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ABSTRACT

This work shows how a single coil wrapped on a pipe can be used to measure the volumetric flow rate inside the
pipe and how by wrapping a second coil the flow direction can be detected. The developed method is very simple,
accurate, and cover all the range of flow from low speed to high speed with more accuracy expected at high speed.
Few turns are sufficient for the coils, no calibration is needed, and the method can be used for all kinds of fluids
even without the need to know the type of fluid inside the pipe. The principle of the developed method is theoreti-
cally explained and proved and then experimentally validated.

Keywords: volumetric flow rate sensor, flow direction detection, high speed velocity measurement. single coil

sensor, double coils sensor.

INTRODUCTION

Flow rate measurement devices/sensors are
essential in process industry and automatic con-
trol. Many techniques for measuring the volumet-
ric flow rates are exist [1-7]. Even with the variety
of this existing techniques, no single technique
can cover all the needs for flow measurements.
Every technique has a certain applications/ speci-
fication needs to be considered for selecting the
proper technique for specific applications. The
developed method in the present work adds a new
technique with many great advantages for the va-
riety of flow measurement techniques.

Obstruction free flowmeters like ultrasonic
and magnetic flow meters gain a great research
and industrial interest in the last decades. Today
ultrasonic and magnetic flowmeters are widely
used in the industry because their great advan-
tages over other flowmeters [8-11]. These two
techniques are competitive to the developed tech-
nique in this work. Table 1 shows a comparison
of these two techniques with the new developed
sensor in this work.
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The new developed sensor in this work shall
be called “single coil sensor” if one coil is used
and “double coils sensor” if two coils are used.
The single coil sensor is used when only the volu-
metric flow rate is to be measured and the double
coils sensor is used when both volumetric flow
rate and direction of flow are to be known.

In this paper, first, the developed single coil
sensor is introduced, and the principle of opera-
tion is explained and proved. Second, the double
coil sensor is introduced and how the direction
of flow can be found by adding a second coil is
explained. Third, the design of the sensor is con-
sidered. Fourth, the operation of the developed
sensor is validated experimentally. Finally, con-
clusions about the developed concept are drawn.

METHODS

Flow measurement (The single coil sensor)

Consider a coil wrapped on a pipe as shown
in Figure 1. If the coil is supplied by a constant
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Table 1. Comparison between the ultrasonic and magnetic flowmeters with the new developed sensor

Technique Principle of operation Type of fluid
Ultrasonic Doppler shift Sonically reﬂec'tive fluids: slurries, liquids with bubbles,
gases with particles, turbulent flow, blood flow [12].
Ultrasonic Time of flight Only extremely clean liquids or gases [13]
Ultrasonic Doppler shift + time of flight | Combination of the above two types [14]

Magnetic/electromagnetics Faraday’s law of

electromagnetic induction

Conductive fluids (only fluids with conductivity greater
than 10 uS/cm) [13]

Magnetic/electromagnetics Lorentz force

Conductive fluids [15, 16]

Magnetic/electromagnetics

Electromagnetic phase-shift | Conductive fluids [17]

+ energy conservation) developed concept)

This work (Magnetic/electromagnetics | Magnetic convection (new

All types of fluids: liquids, gasses, multiphase, liquid
slurries, gas with particles, etc.

current source, then the volumetric flow rate in-
side the pipe is linearly proportional to the volt-
age generated across the current source (or coil).
Therefore, by measuring the voltage across the
current source the volumetric flow rate inside the
pipe can be calculated. This fact can be proved
simply by making energy balance on the coil as
follow:
{Energy Supplied by}=
the Current Source
Energy Losses Due to the Resistance
= of the Wire Wrapped on +
the Coil (Ohmic Losses)
Time Rate Change of Potential Energy
{ of the Magnetic Field Inside the Coil }

or mathematically,
aw,,

IV, =IZR,, +W (1)

The potential energy of a magnetic field is
[18]:

Jo

Q=aV,—b

a, b are constants

Constant Current
Source

Figure 1. The single coil sensor

1
Wm: Efﬂszv 2)

Therefore, equation 1 becomes:

2 d 1 2
ISVS=ISRW+E[EJ,U,H dv] 3)

Using Leibniz rule, equation 3 becomes:

5 1 Zdv
IV, =ISRW+§MH I 4)

The time derivative of the volume inside the
coil (V) is the volumetric flow rate. i.e.

dv_ s
E_Q Q)

Therefore, equation 4 becomes:

1
IsVs = IR, + 5 uH?Q ©)

Equation 6 is the general equation for flow in-
side a coil. It relates the current inside the coil and
the voltage across the coil with the volumetric

1
flow rate inside the coil/pipe. The term > uH?Q

represent the amount of magnetic energy convict-
ed by the flow (hence introducing the magnetic
convection concept). Furthermore, for an ideal
coil the magnetic field intensity H is [18]:

H=I—=In (7
So, equation 6 becomes:
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1
IV, =I?R,, + Eﬂf(lsn)zQ (®)
or
1 2
Vs =Ry + I E.ufn Q )

After rearrangement, equation 9 can be writ-
ten as

Q= ufznz E/f — RW] (10)

or
Q=al;—b (11)

where:

2 2
= =——R
a Ion; > and b Y 7 Ry (12)

Are constants for constant current source.
Therefore, equation 11 completes the proof. The
flow can be measured by measuring the voltage
across the current source and then use equation 10
to calculate the volumetric flow rate. Moreover
equation 9 can be written as

Vo =IsRy + IRy =I;(Ry +Rp) (13)
where:

1

1s the flow resistance. Therefore, the constant
current source sees two resistances, the wire re-
sistance and the flow resistance. If the flow rate
is zero then Ry is zero and the constant current
source sees only the wire resistance. Figure 2
shows the equivalent circuit of the sensor.

An equivalent alternative technique can
be made by applying a constant voltage source
across the coil instead of constant current source
and measuring the current generated in the coil
then use equation 10 to calculate the volumetric
flow rate. This alternative technique results in an
inverse relationship between the volumetric flow
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1
rate and the current ( Q o A ). Direct relationship

S
is usually more favored over inverse relationship.
For this reason, we will limit this research to con-
stant current supply.

Direction detection (The double coil sensor)

The energy balance equation can be interpret-
ed in different way. For example, equation 8 can
be interpreted as:

I Vs =
——
Energy Suplied
by the Source

2 1 2
= IR, + E.uf(lsn) Q

E Di ted
nergy Disspate —_—
in the Wire Convection of Magnatic

Energy by the Flow

1
Therefore, the energy term 5 u(lgn)?Q is

convicted by the flow and some of it can be re-
trieved back by adding a second coil downstream
of the flow. The second coil will pick up some
of this energy by induction. Figure 3 shows the
double coil sensor. To calculate the energy trans-
mitted to the second coil, again we make energy
balance on the second coil as follow:

(Convicted magnetic energy
from the first coil by the flow)-k =

= Energy induced in the second coil

or

1 2 2
Eﬂf(lsn) Qk =13(Rz + Ryy>) (15)

The left-hand side of equation 15 is multiplied
by a fraction k (0 < k < 1) because not neces-
sarily all the convicted energy can be absorbed by
the second coil. The constant k can be interpreted
as the coupling coefficient between the two coils
due to the convection of magnetic energy from
the first coil to the second coil by the flow. The
idea here is the same as in the transformer, but the
two coils are coupled by the flow instead of fer-
romagnetic metal as in the transformer. The value
of k can be determined experimentally but for the
purpose of flow direction detection, the value of
k is not needed as will be explained shortly. In
the double coil sensor, the flow measurement coil
shall be called the primary coil and the direction
detection coil shell be called the secondary coil.
Rearranging equation 15 to get
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.uf (Isn)ZQ k

L= |[——— 16
27 J2.(Ry + Ry2) (10
Therefore, the voltage drop across R, is
Vo =R .uf(lsn)zQ k _
Re =72 12.(Ry + Ry2)
17)

prQ k
2.(R, +R,»)

Now we can explain how the second coil can
detect the flow direction as follow:

1. If the flow is from left to wright: The fluid
picks magnetic energy from the primary coil
and when it passes through the secondary coil
it induce a non-zero voltage drop across R,
(Equation 17). The polarity is not important
(though it can be determined from Lenz’s law).

2. If the flow is from wright to left: No voltage
drop created across R, since the fluid coming
from the wright holds no magnetic energy.

In other words, the voltage drop across R,
is measured. If the reading is non-zero, then the
flow is from left to wright. If the reading is zero,
then the flow is from wright to left. An alternative
approach can be made by putting a very sensitive
light bulb instead of R,. If the bulb is ON, then the
flow is from left to wright. If the bulb is OFF, then
the flow is from wright to left.

Constant Current
Source

Figure 3. The double coil sensor: Flow rate
measurement and direction detection

SENSOR DESIGN CONSIDERATIONS

Sensor sensitivity

To enhance the sensitivity of the developed
sensor, the sensor should be designed such that
R, /R is maximized. The following new dimen-
sionless number can be defined:

2
L[N (19
_ 2] e
"~ Coil Wire Resistance L,
0.4,

Flow Resistance

Assuming single layer coil (one layer is usu-

ally sufficient for the purpose of this sensor), then
T

lw = N-T[-Dp ,lC - N.DW andAW - 4D‘f/
Therefore, the ratio becomes
[ ]2 Q 4,2
2|N. D, 1usco
= = — 20
'=—"NmD, —snp,¢ @
g.A,

Therefore, to maximize r the following points
must be considered:
e N should be selected as minimum as possible

(r « N) The minimum is one, but one turn

requires a precision instrument/circuit to mea-
sure Vs. Therefore, N should be selected as
minimum as possible but must be high enough
to be compatible with the sensitivity of the in-
strument/circuit used to measure Vs.

e The sensor is more suitable for small diameter

1
pipes (r « D—)
e Copper wire Pshould be selected for the coil
(r < o).
e The sensor is expected to be more accurate at
high flow rates (r < Q).

Magnetic permeability

Referring to equation 10 it can be noticed
that, to use this equation, the magnetic perme-
ability of the fluid must be known (which is the
only property needs to be known). Unfortunately,
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this property is available for few fluids in the lit-
erature (water, air, oxygen and hydrogen). Ta-
ble 2 lists the relative permeability of these flu-
ids. It seems that if other type of fluid to be used
its magnetic permeability must be measured, but
fortunately, this is not the case. The reason can
be explained as follow.

The magnetic permeability of nonmagnetic
fluids/materials are very close to one [18]. There-
fore, by introducing a very small error to equation
10, it can be assumed that the permeability of all
kinds of fluids (excluding magnetic fluids or flu-
ids that contain magnetic particles) is the same as
the permeability of vacuum (47 x107 H/m). So,
equation 10 becomes:

1
0= 2mx10-"n2 [ - R ] @1
Which is applicable for all kinds of fluids.
Now the permeability is not needed, and there-
fore, the sensor can be used even without the need
to know the type of fluid inside the pipe. How-
ever, this idea remains a suggestion, if not con-
vinced enough then equation 10 can be applied.

Sensor advantages

The new sensor has the following advantages:

e Very simple and can be directly installed
on the pipe (clamp-on) by wrapping a few
turns of copper wire on the pipe. The sensor
can also be made ready-to-use (in-line) and
commercialized.

e The sensor can be used for any type of non-
magnetic fluid even without the need to know
the type of fluid inside the pipe if the assump-
tion to be used.

e The sensor covers all the range of flows from
low speed to very high speed (including super-
sonic and hypersonic flows without any upper
limit). Moreover, the sensor is expected to be
more accurate at high speed.

e The sensor is bidirectional, and the direction
of flow can be easily detected.

e The sensor is temperature, pressure, and com-
position totally independent.

e Very accurate (error less than 3%) and no
calibration is needed. The theory behind the
sensor which is developed based on the en-
ergy balance (first law of thermodynamics)
and the well-founded low in electromagnetics
(potential energy of a magnetic field, W ) is
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sufficient to trust the sensor. In addition, the
sensor was experimentally validated.

e The sensor can be used for any type of pipe
material (metal or nonmetal). Since we are us-
ing constant current source, the magnetic field
inside the pipe wall is constant, and therefore,
the time derivative of this field is zero. Hence,
the material of the pipe does not matter.

EXPERIMENTAL VALIDATION
OF THE SENSOR

Experimental setup

The developed method was tested using the
equipment shown in Figure 4. A distilled water
was used in the testing. The volumetric flow rate
was controlled by hand valve and measured by
rotameter. The double coils sensor was built by
wrapping a copper wires of gauge 25 AWG (Di-
ameter = 0.4547 mm) on a l-inch pipe of sched-
ule 80 (OD = 33.4 mm, ID = 24.3 mm) made of
vinyl. The direction of the flow in the pipe was
reversed by flipping the ends of the pipe. A con-
stant current source of 0.5A was applied across
the primary coil and the generated voltages was
measured using a precision micro voltmeters.
The volumetric flow rate was covered from 0 to
45 mL/min. The specifications of the equipment/
devices used in the testing are shown in Table 3.

Procedure of measurements

The objective of the experimental setup was
to measure the volumetric flow rates by the sen-
sor and compare it with the rotameter readings.
The procedure for measuring the flow rates is as
follow:

e The required flow rate was set by the hand
valve and the rotameter reading was taken.

Table 2. Relative magnetic permeability of some
fluids [18]. The permeability of free space is
47 x10"H/m

Fluid H,
Water 0.9999912
Air 1.00000037
Oxygen 0.999998
Hydrogen 1
Vacuum 1
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Voltmeter 2
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Voltmeter 1

[
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Hand Valve

Water Tank

Pump

pki-

i

Figure 4. Schematic representation of the equipment used to test the sensor

e The voltage drop across the primary coil was
read using voltmeter 1 and equation 10 was
used to calculate the volumetric flow rate. This
is the sensor reading.

And the procedure for detecting flow direc-
tion is as follow:

e The direction of flow is set from left to wright
and the reading of voltmeter 2 was taken and
recorded as a function of flow rate.

e The direction of flow was reversed by flipping
the ends of the pipe and again the reading of
voltmeter 2 was taken and recorded as a func-
tion of flow rate.

The error in the measured values of the sensor
was calculated from equation 10 as follow:

RESULTS

Figure 5 shows the experimental results ob-
tained by plotting the calculated volumetric flow
rates from the measured value of V_(eq. 10) in

Table 3. Specifications of the used equipment/devices in the testing

Equipment/device Type Accuracy
Rotameter Nxtop + 1 L/min
Constant power supply HANMATEK 0.001 A
Voltmeters 1 and 2 Edulab micro voltmeter +0.5uv
Rw Wire resistance +0.001 ohm
R2 Wire resistance +0.001 ohm
Pipe diameter 1 inch schedule 80 +0.05 mm
Wire diameter 25 AWG (diameter = 0.4547 mm) +0.0001 mm
Wire lengths 1.574 m Copper +0.001 mm
N1 15 Turn + 0.25 (approximation)
N2 15 Turn + 0.25 (approximation)
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comparison with the direct measured values of

the rotameter readings. The error bar calculated

from equation 18 also included in the plot. From

Figure 5, the following points can be noticed:

e The voltage generated across the coil does de-
pends on the volumetric flow rate and the rela-
tionship is linear as theoretically proved previous.

e The calculated and measured values are in ex-
cellent agreement. All the measured values are
lying within the uncertainty bar of the sensor.
The R? of the measured values by the sensor
is R2=10.97.

Figure 6 shows the experimental results of the
direction detection coil. From the figure, the fol-
lowing points can be noticed:

H U
Ul O

® Sensor

)
o

@® Rotameter

w
o u

Q=39.102V; - 3267.4
R?=0.9678

Q ( L/min)
B, B N N W
o (6, ] o (6, ]

(5]
b

0 L

§

e For flows from wright to left: no voltages
crated across R? regardless of the volumetric
flow rate.

e For flows from left to wright a small voltage
drop (in pV) was crated on R,. This voltage
drop increase with increasing volumetric
flow rate (Vgy \/5) which is in agreement
with equation 17.

The above two notes validate the operation
of the direction detection coil. As mentioned be-
fore, the value of k is not needed. However, its
value for water still can be determined from the
above experimental data by plotting V, « \/a .
Figure 7 shows this plot.

83,4 83,6 83,8

84 84,2 84,4 84,6

V,(mV)

Figure 5. Comparison of the sensor measurements and the rotameter readings

25
20
—~ 15 ‘,.-‘
K
> 10
5 °
0 L .-
0 10 20

@ Flow from left to right

@ Flow from right to left

30 40 50
Q (L/min)

Figure 6. Voltage drop generated across the secondary coil
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4 5 6 7
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Figure 7. Linear regression to find the value of k for water

25
20
V,= 3.5681Q°5
R%2=0.9788
= 15
=

> 10
5
0

0 1 2 3

From equation 17 the slope is

I,nR, L from which the value of

2.(R, +R,,)

k can be obtained. By doing this it was found that
for water k = 12.25 x10. This means that the en-
ergy induced in the secondary coil over the mag-
netic energy taken from the first coil and carried
out by the flow is about 12 ppm. This is a very
small value but still expected for nonmagnetic
materials like water.

CONCLUSIONS

Magnetic energy can be convicted by flow,
this energy is equal to 1/2uH?-Q. Therefore, every
fluid in motion pass through a magnetic field ab-
sorb and convict some of magnetic energy taken
from this field. Moreover, some of this convicted

Nomenclature

magnetic energy can be retrieved back by pass-
ing the fluid through a coil. These new physical
concepts are important and can be of great value
in future works for understanding some natural
phenomena and developing new ideas.
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