaches about 2 Gauss. 
This had to be expected because the three coils per side only approximate a uniform 
field. 
With an average error of about 10%, the field is considered to be uniform enough for 
the following experiments. A more uniform field could have been achieved but it 
would have been much more time consurning. For completeness, two more parameters 
of the coils are measured, its resistance and inductance. The measured values are: 

k=1.70 
L--l. 27mH 

The inductance here is twice as high as the calculated value. This is mainly due to the 
iron shield. 
In addition to the measurements above, the magnetic field is checked at a few points 
without a shield. Here, as predicted, the maximum field strength is 20 Gauss. The 
percentage error is again about 10%. The inductance is 0.83mH±10%. One reason for 
this error is that the coils come out slightly larger than the calculated sizes. The 
outermost turns of the larger coils for example span an area which is 15% larger than 
assumed than that calculated. Also, the number of turns was rounded up. 
As a result of this higher inductance, the required voltage rises. But even an increase 
by a factor of 2, as measured with the shielded pipe, is no problem for the power 
supply. 
A measurement of the magnetic field after the tube has been shielded with a second 
layer of Permalloy shows only a further increase of 4.5% compared with the single 
layer field strength. 
The required drive voltage for different inductances and a time constant of Urns is 
shown in Fig-7-14. 
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Fig. 7.9 Measured magnetic field strength with 3 pairs of nested coils, z--0.4" 
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Fig. 7.10 Measmd magnetic field strength with 3 pairs of nested coils, z=0 
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Fig. 7.11 Measured magnetic field strength with 3 pairs Of nested coils, z=-0.4" 

122 



25 

y 

20 

15 

10 

5 

0 

.5 

. 10 

. 15 

. 20 

-25 

25 

20 

15 

10 

5 

0 

.5 

-10 

-25 -20 -15 -10 .505 10 15 20 9 25 

Fig. 7.12 Measured rnagnefic field strength with 3 pairs of nested coils, z--l. 2" 
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Chapter 8 

Experiments with improved flowmeter 

8.1 Amplitude of transformer signal for a single sphere in a flowmeter with large 
area elecm)des 

In chapter 4.2.3, the 
transformer signal is 
computed for a single 
insulating sphere in a 
flowmeter with large 
area electrodes. 71be 
prediction is that in a 
flowtube of 50mm 
diameter and area RVI- 
electrodes of 50mm v 
length the distance 
between the maximum 
and the minimum XL 

transformer signal is 
almost constant 
thmnAnut the DiVe 

±X; 14.219 SEC ±X; . 0637 V 

ball speed=0.968mm/s 

. *. AX=48.9mm 

cross section (Fig-4-23, TIME A LIN BOSEC 
4.24). In order to verify =X; 64.766 SEC :: n -. 5B34 V 

the results, an Fig 8.1 Amplitude of transformer signal due to a single plastic ball 

experiment is set up 

REAL 
v 
X1 

-1 

ball speed=1.507mm/s 
&X=50.5nun 

-transformer signal 

TIME A LIN 80SEC 

, dx: 33.516 SEC Jy: -. 8765 V 

I 

NEAL 
v 
X1 

-1 

f low signal 
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TIME 13 LIN SOSEC 
AX: 33.516 SEC dy: 0 165 V 

FigSI Transformer signal due to a single plastic ball as a function of z 

which is similar to 
those shown in Fig. 4.11 
and Fig. 4.13. 
A plastic ball is moved 
at a constant very slow 
speed on a path parallel 
to the pipe axis and the 
transformer signal is 
recorded. Fig. 8.1 and 
Fig. 8.2 show the 
amplitude of the 
transformer signal as a 
function of z. The 
speed of the ball is only 
about Imnx/s and the 
motion can therefore be 
regarded as quasi static. 
The distance between 
the peaks of the 
transformer signal is 

-t 

I 
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49mm and 50.5 mm respectively. This matches the predicted 50mm. very closely. In 
Fig. 8.2 the flowsignal is recorded simultaneously with the transformer signal. Because 
the water flow is zero, the flowsignal is expected to be zero or at least constant. It can 
be clearly seen that while the transformer signal varies by 0.88V, the flow signal is 
constant. The DC offset of the flow signal can be ignored, at a later stage the signal 
processing may be refined and the offset removed. An experiment with a flowmeter 
having sinusoidally driven coils and the usual chopping circuit as described in section 
5.5 produces the same result. However, the real time signal picked up on such meter 
is not zero. The amplitude of the signal changes as the ball passes the electrodes. Only 
when the signal changes slowly and it is rectified exactly in phase with the magnetic 
field then its average is zero. With the coils driven by a trapezoidal current waveform 
also the real time flow signal is zero. This is because the flow signal is sampled when 
the magnetic field is constant and no eddy currents exist which can cause a 
transformer signal. Therefore the flow signal cannot be effected by any nonconducting 
phase regardless of the effects on the transformer signal. 
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8.2 Surfaces of maximum and minimum transformer signal 

Experiments on the 2" flowmeter with point electrodes as well as computations for the 
point electrode flowmeter showed a large dependence of the distance between the 
maximum and the minimum of the transformer signal on the position of the ball in the 
pipe cross section (FigA. 10, FigA. 16). Ile measured distances in the new flowmeter 
with large electrodes are shown in Fig-8.3. The plastic balls used have a diameter of 
15mm and 25mm. Such large balls are used in order to obtain a clear signal. 
Independently of the 
position of the path 
along which the ball 
moves parallel to the 
pipe axis, the maximum 
and minimum of the 
transformer signal is 
approximately 25mm to 
either side of the 
electrodes centre line. 
Fig. 8.4 shows the 
almost flat plane at 
which the transformer 
signal is a maximum. It 

electrode agrees well with the 
predictions seen in 

FigA3 Lines of minimum and maximum transformer signal in an 
E. M. flowmeter with large area electrodes and uniform magnetic field 

Fig. 4.24 in shape and 
inposition. 
Consequently, a flow 
with bubbles all with 
the same velocity is 
expected to generate a 
sharper power spectrum 
of the transformer 
signal than it does with 
point electrodes. 

Fig. 8.4 Plane of rnaximum transformer signal in EM-flOwmCter with large 
area electrodes 
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8.3 Calibration of new flowmeter in single T)hase water flow 

0.95 
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0.75 
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Although the new flowmeter was mainly built to investigate its performance in a two 
phase flow, it obviously has to work as well as a flowmeter in a single phase flow. 
Fig. 8.5 shows the calibration curves of the flowmeter. 
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Fig. 8.5 Calibration curves of E. Mflowmeter with large electrodes for water 

2.0 2.5 

It was mentioned earlier that the circuitry for processing the flowsignal produces a Dc- 

offset, therefore the zero flow output is not OV. With the flow direction reversed, the 
calibration curve has a positive slope. Despite the fact that the signal processing needs 
refinement, the calibration curve is an almost straight line which proves again that the 
meter is usable in its present condition. 
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8.4 Reference measurement of the velocity of airbubbles 

In Fig. 8.4 it ýkas shown that the distance between the maximum and minimum of the 
n-ansform, er signal for a single ball is constant throughout the pipe cross section. This 
removes one uncertainty in the measurement of the velocity of the nonconducting 
phase. In order to calibrate the flowmeter with respect to the velocity of the 
nonconducting phase a reference measurement is needed. It is known that ultrasonic 
flowmeters which work on the pnnciple of the Doppler shift, can measure the velocity 
of solid particles or air bubbles in a continuous water flow. However, this method 
works onk I for a secondary phase with particle sizes small compared to the ultrasonic 
beam. In an cxpenment it is verified that no reasonably accurate results can be 
obtained with such a meter when the bubble sizes are up to 4 times as big in diameter 
as the uw%ducer itself. Because no other conventional flowmeter could be found 
which measures the velocity of the gas phase, a photographic method is attempted. 
The two phase flow irl, 
the pm. PCX Pipe 
recorded with a vidc,, 
camera and then plaNc, ý 
back frame by fraril, - 
With a rate of 
framcs/s. the bubh', 

speedcanh AW 
determined h 

measunng the distan, 
it moves in a gi%c 
number of frames. 

improved version 
this method is 
lighten the flo%16 with 
flashlamp at a rnultir, ýý 

rate of the frame ratý f 

At a flash rate 
20OHz 4 shots of 
bubble arc sccn on on, ý 
frame. Ideally. the Ian': ' 
has to be synchronizc, ý 

with the shutter of thý 

camera- vI TI, 

method work 
A. 14 

reasonably well at 
10\k 

flow rate-, with bubbl, 

vrincities well bclo\, 

I M/S. At largc: 

velocities bubbles m0%, 
(between frarrics) out (" 
the sharply focusscC 

region of the canicr, 
view. When the bubblc 

129 



moves between two frames more than 3 or 4 cm, the trace of the bubble is also easily 
lost. The flow regime therefore must allow the identification of single bubbles. A void 
fraction of about 5% combined with the low flow velocity of 0.5rix/s is just acceptable. 
In a bubbly flow regime like that shown on the photograph above this identification 
is certainly not possible any longer. A major improvement of this measuring technique 
could be achieved using a high speed camera with a frame rate of several hundred 
frames/s. However, one problem would still remain: 
The bubbles in the pipe cross section don't move all at the same speed. Dependent on 
the their size and on the position in the pipe cross section, their speed can vary by at 
least 50%. It therefore is necessary to measure the speed of a large number of bubbles 
and then take the average. Considering the limitation of this photographic method and 
the fact that no other reference meter is available, the results of the following 
experiments with the 50mm large electrode flowmeter will only be qualitative, no 
accurate calibration can be obtained. 
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8.5 Power spectrum of transformer signal in a two-phase flow 

In section 8.1 and 8.2 the transformer signal was investigated for a single 
nonconducting sphere. It was concluded that the power spectrum of the transformer 
signal in a two phase flow has to be narrower than the spectrum measured with the 
point electrode flowmeter. Because the distance between maximum and minimum 
transformer signal is, 50mm compared to 25mm or less in the point electrode meter, 
one expects the frequencies in the power spectrum to be lower, ideally by a factor of 
2. A series of systematic experiments are carried outý The flowmeter is installed in the 
vertical pipe section with Im straight pipe upstream and downstream. A perforated 
plate with holes of ca. 5mm. diameter is mounted Im upstream of the flowmeter. A 2" 
turbine meter is used as reference meter for the water flow and a pelton wheel meter 
measures the amount of air injected at constant pressure. A pressure gauge at the entry 
to the E. M. flowmeter allows one to compensate for the gas expansion between air 
inlet and flowmeter. The experiment covers water-flowrates from 0.51/s to 21/s and 
ratios of gas to gas-water mixture between 10% and 50%. This ratio is calculated from 
the water and gas flow rates at the position of the E. M meter. It is only equal to the 
void fraction for a gas phase having no slip velocity with respect to the continuous 
water phase. In the experiments some slip velocity is undoubtedly present (though 
unknown) but the term 'void fraction" used below is calculated from the flow rate 
ratios as already described. 
In order to verify that the principle of driving the coils with a trapezoidal current wave 
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Fig. 8.6 Comparison of power spectra of transformer signal and flow signal in an F-M. flowmeter with large 
electrodes and trapezoidal current drive. 
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form allows a clean separation of transformer signal and flow signal, the power 
spectrum of both signals is recorded simultaneously. A large void fraction of 50% is 
chosen, the mean velocity of the mixture without slip being 0.79nVs. Fig. 8.6 shows 
the recorded power spectra. While the transformer signal has a definite peak, the flow 
signal shows only a constant very low noise level. 
Having recorded the power spectra for all flow rates and void fractions, the frequency 
at which the envelope of the power spectrum is a maximum is plotted against the 
mean velocity of the water-air mixture. This mean velocity is not equal to the bubble 
velocity because there can be a considerable amount of slip between both of the 
phases. The magnitude of the slip velocity depends mainly on the bubble size and 
therefore on the flowrate as well as on the void fraction. Maximum slip occurs at high 
void fractions combined with low water velocities, minimum slip is found at high 
water velocities together with small void fractions. However, as long as no other 
method is found to measure the speed of the gas phase, the use of this mean velocity 
will suffice. Fig. 8.7 shows the peak frequencies for all measured void fractions. 
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Fig. 8.7 peak frequencies of transformer signal spectra for E. Mflowmeter with large electrodes 

For each void fraction the peak frequency varies in an almost linear way with the 
mean water velocity. Towards the larger velocities the slope of the curves decreases 
when the flow regime changes from large single bubbles rising faster than the water 
to a purely bubbly flow with small bubbles rising without any slip. 
Having investigated the power spectra of the large electrode flowmeter the results are 
now compared with the power spectra obtained with the point electrode flowmeter. In 
Fig. 8.8 the peak frequencies are compared for two void fractions. The peak frequency 
from the flowmeter with point electrodes is higher than that from the meter with large 
electrodes. At the lower void fraction the difference between the two meters is more 
significant than it is with the higher void fraction. The expected factor of 2 however 
is never reached. One reason for this discrepancy is that at greater void fractions the 
bubbles become very large. Very large cap bubbles and plugs which occupied the 
whole pipe cross section were seen. A short experiment with a plastic plug of 45mm 
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dia. and 40mm length revealed that the distance between the maximum and minimum 
transformer signal in the flowmeter with point electrodes increased to 33mm. At the 
meter with large electrodes a distance of 47mm is measured. This reduces the ratio 
of the expected peak frequencies between large electrode- and point electrode 
flowmeter from 2 to 1.4. One also has to consider the fact that large bubbles 
contribute more to the power spectrum than small ones. 

14 

13 

12 

11 

= 10 

14:: 6ý 

4 

3 
0 0-5 1 1.5 

mean velocity of mixture (m/s] 

, le, 20r-7. o -, pe, 20% 

le. large electrode meter. pe: point electrode meta 

10 

8 
N 
:z 

2 

0 0.5 1 1.5 
mean velocity of mixture [m/s] 

le, 40% --*. - pe. 40% 

leluge electzWe meter. pepobt eledrode meteir 

Fig. 8.8 Comparison of the peak frequencies of transformer signal Power spectra for large electrode- and 
point electrode flowmeter 

2 

133 

u=former signal spectrum in muldphase flow 



Apart from the lower peak frequency it is predicted that the power spectrum of the 
flowmeter with area electrodes is narrower than that of the point electrode flowmeter. 
Fig. 8.9 shows an example which verifies the prediction. As a guide, frequencies are 
compared at which the envelopes of the power spectra have either levelled off or 
decreased to 25% of their maximum. In the case of the two power spectra shown the 
spectrum of the large electrode meter has decreased to 1/4 of its maximum value at 
16.5 Hz whereas the spectrum of the point electrode meter has decreased to 25% at 
3211z. 
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Although the difference is not always so distinctive, the power spectra of the new 
flowmeter with large electrodes are in all experiments narrower than those with the 
point electrode meter. 
Bernier and Brennen showed (in 1983) in theory and experiment that, within certain 
limits, an electromagnetic flowmeter can measure the average liquid velocity in a two 
phase flow. They carried out an experiment with two E. M. flowmeters in line. Between 
the meters air was injected so that one meter was measuring a single phase water 
flow and the other a two phase flow. Applying the relation that the potential difference 

on the electrodes is Ad) -- 
2B Q', 

where Q is the liquid flow rate, b the pipe radius xb (I -OL) 

B the magnetic field strength and cc the void fraction and dividing the output from the 
meter monitoring the single phase by G-Woutput from two-phase monitoring meter, 
the result should be unity. In their experiment they achieved this result within a band 
of 2% for void fraction up to 20%. In a similar experiment with the new flowmeter 
and void fractions up to 50% 1 could not achieve this result. With increasing void 
fraction the ratio of the outputs from single phase and two phase flow increased 
(Fig. 8.10). One explanation may be that the condition of a wen dispersed flow with 
no slip between both phases does not hold in my experiments. The same experiment 
repeated with the 2" point electrode flowmeter shows an increase in the signal ratio 
as well. 
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Chapter 9 

Conclusions and suggestions for future work 

The work in this thesis has been concerned with general information which can 
be extracted from an electromagnetic flowmeter in a multiphase flow 
consisting of a continuous conducting phase and any secondary nonconducting 
phase. The two main areas dealt with are the flow signal and the transformer 
signal. In addition, the noise signal in the absence of a magnetic field has been 
investigated. For the flow signal it is shown that a nonconducting phase has 
only a small effect on it. The theoretical analysis is based on modelling a 
dipole's potential distribution which counteracts the flow induced currents 
circulating in the pipe cross section. At small Reynolds numbers when the 
velocity profile is almost parabolic, a small single nonconducting sphere alters 
the flow signal only by a factor of IE-3. At higher Reynolds numbers this 
effect becomes even less and for a flat velocity profile in a uniform magnetic 
field it is zero. An attempt was made to measure the flow signal effect in 
experiments, however the effect was too small to be made visible. Another 
problem was that the flow signal could not be separated well enough from the 
transformer signal. These experiments lead to the investigation of the 
transformer signal in more detail. The basic theoretical model is similar to that 
used for the flow signal. A dipole's potential is superimposed onto eddy 
currents in the fluid and the resulting potential difference at the electrodes is 
computed. It is found that a single nonconducting small sphere generates a 
transformer signal that has a minimum and maximum to either side of the 
electrodes and decreases to zero further away from the electrodes. The distance 
between the minimum and maximum transformer signal depends on the 
position of the sphere in the pipe cross section and very much on the electrode 
shape. With point electrodes the distance varies by a factor of 5 dependent on 
the position of the ball in the pipe cross section. Large electrodes average the 
transforrner effect and can render the distance almost constant throughout the 
cross section. Because the eddy currents are independent of the liquid flow, the 
information in the transformer signal can be used to determine the velocity of 
the nonconducting phase. The power spectrum of the transformer signal shows 
a characteristic frequency which relates to the velocity of the secondary phase 
and the distance between the peaks of the transforrner signal. Because this 
distance is not constant in a flowmeter with point electrodes, the frequency 
spectrum is very wide even if the spheres all have the same speed. A 
flowmeter with large electrodes has, on account of the constant distance 
between the transformer signal peaks, a narrower frequency spectrum. In the 
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theoretical study of the transformer signal and its power spectrum only the 
simplest case of a row of spheres which don't interfere with each other was 
analyzed. Although the predictions of this model bare some relation to the 
experimental measurements in a real 2-phase flow, it becomes apparent that 
much more work is needed to fully simulate the effect of real 2-phase flows. 
A major result was obtained regarding the coil drive method. Instead of using 
a sinusoidal current the coils were driven with a trapezoidal current wave form. 
It was shown that with a sinusoidal current the quickly changing transformer 
signal leaks into the flow signal and generates noise. In the newly build 
flowmeter with large area electrodes and trapezoidal coil drive the flow signal 
and the transformer signal are truly separated. The power spectrum of the flow 
signal shows no additional noise due to the secondary phase. 
Having demonstrated the principles of generation of a flow related signal and 
a transformer signal, there is much scope for refinement. Many idealisations 
have been made and although the theoretical results have been validated by 
numerous experiments it would be useful to know the limits of the theory. The 
flow induced signal as well as the transformer signal were derived for an 
infinitely small sphere only. This allowed the idealisation that the circulating 
currents as well as the eddy currents are uniform at the position of the sphere. 
A single current dipole was sufficient to model the flow of the current over the 
surface of the bubble. With increasing size of the insulating particle it is 
necessary to take into account that the currents are not uniform any longer and 
it may be necessary to use multiple current dipoles to model the current around 
the particle which does not necessarily have to be spherical. The investigation 
of the effects on flowmeters with point electrodes always assumed that the 
electrodes were significantly smaller than the pipe diameter, ideally the size 
of a point. The tested commercial meter however has 10mm diameter 
electrodes with only 50mm tube diameter. This will change the boundary 
conditions on the pipe wall such that the normal component of the currents is 
not zero over 13% of the pipe wall. Throughout the analysis the effect of a 
single bubble has been considered. If two small bubbles are very close to each 
other or even touch then their effect is similar to that of a single larger bubble. 
If they are more than a few pipe diameters apart then they don't interfere. At 
a distance between those extremes they will interfere with each other. The 
potential of two more current dipoles then has to be superimposed to find the 
resultant effect. The bubbles can of course be of different size. For the 
computation of the power spectrum the signal of a single sphere was idealised 
as a series of linear functions. Ibis can be improved by using a computed or 

measured signal with the shape of a function like f(x)=e'11-x1atan(c 
2X) Again 

more than one function can be superimposed to model the effect of several 
bubbles at different positions in the pipe cross section and along the pipe axis. 
In addition to the theoretical refinements there is also scope for some more 
experimental work. With the theory being extended to multiple bubbles a 
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means of verifying the predictions has to be found. Like the experiment where 
a single string of beads was moved through the flowtube a similar device with 
more than one string could be used. As an alternative an open ended vertical 
pipe could be used into which a number of heavy balls are released. The 
velocity of those ball could be measured photographically as attempted in a 
previous experiment. However, a more sophisticated faster camera would have 
to be used. 
The newly built flowmeter with large area electrodes and a magnetic field 
driven with a trapezoidal wave form proved to be better suited for use of the 
transformer effect and also suppresses it when measuring the flow signal. The 
electronics however could do with some refinements such as removing the 
offset in the front end amplifier stage and speeding up the ramp up/down time 
of the current to increase the transformer signal. As far as the coils are 
concerned, an even more uniform magnetic field could be obtained by using 
more than three coils each side and it may be possible to shorten the coils 
without reducing the transformer effect too much. This would also lead to a 
further theoretical investigation of end shorting effects of the eddy currents. 
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Appendix A 

Derivation of coefficients f,. in Bessel Fourier series 

Any function flr); 05Yý5a for which 
af 

--0 at r=a can be written as Tr 

flr)=>f; Jjj'_L) (1) 
a 

Here, J. (z) is the Bessel function of order m(=0,1,2 ... ) and j'm,, are the nhzeros of 

the derivative of the Bessel function J',,, (z)j. e where 
[5ý1ý0)1. 

jl.. O 
If we write J. (z)=w, following condition is satisfied: 

Z2 
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Formula for the coefficients f. in terms of f(r) can be found by inverting eqn. l: 
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r fmjýu 
fflp-)rdr a 

0 

a U12 -M2][j (i/pn )]2 

2j 12 Mv mP 

mp 

Similarly to the Bessel series above, the coefficients f. in terms of flrO) for the 
Fourier Bessel. series are determined. 

r From eqn. 3.6, flrO) e'maJ we find for q--2, -1,0,1,2 
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Appendix B 

Measured p2wer spectra of wmsformer signal at zero flow velocity 

Fig. 6.16 to Fig. 6.19 

Foxboro E. M. flowmeter 

2" diameter 

Point electrodes 

Mains driven coils 
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Fig. 6.16 Measured power spectrum of transformer signal due to string of equally spaced balls 
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Appendix C 

Measured p2wer spectra of transformer signal with water flow 

Fig. 6.20, Fig. 6.21 

Foxboro E. M. flowmeter 

2" diameter 

Point elecu-odes 

Mains driven coils 
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Appendix D 

Calibration curves of reference flow meters, 

2" turbine water flowmeter 

Quadrina pelton wheel gas flowmeter 
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Appendix E 

Circuit diagrams and layouts 

.I 
Coii drive 

and 

signal processing unit 
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Coil drive 

The task of the coil driver circuit is to power the coils on the flowmeter with a current 
having a trapezoidal wave form. Here IC4046 generates a 171 signal of the required 
frequency. in this circuit the frequency is set to 400HZ initially. The following 
comparator LM311 (IC7) switches the square wave between the positive and negative 
supply voltage. Two complementary transistors (2 and 4) are driven by the output of 
IC7.71bey in turn drive another pair of complementary transistors which charge and 
discharge the capacitor C with constant current, thus providing a ramped input to IC5. 
The Op-Amp IC5 controls a transistor which itself drives a pair of MOS FET 
transistors. For the current sensing a high power low value resistor is used. The 
feedback path of the current sensing is connected to IC5. 
Ile main difficulties in the coil driving circuit are oscillations while the current is 
ramped up or down. With careful tuning most of these oscillations are now 
suppressed. 

Signal processing 

The signal processing circuit separates flow signal and transformer signal and 
processes each signal separately. The Op-Amps ICI and IC2 work as a window 
detector, sensing when the current through the sensing resistor R crosses at point 1 
and 2. The pulse from the window 
detector triggers the sample and hold 
device IC6. Its output is the processed 
transformer signal. Ile pulse from the 3 
window detector also triggers the timer COMMA gi 
IC3. It sends a delay pulse to timer 2 
IC4 which then triggers at point 3 and I- -- 
4. lbe output from IC4 activates the 4 
sample and hold device ICT The 
output of IC7 is the processed flow 
signal. 
The signal picked up by the electrodes 
is amplified in the differential amplifier based on ICI I and a following amplifier 
IC10. At the output of the amplifier the transformer signal is alternating in sign 

-)B 
because c changes sign. The phase sensitive detector based on IC5 switches the Ft 

signal to its correct sign. The signal is then fed into IC6. The flow signal is rectified 
with the precision rectifier IC8 before it is input to ICT The following diagrams 
illustrate the processing of the signals. 
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Layout of coil drive circuit 
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Layout of signal processing circuit 
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List of programs 

BESSEL: Calculates the value of any Bessel function at X 

BESSEL-DER ZERO: Calculates the zeros of the derivative of a Bessel 
function 

DIPH: Computes potential of a radially directed dipole in a 
pipe with point electrodes in a X-Y plane 

DIPHL: Computes the potential of a radially directed dipole in 
a pipe with point electrodes in a Y-Z plane 

DIPV: Computes the potential of a circurnfcrential. ly directed 
dipole in a pipe with point electzWes in a X-Y plane 

DIPVL: Computes the potential of a circurnferentially directed 
dipole in a pipe with point electrodes in a Y-Z plane 

DIPZX-Y: Computes the potential of a dipole in Z-direction in a 
X-Y plane 

DIPZY-Z: Computes the potential of a dipole in Z-direction in a 
Y-Z plane 

DIPZLIMY-Z: Computes the potential of a dipolc in Z-direction in a 
Y-Z plane, now using the limit 1-+0 instead of a finite 
distance between sink and source 

FOURIER8IRREG: Computes the power spectrum of the transformer signal 
for irregular spaced 8mm dia balls 

FOURIERINPUT: Generates input file for FOUREER8IRREG 

POTBATCH: Calculates the potential difference of a dipole in X-Y 
plane in a pipe with point electrodes. Electrode type can 
be point-, strip- or large area electrode. The dipole can 
move in Z-direction, radially or circumferentially. 

POTTN: Generates input file for POTBATCH 

POWSPECMODULA: Computes the power spectrum of a modulated 
transformer signal for irregular spaced balls of 8rnm dia. 
The modulation frequency is variable. 
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POWERSPECIN: Generates input file for POWSPECMODLTLA 

TRANSLEAK: Computes the power spectrum of the transformer signal, 
modulated by a rectified sine wave in phase with the 
flow signal. 

All programs above are written in Fortran77 and they are executable on the VAX or 
on DEC-stations. 
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start ) POWSPECMODULA 

Read 
start data 

generate f(t) as 
Fourier series 

initialize values for 
loops 

compute shifted 
Fourier series 

f(t4au) 

compute 
modulation signal 

multiply f(t), f(t-tau) 
and modulation 

neidtau sigftal to R(tau) 

integrate R(tau) 

flip region of 
tau<O to tau>O 

A 
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POWSPECMODULA 

perforrn 
fast Fourier TransC 

convert spectrum 
from n to f 

write results 
into file 

end 
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