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A simple and fire safe gasoline level sensor has been designed based on displacement sen-
sor using fiber coupler. The sensing principle is to detect displacement of reflector, which is
attached to membrane (reflector displacement device), due to the change of gasoline
hydrostatic pressure. The displacement of reflector can be detected using fiber coupler
from the change of optical power light reflected by the reflector. Three kinds of reflector
displacement device used in this experiment are one-layer, two-layer, and three-layer
membrane. The experimental results are 0-180 cm of dynamic range, 100-140 cm of linear
range, 3.2 mV/cm of sensitivity, and 0.6 cm of resolution for reflector displacement device
with one-layer membrane for emptying the tank process. The hysteresis data for emptying
and filling the tank process yields the mean of difference 20% for one-layer membrane.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid level detection system can operate based on the
principle of capacitance, electro-mechanic, ultrasonic, and
optic. The ultrasonic principle is applied by measuring
time interval required by ultrasonic wave to propagate
from the source to the liquid surface and then back to
the detector. For optical method, various kinds and config-
urations of optical device have been able to detect the
liquid level. Some of the technics are opto-fluidic technic
using Electronically Controlled Variable Focus Lens Devices
[1], Prism connected to fiber optic [2], Fiber Bragg Grating
connected to buoy [3], and plastic optical fiber polished at
its cladding [4]. Gasoline level detection system requires
sensor that does not cause fire spark and explosion. The
electric signal and mechanical motion, therefore, are not
appropriate used for gasoline level sensor.

Fiber coupler is an optical device that can be used as
optical power divider. Fiber coupler had been applied as
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displacement sensor with target flat mirror [5]. The dis-
placement of the target is detected from the change of tar-
get reflected light intensity received via fiber coupler
sensing port. The change of light intensity is translated to
the change of applied optical detector output voltage.

In this paper, the concept of displacement sensor using
fiber coupler is applied as a basic principle to detect gaso-
line level. The detection mechanism uses gasoline hydro-
static pressure to displace the reflector which is attached
to the membrane located in the bottom of gasoline tank.
This detection mechanism does not use electrical signal
or mechanical motion which can potentially cause fire
spark. The developed level gasoline sensor is, therefore,
free of fire and explosion risk.

2. Sensor work mechanism

The design of gasoline level sensor based on displace-
ment sensor using fiber coupler is shown in Fig. 1. In
Fig. 1, incoming laser beam of power Py, is transmitted
via input port to the 50:50 fiber coupler. Half of the incom-
ing beam is transmitted via sensing port and illuminates
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Fig. 1. Design of gasoline level sensor based on displacement sensor
using fiber coupler,

the reflector, which is attached to the membrane surface.
The arriving beam of power P, is then reflected by reflector.
The reflected beam of power P, enters and transmitted via
sensing port back to the 50:50 fiber coupler. Half of
reflected beam of power Py is coupled to the detection port
and detected by optical detector. The power light P,
depends on the position of reflector from the sensing
port z.

The relation between the power light that is received by
detector Py and the position of reflector from the sensing
port z is given by

2
szPo[]—exp(—W)} (1

The power light Py is given by
Po = 1.15¢r(1 — cr}(lo 01 . 10 “-“’)ZP.-D. (2)

where cr, Le, and D are coupling ratio, excess loss, and direc-
tivity of fiber coupler respectively. The constant
c=(2tansin"' NA)/a depends on numeric aperture NA
and radius a of the optical fiber that is used to construct
fiber coupler [5].

The displacement of reflector, which is attached to the
membrane surface, happens due to the change of gasoline
level (principle of hydrostatic pressure). Gasoline level h
gives hydrostatic pressure P, to the membrane by an
amount:

Py = pgh. 3)

where p and g are gasoline density and gravitation acceler-
ation respectively. The displacement of reflector due to the
change of hydrostatic pressure is illustrated in Fig. 2.

In Fig. 2, dy,, d;, R, r, and z are membrane diameter,
reflector diameter, membrane curvature radius, the change
of membrane length, and reflector displacement respec-
tively. The stress P, causes strain on the membrane so that
the reflector displaces. Then the elastic modulus of mem-
brane is given by

Py

Y= I (4)

where Ar and ry are the change of membrane length and
initial membrane length respectively. Substitute Eq. (3)
into Eq. (4) yield

membrane l
membrane

Fig. 2. Evaluating scheme for reflector displacement due to the hydro-
static pressure,

_ ¥
~ pgr,
From Fig. 2, we have rg=d,;, and Ar=2r — (d,;, — d;). Using
these values, Eq. (4) can be expressed in the form:

Y
 pedy,

Since the values of p, g, d,,,, and d; are fixed, Eq. (5) can be
written in the form:

h=Y(ar-p, (7)

where o = 2;(!’3’5‘!!:] and § = (dy —d;) (ﬂgdm}-
Suppose that the relation between r and z can be formu-
lated as r = r{z), then Eq. (G) can be expressed in the form:

h = Y(ar(z) - ). (8)

h

Ar. (3)

h (21"— {dm - dr]) (6}

If'Yis assumed to be constant, the relation between h and z,
in principle, can be expressed as:

z=z(h). (9)
Using Eq. (8), Eq. (1) can be expressed as:

2
Py=P,|1- -——]. 10
¢ [ exp( (cz(h)+‘l)2)] 6%

Eq. (9) is transfer function of the sensor (the relation
between z and h has not been derived analytically). Using
Eq. (9), the change of gasoline level can be detected from
the change of optical power light received by optical detec-
tor and represented as the change of output voltage of
optical detector.

3. Experiment

The experimental set-up consists of laser He-Ne (with
632.8 nm wavelength and 15 mW power output), silicon
photodetector (Newport), multimode fiber coupler struc-
tured 2 x 2 made of plastic (with 1 mm diameter, 1 m
length, 50/50 split ratio, 3.7-5.6 dB insertion loss, and
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1.6 dB excess loss), microvoltmeter (Leybold), micrometer
translation stage, and cylindrical scaled gasoline tank
which is made of glass (with 6 cm diameter and 180 cm
length) and filled with gasoline (715-780 kg/m® density
at 15 =C). In the bottom of gasoline tank, there are a faucet
and a reflector displacement device. Reflector displace-
ment device consist of reflector which is made of alumi-
num (with 10 mm in diameter and 020 mm thickness),
membrane (nitrile polymer) with 008 mm thickness (the
elastic modulus is not known), and cylindrical membrane
holder which is made of brass with 18 mm outer diameter
and 15 mm inner diameter. Reflector is attached to mem-
brane using epoxy glue and membrane itself behaves like
a spring. Three kinds of reflector displacement device used
in this experiment are one layer membrane, two layers
membrane, and three layers membrane. One layer mem-
brane is 0.08 mm in thickness. The reflector displacement
z due to gasoline pressure that acts upon reflector displace-
ment device is shown in Fig. 3 and the schematic diagram
of experimental set-up is shown in Fig. 4.

The first step of the experiment is to place the sensing
port coincides with and perpendicular to the reflector sur-
face, which is attached to the membrane, when tank is
empty. This step is conducted by displacing the sensing
port using micrometer translation stage. After the sensing

membrane clamp

membrane

reflector

membrane holder

Fig. 3. Illustration of reflector displacement due to gasoline pressure acts
upon reflector displacement device,

microveltmeter

detector

detection port

laser
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device of reflector
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Fig. 4. Experimental set-up of gasoline level sensor using fiber coupler.

port is displaced away from the reflector surface, the tank
is fully filled by gasoline. The reflector will undergo the
maximum displacement due to the gasoline hydrostatic
pressure that acts upon the membrane, After the reflector
undergoes the maximum displacement, the sensing port
is displaced until it coincides with the center of reflector.
The position of reflector can be read on micrometer trans-
lation stage scale.

The second step is to couple the incoming laser beam to
the input port of fiber coupler so the reflected light beam
can be received by optical detector via detection port. Data
for emptying the tank process are obtained by recording
optical detector output voltage for each 1 cm drop in gaso-
line level (gasoline is flowed outward using a faucet) until
the gasoline surface reaches the bottom of the tank.

The third step is to obtain data for filling the tank pro-
cess. This step is done by filling the tank with gasoline from
the top of the tank and recording optical detector output
voltage for each 1 cm drop in gasoline level until the gaso-
line surface reaches the maximum level. The second and
the third step are repeated three times. These three steps
are done for each kind of reflector displacement device.

The last step is to test the stability of sensor recording
the optical detector output voltage when gasoline reaches
its maximum, half-maximum, and minimum level. The
recording is done every 30 s for 900 s. Test of sensor stabil-
ity gives standard deviation values for each gasoline level.
The highest standard deviation value will be used to deter-
mine sensor resolution. The test of stability is done for each
kind of reflector displacement device.

4. Result and discussion

The experimental result consists of maximum displace-
ment data z of reflector for each kind of reflector displace-
ment device at the top level of gasoline, optical detector
output voltage data as a function of gasoline level which
are obtained during emptying and filling the tank process,
and the data of sensor stability test. The maximum dis-
placement data is shown in Table 1. The plot of optical
detector output voltage with respect to gasoline level for
each process and each kind of reflector displacement
device is shown in Fig. 5.

Data in Table 1 shows that in the same gasoline level,
the more layer of membrane used on the reflector displace-
ment device, the smaller reflector displacement is
recorded. This implies that the elastic modulus of mem-
brane is higher as the number of membrane layer
decreases. The elastic modulus of membrane will deter-
mine the characteristic of sensor. In Fig. 5, in the case of

Table 1
Data of maximum displacement for each kind of reflector displacement
device,

Device of Number of Gasoline  Maximum reflector
reflector membrane level displacement (mm)
displacement layer (em)

1 1 180 4.05

2 2 180 310

3 3 180 245
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Fig. 5. Plot of optical detector output voltage with respect to gasoline level for emptying and filling the tank process for each kind of reflector displacement

device.

lower gasoline level region, the more layer of membrane is
used, the bigger slope is obtained. However, in the case of
90-160 cm gasoline level, the result is reversed. On the
other hand, the characteristic of sensor using fiber coupler
showed smaller slope for long displacement and the bigger
change of slope for smaller displacement region [5]. The
detection characteristic of gasoline level, which is shown
in Fig. 5, is the combination of the elastic modulus of mem-
brane and the characteristic of displacement sensor using
fiber coupler. At the higher gasoline level, the bigger elastic
modulus of membrane is used, the bigger slope is obtained
whereas at the lower gasoline level, the smaller slope is
obtained. Of course the results are valid just in the elastic
region of membrane.

Gasoline level detection for emptying the tank process
yields different data from that of for filling the tank pro-
cess. Although different, both of them have almost similar
character as shown in Fig. 5. The values of detector output
voltage for emptying the tank process are generally higher
than that of for filling the tank process. This can be under-
stood by realizing that membrane behaves as a spring for
the reflector. The thicker the membrane is used, the smal-
ler its elastic modulus. The emptying the tank process
begins from the maximum level of gasoline which means
that from the maximum pressure. When the gasoline level
is reduced, the membrane requires a few times to relax and
therefore is not in its ideal condition. The position of reflec-
tor in the emptying the tank process is farther than its
position in the filling the tank process for the same gaso-
line level. The viscoelastic property of the material can be
used as an analogy here. The less number of membrane
layer is used, the bigger the difference. The mean of optical
detector output voltage differences between emptying and
filling the tank process are 20%, 15%, and 8% for one layer,
two layers, and three layers membrane respectively. These
values are obtained with the assumption that optical
detector output voltage is zero when gasoline level is zero.

The dynamic range of sensor for emptying and filling
the tank process for each kind of reflector displacement
device are equal, i.e., 180 cm, since the height of tank is
180 cm. Linear regression of output voltage of optical
detector with respect to gasoline level for each kind of
reflector displacement device are shown in Fig. 6.

For emptying the tank process, the range of linear
region of sensor with one-layer, two-layer, and three-layer
membrane are 100-140cm, 10-90 cm, and 10-50cm,
respectively. For filling the tank process, the range of linear
region of sensor with one-layer, two-layer, and three-layer
membrane are 120-160c¢m, 20-100cm, and 20-50 cm,
respectively. The slope of the linear region gives the
sensitivity of sensor. For emptying the tank process, the
sensitivity of sensor with one-layer, two-layer, and
three-layer membrane are 3.1997 mV/cm, 1.3939 mV/cm,
and 1.3527 mV/cm, respectively and 3.1653 mV/cm,
1.3734 mV/cm, and 1.33879 mV/cm, respectively for filling
the tank process. These data show that the sensitivity of
sensor with one-layer membrane is twice the sensitivity
of sensor with two-layer membrane, although its range
of linear region is almost half the range of linear region
of sensor with two-layer membrane.

The sensor stability test yields plot of optical detector
output voltage as a function of time interval. Sensor stabil-
ity test is conducted at 0 cm, 90 cm, and 180 cm gasoline
level for each sensor, i.e. with one-layer, two-layer, and
three-layer membrane. The data are shown in Fig. 7. The
standard deviation of each sensor for 0cm, 90 cm, and
180 cm gasoline level are shown in Table 2. The biggest
standard deviation of each sensor occurs at 0 cm gasoline
level. This fact implies that the most unstable measure-
ment occurs when the reflector is the most distant away
from the sensing port. The standard deviation can be used
to calculate the resolution for each sensor. The resolution
of sensor can be determined by dividing the biggest stan-
dard deviation by the sensitivity of sensor. The resolution
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membrane.
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Fig. 7. The plot of detector output voltage as a function of time duration of sensor stability test.

Table 2
Standard deviation values results from sensor
stability test.

Number of Gasoline  Standard
membrane level deviation
layer (cm) (mV)
1 0 1.9
90 1.7
180 05
2 0 1.5
a0 1.4
180 05
3 0 1.2
a0 0.7
180 0.5

of sensor with one-layer, two-layer, and three-layer mem-
brane are 0.6 cm, 1.1 ¢m, and 0.8 cm, respectively.

Naotice that all components of gasoline level sensor are
factory-made, except the holder and the reflector. The
holder is produced using lathe and the reflector is made
of aluminum. The component of sensor that can be consid-
ered as unique is reflector displacement device because the
process of reflector attachment to the membrane and
membrane installation to the holder are done by hand.
Therefore, the reproducibility can be maintained by
preparing some reflector displacement devices. Each of
reflector displacement devices has been made with the
same material, size, and number of layer. These reflector

Table 3

displacement devices are used to detect the gasoline level
in the experiment. This procedure has been done for one-
layer reflector displacement devices and by different per-
sons. The experimental data shows that the mean standard
deviation value of reproducibility in the dynamic range of
experiment is 3.75 mV or 0.83%. The same sensor has also
been used in experiment to detect water level. The exper-
iment with water produces the same pattern of data as
that of with gasoline although the values of sensor param-
eter are not the same because density of water is different
from density of gasoline. Suppose that different kind of
membrane, reflector, and fiber coupler are used in the
experiment to detect gasoline level, it is more likely that
the experiment will give the same pattern of data but with
different sensor output (optical power light) measured
values.

Overall, the values of gasoline level parameters using
fiber coupler with one-layer, two-layer, and three-layer
membrane for emptying and filling the tank process are
shown in Table 3. The data of sensor characteristic in

Table 3 shows that sensor with one-layer membrane is

the best choice if what is required is the sensor with high
sensitivity and low resolution. However, sensor with one-
layer membrane has narrow work region or linear region
(40 cm). If what is required is sensor with higher work
region, sensor with two-layer membrane is the best choice
since it has 80 cm work region. However, sensor with two-
layer membrane has low sensitivity and high resolution.
The experimental result shows that gasoline level sen-
sor or other fuel level sensor can be constructed based on

The values of gasoline level sensor parameters using fiber coupler with one-layer, two-layer, and three-layer membrane.

Parameters Gasoline level sensor with

One-layer membrane Two-layer membrane Three-layer membrane

Emptying the tank  Filling the tank  Emptying the tank  Filling the tank  Emptying the tank  Filling the tank
Dynamic range (cm) 180 180 180 180 180 180
Resolution (cmi) 0.6 0.6 1.1 1.1 0.8 0.8
Linear region {cm) 100-140 120-160 10-90 20-100 10-50 10-50
Sensitivity (mVfem) 3.2 3.2 1.4 1.4 13 1.4
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fiber optic displacement sensor using fiber coupler, which
is safe from fire and explosion since it does not use electri-
cal signal that contacts directly with gasoline or mechani-
cal motion that causes fire spark.

5. Conclusions

Gasoline level sensor based on displacement sensor
using fiber coupler can be constructed by applying the
hydrostatic pressure that acts upon the reflector displace-
ment device. The elastic modulus of membrane determines
the sensor characteristic. Resolution and sensitivity calcu-
lation results show that sensor with one layer membrane
has the best performance with resolution and sensitivity
of 0.6 cm and 3.2 mV/cm for emptying and filling the tank
process. The hysteresis data for emptying and filling the
tank process yields mean difference 20%, 15%, and 8% for

one-layer membrane, two-layer membrane, and three-
layer membrane, respectively.
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