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ABSTRACT

In this work a simple new type of flow sensors was developed, the double coil flow sensor. In this sensor two coils
are magnetically coupled due to the flow of pure water inside them. The first coil, the primary coil, was supplied
by AC voltage in the frequency range 0.5—-1 MHz which is the coupling range of frequency for water. The voltage
in the second coil, was found to be directly proportional with the volumetric flow rate of the water flowing inside
the coils. The two coils can only be coupled in the laminar flow region. In the turbulent region, due to the turbulent
chaos and fluctuation the two coils cannot be effectively coupled, and therefore the sensor cannot be used. The
temperature of the water was found to have a negligible effect on the coupling, which add a good advantage to the
simplicity of the double coil sensor. The working fluid used in this work was pure water. Other fluids are believed

to be working as well, most probably at different frequency range, and this will be the subject of future work.
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INTRODUCTION

Flow is one of the most commonly measured
variable in processes and numerous types of
flow sensors are available in the industry [1-3].
Despite the diversity of flow sensors, these sen-
sors can be put into two categories. The first
category is the sensors that make a resistance
to the flow, and therefore, create a pressure loss
in the piping line (e.g., orifice, venture, turbine,
etc.). The pressure loss created by these sensors
is the main disadvantage of this category. The
second category, on the other hand, has no or
negligible resistance to flow which is one of the
main advantages of this category. Four types of
flow sensors of the second category are currently
exist [4-6]: ultrasound, magnetic, coriolis, and
optical flow sensors. The main disadvantages or
limitations of the second category are mentioned
briefly as follows.

First, the ultrasound sensor, this type of sen-
sors may need to be coupled with temperature

sensor [2] to account for the variation of tempera-
ture which is highly affect the speed of sound in
fluids. The need of temperature sensor increases
the complexity of the sensor because calibration
at each temperature is needed. Also, a proper de-
sign is needed to eliminate the interaction of the
ultrasound signal with the external noises/sounds
generated by the fluid itself, piping system, and/
or the surroundings. Second, the Magnetic sen-
sor, the current type of this sensor is only working
on fluids that conduct electricity [2] and this type
of sensors are not working on electrically non-
conductive fluids. Third, the Coriolis sensors,
this type of sensors is not recommended for fluids
with low pressure or low flow rate [2, 3]. Finally,
the optical flow sensor, the current type of this
sensors is used for slurry liquids [6] and this type
of sensors is still not widely spread so far.

Based on the above, it is clear that a simple
flow sensor with zero resistance to flow, work-
ing for electrically non-conductive, and non-
slurry fluids, and working for low flow rate
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and/or low pressure is missing in the industry.
The development of this type of sensor is the
objective of this work.

The goal of this research is to develop a sim-
ple and accurate sensor to measure the volumetric
flow rate.

THE DOUBLE COIL VOLUMETRIC
FLOW SENSOR

Sensor description

The double coil flow sensor is simply a two
coils wound on a pipe as shown in Figure 1.
The material of the pipe should be made of non-
magnetic material. The input voltage should be
AC voltage (or current) with a frequency in a
specific range depends on the type of fluid. For
water this range is 0.5-1 MHz as will be dis-
cussed later. The distance between the two coils,
D, should be within a specific range. This dis-
tance is best determined experimentally as will
be explained below.

Principle of operation

Several studies showed that, the AC mag-
netic field at moderate to high frequency affect
Water properties [7-10]. Among these proper-
ties, which is the one we are interesting in this
work, is the magnetic susceptibility, or alter-
natively the magnetic permeability. In a study
done by Gutierrez-Mejia and Ruiz-Suarez [11],
the susceptibility of pure water was measured

in a frequency range of 0.5-1 MHz, and it was
found that, water change its magnetic property
from diamagnetic to paramagnetic at a frequen-
cy of about 0.5 MHz. Moreover, the susceptibil-
ity continually increased with frequency up to
1 MHz, which is the upper limit of frequency
covered by the study.

Therefore, in the double coil sensor, when
water enters the first coil (the primary coil) it
changes its properties due to the imposed AC
magnetic field, and therefore, water picks up
some magnetization in the first coil and becomes
magnetized, so when it enters the second coil it
induced a voltage (or current) in the second coil.

As the volumetric flow rate increased, the
velocity of the water increased, and therefore,
the rate of change of magnetic field in the sec-
ond coil increased. Now, in according to Fara-
day’s law, the voltage in the second coil must
increase, and therefore, the induced voltage in
the second coil is linearly proportional to the
volumetric flow rate in the pipe. The polarity
of the second coil can be determined based on
Lenz’s law.

In summary, the double coil volumetric flow
sensor is similar to a transformer in its behavior.
The coupling material is water at moderate fre-
quency and the induced voltage in the second coil
is directly proportional with the volumetric flow
rate inside the coils.

Restrictions

Two restrictions must be considered here
for the sensor to work. First, the material of the
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Fig. 1. Schematic description of the double coil flow sensor
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pipe should be non-magnetic material to pre-
vent magnetic coupling through the pipe itself.
Second, the distance between the two coils,
D, needs to be within a specific range. Short
distance will result in coupling the two coils
through air and long distance will result in los-
ing the water its magnetization which already
gains in the first coil, so no induced voltage
will result in the second coil. The range of dis-
tance between the coils, D, can be determined
experimentally as follows:

1. Before starting the flow, one of the coils is
sliding toward the other so that the two coils
are in touch.

2. The primary coil is supplied by the input volt-
age and frequency as required.

3. The distance between the two coils is gradu-
ally increased until the output signal from the
secondary coil becomes zero. This insures
that coupling through air is eliminated. This
distance is the lower end of the distance range.

4. The flow is turned on. An output signal in the
secondary coil should appear.

5. The distance between the coils now is again
gradually increased until the output signal in
the second coil disappears. At this distance
water loose its magnetization so no induced
voltage in the secondary coil occurs, and
therefore, this is the upper range of the dis-
tance between the coils.

Experimental testing of the sensor

The developed sensor was tested using the
equipment shown in Figure 2. A distilled and de-
ionized water was used in the testing. A functional
signal generator was used to generate an input sine
wave with the required frequency in the primary
coil and an oscilloscope was used to analyze the
output signal from the secondary coil. A rotame-
ter was used to measure the volumetric flow rate
which is controlled using hand valve. The temper-
ature of the water was increased as required using
a coiled heater. A stirrer was used to make the tem-
perature inside the tank homogeneous and a ther-
mometer was used to measure the temperature.

A photo of the developed sensor in shown in
Figure 3. The pipe of the sensor is made of vinyl.
The inside diameter of the pipe is 8 mm, and the
outside diameter is 11 mm. A commercial cop-
per wire of 1 mm diameter was used to wind the
coils by hand.

The number of turns in the primary coil is
46 and in the secondary coil is 48. A Sine wave
of amplitude of 5 V is used in the primary coil.
The number of turns and the amplitude of the
input voltage are experimentally selected such
that the output voltage from the secondary coil
is within the range of measurement of the used
oscilloscope. Finally, before starting the mea-
surements, the distance between he coils was
determined as explained in restrictions and an
adhesive tape was used to fix the coils in place.
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Fig. 2. Sensor testing experimental setup
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Fig. 3. A photo of the developed sensor, n/n, = 48/46

RESULTS AND DISCUSSION

Figure 4 shows V/V. as a function of flow rate
at 0.5 MHz and room temperature. It can be seen
that three regions can be clearly recognized; lami-
nar, transition, and turbulent. In the laminar zone
the output voltage is increasing linearly with the
flow rate. In the transition zone, the output volt-
age is still increasing but in a nonlinear way. In
the turbulent zone the output voltage is rapidly de-
creasing with the flow rate until the output signal
completely disappear. Also, it can be seen that a
scattered data was obtained in the turbulent zone.

The results of Figure 4 can be explained as
follows: when the water enters the first coil, the
water particles get magnetized, and it is now be-
having as tiny dipoles. Due to the magnetic field

of the first coil, these tiny dipoles are arranged
in a way such that its axis is parallel to the direc-
tion of the magnetic field which is along the axis
of the pipe. In the laminar flow, the arrangement
of these tiny dipoles remains undisturbed by the
flow, so that when they enter the second coil, their
effect add together. In the turbulent flow, the cha-
os created by the turbulence disturb the unifor-
mity of these tiny dipoles; and therefore, makes
their direction random which in turn makes the
effect of some is cancelled by other, so a reduc-
tion in the amount of coupling is result. The more
the turbulent is, the more the chaos is; and there-
fore; the less coupling will result until a point
where the randomness of the tiny dipoles almost
completely canceled by each other so no output
voltage will result. Moreover, the fluctuation (or
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Fig. 4. Output voltage vs. flow rate at 0.5 MHz, 21.5°C
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the instability) in the turbulent flow makes the
output voltage fluctuate, which is the cause of the
obtained scattered values in the turbulent zone. In
the transition zone, where chaos is still not rigor-
ous, un intermediate behavior is obtained.

Also, it can be seen that from Figure 4; in
the laminar zone; the two coils can be effectively
coupled, and the output voltage is linearly pro-
portional with the flow rate. In the turbulent zone,
coupling the two coils is not effective.

Figure 5 shows V/V as a function of flow rate
at different frequencies in the laminar zone. The
figure also shows the coefficient of determination

(R?) for each frequency. Two observations can
be seen in this figure. First, as the frequency in-
creased the output voltage increased but R? de-
creased. This suggest that turbulence can be en-
hanced by increasing frequency. Second, as the
frequency decreased the range of laminar zone
decreased, but R? increased which suggest that
magnetization at low frequency is week so at high
flow rate the water has no sufficient time to get
completely magnetized in the first coil.

It can be seen from Figure 5 that the best
range of frequency to run the sensor is 0.5-1
MHz which cover a wider range of laminar flow
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Fig. 5. Output voltage vs. flow rate at different frequencies in the laminar zone, 21.5°C
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Fig. 6. Output voltage vs. flow rate at higher frequencies in the laminar zone, 21.5°C
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with excellent accuracy. To avoid enhancing tur-
bulence by frequency, the most recommended
value is 0.5 MHz.

To study the effect of frequency higher than
1 MHz on the output voltage, figure 6 was pro-
duced. This figure shows that, for frequency
higher than 1 MHz, a scattered data was obtained,
and the amount of scattering increased as the fre-
quency increased. This figure again suggests that
turbulence is enhanced at higher frequency.

The reason why turbulence is enhanced at
high frequency can be explained as follows: at
higher frequency water particles gain more mag-
netization. Now, if these particles (tiny dipoles)
encounter any disturbance, this disturbance is
amplified due to the repulsion and attraction

0.45

between these tiny dipoles, and therefore, turbu-
lence is increased.

Figure 7 shows the output voltage vs. the
number of turns ratio. It can be seen that as the
ratio increased the output voltage increased until
the ratio becomes 1. Further increase in the ratio
has no significant increase on the output voltage.
Therefore, a ratio of 1 is a quick design rule for
the sensor.

Finally, Figure 8 shows the effect of tempera-
ture on the output voltage. It can be seen that; the
temperature almost has no effect on the output
voltage. Therefore, the double coil flow sensor
needs to be calibrated only at one temperature
and not over a range of flow temperature as some
sensors may need.
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Fig. 8. Output voltage vs. temperature at different flow rates
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CONCLUSION

In this work several points can be concluded.
Two coils can be effectively coupled due to flow-
ing of water inside them at a frequency of 0.5-1
MHz. The secondary voltage is linearly propor-
tional to the volumetric flow rate in the laminar
flow zone. The coupling frequency for water is
0.5-1 MHz. Above 1 MHz coupling is still pos-
sible, but a scattered data will result. For frequen-
cies from 0.45-0.5 MHz, linear coupling is exist-
ing, but a shorter range of flow rate is covered. For
frequencies below about 0.45 MHz, no coupling
is existing. Increasing frequency will result in en-
hancing mixing or increasing turbulence. This is
due to the attraction and repulsion forces between
the particles of the water due to its magnetization
when exposed to AC voltage at medium frequency.
An equal number of turns is sufficient to couple the
two coils. Adding more turns will not significantly
improve the coupling. The temperature is almost
having no effect on the coupling of the coils.
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