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Abstract: Insoluble liquids show layers such as water and oil. The detection of the exact interface
locations and the level changes for layered liquids are of paramount importance for chemistry
purifications, liquid storage in reservoirs, oil transportation, and chemical engineering. However,
accurately measuring liquid layers is challenging. This paper introduces a multi-parameter sensing
device based on a long-period fiber grating (LPFG) sensor simultaneously detecting boundary and
level changes of layered liquids. Laboratory experiments demonstrated that the sensor device would
respond to the liquid interface change as a sharp and sudden resonant wavelength change, while it
would show a gradual and steady resonant wavelength change to the level changes of layered liquids.
The lab experiments also showed that the sensor device has a higher sensitivity when a higher LPFG
cladding mode is used.

Keywords: layered liquid boundary; liquid level; long-period fiber grating sensor

1. Introduction

For chemical processing, purification, storage, and transportation, it is critical to know whether
unwanted liquids are present. If unwanted insoluble liquids exist, it becomes essential to locate
the interface between the layered liquids and monitor the level change of each layer in real time.
The measurement of liquid level change is widely applied. For instance, a fuel level sensor is commonly
used in a car, truck or motorcycle to measure the gasoline level in the fuel tank. Sensor devices to detect
level changes of liquid have been in place for decades. Various technologies are available including
mechanical devices [1], electrical approaches [2—4], ultrasonic and acoustic technology [5].

A mechanical device estimates the liquid level through gauging the length of a wire on a
floating ball or the gas pressure change inside an enclosed space [1]. Due to the implementation
limitation of the mechanical device, it has a relatively low measurement accuracy. To measure more
accurately, an electrical device can be used, such as magnetic, electrical conductivity, and capacitive
sensing devices, through counting the changes of electrical-magnetic properties of the liquid [2—4].
These electrical devices can only be applied to liquids with significant changes of electrical or magnetic
property towards liquid level changes. In addition, for some hazardous liquids, the use of these
electrical devices may induce fire or explosion hazard. To have a safer field practice, an ultrasonic
or acoustic sensor is an alternative to measure interface distance through finding the travel time of
ultrasonic or acoustic waves [5]. However, due to the possible delays in sound wave measurements,
an accurate level measurement requires high costs. Although the level sensors have been widely
investigated and, to date, limited technologies can detect interfaces between layered insoluble liquids.
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A fiber optic sensor, due to its unique advantages of compactness, immunity to electro-magnetic
noise and moisture, no fire or explosion hazard, and long life cycle, can be a potential candidate
for detecting layers of liquids. Various optic fiber sensors have been investigated for liquid level
sensing such as intensity-based sensors [6], fiber Bragg grating [7,8], and long-period fiber gratings
(LPFG). Among these fiber optic sensors, intensity-based sensors and fiber Bragg gratings are usually
applied as on/off sensor for level warning. LPFG couples the core mode to a co-propagating cladding
mode which decays rapidly as they propagate along the fiber axis from the scattering losses at the
cladding-air interface in the fiber [9]. One cladding mode experiences total internal reflection at the
interface between the cladding and the surrounding environment, resulting in a dependence of the
effective index of the cladding mode on the surroundings environments.

The LPFG sensors have been widely applied in chemical, temperature and strain sensing [10-12].
Due to high sensitivity to environmental changes, LPFGs can potentially be a continuous liquid
level sensor. Khaliq et al. [13] first applied LPFGs to roughly demonstrate oil level detection.
The sensor showed a large linear range with sensitivity of 4.8% change in transmission per millimeter.
Grice et al. [14] repeated the experiment and found that the level change of the liquid with a specific
refractive index would induce both a shift in wavelength and a change in the attenuation level of the
selected loss band. Hu et al. [15] and Xue et al. [16] formed LPFEGs into interferometer sensors to detect
liquid level changes. Recently, LPFG sensors also have been investigated for multi-parameter sensing
in liquids. In 2012, Wang et al. [17] used LPFG sensor to simultaneously detect liquid level and flow
velocity. Later, Huang et al. [18] developed LPFG sensors for simultaneous measurements of liquid
level and refractive index. Yu et al. [19] combined LPFG and tilted FBG for two-parameter sensing
in liquids. More recently, Jiang et al. [20] has advanced the LPFG sensor to simultaneously measure
liquid refractive index and temperature.

Although LPFG sensors have been investigated for detecting liquid levels and multiple parameter
sensing in liquids, limited research is done for liquid layer detection. The common approaches used for
detecting the interfaces among various liquids are still highly dependent on visible examination
or electrical capacitive sensors [21], which is inaccurate and in most cases not safe to operate.
Although recently the authors introduced LPFGs for layered liquid detection [22], limited tests were
performed to show its reliability. To meet this challenge, this study (1) systematically investigated the
operational principle and feasibility of the LPFG-based sensing device for boundary detection between
layered liquids, (2) advanced the measurements to multiple parameter detection of layered liquids
with both the interfaces and the level changes of layered liquids, (3) validated the multi-parameter
sensing through well-designed laboratory tests; and (4) performed sensitivity study on the sensor
device for the rod diameter, material, and LPFG cladding modes selection. The paper is organized
as follows: Section 2 discusses the sensor operational principle and device design; Section 3 explains
the experimental setup; Section 4 conducts experiments to validate feasibility and effectiveness of
multi-parameter sensing; Section 5 performs a sensitivity study of the sensor device through laboratory
experiments; and Section 6 concludes the study and lay out its potential future work.

2. Operational Principles and Device Design

2.1. Principles of Operation

The LPFGs used in this paper were fabricated by CO, laser irradiation technique following
reference [23]. The fiber used to fabricate the LPFG is single mode optical fiber (supplied by Corning).
The LPFG has a sensor length of approximately 30-32 mm with 80-90 points of CO, laser radiation
and a period of 0.363-0.375 mm. Figure 1 shows a typical spectrum of one CO, laser-induced LPFG
with five different cladding modes (LPy;-LPg5). Each valley in Figure 1 corresponds to one cladding
mode. The resonant wavelength (A,.;) of a LPFG sensor can be expressed as a linear function of its
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grating period (A) and effective refractive indices of the core (1,¢f, o,) and the cladding mode LPy,
(Meff, 1, m) as follows [9]:
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Figure 1. Representative LPFG transmission response.

In Equation (1), the effective refractive indices of the core, n.f (,, is a constant which will not
be affected by changing surrounding medium. The grating period, A, although responds to physical
changes such as temperature and stress on the fiber, it usually does not change with surrounding
medium changes. However, the effective refractive index of the cladding mode LPoyu, neff, i, m/
is highly dependent on the refractive index of the surrounding mediums, n;. A change in n; will bring
in a corresponding change of 11.¢f, ¢, , in Equation (1), leading to a shift of the resonant wavelength of
the cladding modes, A/.s. The LPFG resonant wavelength sensitivity on s can be obtained as [24]:

d/\VES
dng

= Ares=y-Ts 2)

where, v describe the waveguide dispersion which is positive for lower cladding modes and negative
for higher cladding modes and the turning point of 7 is highly dependent on the resonant wavelength
range [24]. To avoid turning points and have a high sensitivity on the refractive index changes of
surrounding mediums, an appropriate cladding mode needs to be selected. Section 5.3 performs
a detail experimental investigation on influence of LPFG cladding modes on dA,.s/dns and selects
the best cladding modes for the targeted application. I's expresses the dependence of the grating
to the surrounding refractive index and is defined by reference [24], which is negative for all the
cladding modes.

The LPFG surrounding medium changes from one liquid to another along any location during the
length of the sensing unit will introduce a sudden change of I's in Equation (2), resulting in a change in
the sensor sensitivity, dA.s/dns. Thus, a sudden change in the sensitivity of the sensor unit, which is
the slope of the level measurements, indicates the occurrence of boundaries in layered insoluble liquids.
The interfaces between layered liquids locate at wherever the change of sensitivity change occurs along
the sensor unit. From Equation (2), it shows that the resolution of interface between liquids can be one
grating period, which is in between 0.363 mm to 0.375 mm.

Equation (2) also shows that if the properties of layered liquids remain unchanged after the
occurrence of insolvable liquids, the I's will remain as a constant and the sensitivity of the LPFG will
remain unchanged. Then, Equation (1) with sensitivity from Equation (2) can be used to continuously
monitor level changes until the liquids emerging the entire sensor unit. For more details of the
LPFG sensing principle about liquid level changes, it can be referred to [24]. Therefore, based on
Equations (1) and (2), a sensor device based on LPFG sensing unit can potentially be used to detect
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multiple parameters of layered liquids, including the interface locations and the level changes of each
layer. From Equations (1) and (2), it can be seen that if a higher resolution for liquid level measurement
is desired, a smaller LPFG period, A, may yield a better result [24]. However, a smaller period will
result in a short LPFG length leading to a smaller measurement range. In this study, all the LPFG
sensors used share the same LPFG period and length to exclude the impacts from LPFG fabrication,
which will be investigated in future.

2.2. Sensor Device Design

To measure multiple parameters for layered liquids as described in Section 2.1, the sensor device
is expected to be robust, mobile, and ease to use. However, a single LPFG sensing unit made up of
glass fiber with a diameter of 125 pm is too weak to be a probe for any possible lab and field detection.
This paper designs a sensor device based on LPFGs to perform robust layered liquid measurements.
Figure 2 shows a schematic view of the sensor device. The sensor device consists of two components:
a LPFG sensing unit and a holding rod. The LPFG sensing unit is attached on the surface of the
holding rod using epoxy on the both ends of the sensing unit. To avoid the phenomenon of capillarity,
the epoxy on both ends of the sensing unit has a thickness of more than 2 mm. The material of the
holding rod can be glass or metal. The diameter of the holding rod cannot be too small to avoid
capillarity effect on measurements. A detail experimental investigation on the sensitivity study of the
sensor device on the material and diameter of the holding rod will be discussed in Section 5.1 and
Section 5.2.

As also shown in Figure 2, to measure the interface in between layered liquids and the level
changes simultaneously, light from the broadband light source will go through the transmission
fiber and the LPFG sensing unit which is attached on the holding rod. The light will then be picked
up and recorded continuously using an optical spectrum analyzer. The optical spectrum analyzer
will be connected to a personal computer to perform data analysis and plot the monitored data in
user-friendly view.

To further protect the sensing unit from external damages during transportation of the sensor
device, a protection plastic or glass tube with an open end and larger diameter than the holding rod
can be applied to host the holding rod. The open end of the tube allows layered liquids to come into
the tube for measurement. An example of the protection tube can be seen in Figure 3a. For practical
application, the protected sensor device will be mounted or attached on the storage tanks or containers
at the locations where potential layered liquids want to be monitored. Thus, if any interfaces of layered
liquids occur or any changes in liquid level during the length of the sensing unit, spectrum changed of
the transmitted light, which will be recorded by the optical spectrum analyzer, plotted and showed in
the personal computer to the interested users.

Broadband Light Source Optical Spectrum Analyzer
/ L
Communication Fiber : : Computer

|
Epoxy i
|
LPFG—————} :

I | Liquid Layer 1

i : > Insert: Example Device

L
Epoxy ——— i

L~ Liquid Layer 2
>
Holding Rod '

Figure 2. Schematic of the sensor device.
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Figure 3. (a) Experimental setup; (b) Photo for the layered liquids.

3. Experiment Setup

Laboratory experiments were conducted to validate the developed sensor device for
multi-parameter measurements of layered liquids on liquid interface location and level changes.
More importantly, experiments were also performed to investigate the influences of several key factors
on the sensitivity of the sensor device, including the materials and diameter of the holding rod, and the
cladding mode of the LPFG sensors for different needs in practical applications.

Three layered liquids were used for laboratory validation in this paper including water, decane,
and propylene glycol. All these three liquids are colorless and odorless. Decane is an alkane
hydrocarbon with the chemical formula CH3(CH;)sCHj3, which is one of the components in gasoline
(petroleum). Decane is nonpolar and will not dissolve in polar liquids such as water. It has a refractive
index of 1.41, which is larger than water of 1.33 in refractive index [25]. Propylene glycol is a synthetic
organic compound with the chemical formula C3HgO,, which is primarily used in the production
of polymers but also sees use in food processing [26]. Propylene glycol is miscible with water but
insoluble with decane. It has a refractive index of 1.43, which is larger than that of decane (1.41).
It is known based on Equations (1) and (2) that temperature may introduce significant measurement
variances which is not related to any liquid layer or level measurements. Thus, in this study, all the
laboratory tests were performed in a controlled temperature environment at room temperature (22 °C).
For practical applications, a temperature compensation LPFG sensor is recommended to be installed
parallel to the LPFG unit on the sensor device to eliminate the temperature effects on the sensor device.

Figure 3a shows the experimental setup to detect the layered liquids using the developed sensor
device. The developed sensor device was protected inside a glass tube with a larger diameter.
The protected sensor device was then placed inside a graduated cylinder. To perform a systematic
study on the detection of the liquid layer interface for various insolvable liquids and understand
the sensitivity of the device towards various parameters which may influence the detection, ten sets
of laboratory experiments had been performed in the controlled room temperature environments
as shown in Table 1. Among the ten experiments, three sets of laboratory tests were performed on
only one liquid as surrounding environment including Experiment #1 for water only, #2 for decane
only, and #3 for propylene glycol only. In addition, Experiment #1 was compared with numerical
simulations to validate the effectiveness of the experimental setup. Two more sets of experiments
were conducted on different combinations of liquids with Experiment #4 for water and decane and
Experiment #5 for propylene glycol and decane. Experiments #1 to #5 used the same rod material
(glass) and size (outer diameter of 3 mm), and the same LPFG cladding mode of LPy;.

In addition to the laboratory validation experiments, sensitivity tests were also performed on
device including rod materials (Experiment #6), rod sizes (Experiment #7), and LPFG cladding modes
(Experiment #8 and #9). Two materials were compared including glass (Experiment #4) and metal
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(Experiment #6) using the same outer diameter of 3 mm and LPFG cladding mode of LPj;. Two sizes
of rod including outer diameter of 3 mm (Experiment #4) and 2 mm (Experiment #7) were compared
using the glass rod and same LPFG cladding mode of LPy;. Three LPFG cladding modes were analyzed
including of LPys (Experiment #8), LPg; (Experiment #4), and of LPyg (Experiment #9) using glass rod
with outer diameter of 3 mm. All the liquid was gradually added into the graduated cylinder as shown
in Figure 3b. Since the resolution of the LPFG for liquid interface changes is one LPFG grating period,
which follows in between 0.363 mm to 0.375 mm in this study, a gradual change of 1 mm was used in
laboratory experiments to ensure the device can detect the liquid interface accurately. The LPFG sensor
was connected in series to a broadband light source ranging from 1520 to 1620 nm and to an optical
spectrum analyzer (OSA), followed by a personal computer. The spectrum changes of the LPFG sensor
were recorded using the OSA and personal computer throughout all the experiments.

Table 1. Laboratory Test Matrix.

Experiment No. Liquids Used Rod Material, Rod Size, and LPFG Cladding Modes
#1 Water Only Glass rod with 3 mm outer diameter, LPg;
#2 Decane Only Glass rod with 3 mm outer diameter, LP;
#3 Propylene Glycol Only Glass rod with 3 mm outer diameter, LPy
#4 Water + Decane Glass rod with 3 mm outer diameter, LPy;
#5 Propylene glycol + Decane Glass rod with 3 mm outer diameter, LP;
#6 Water + Decane Metal rod with 3 mm outer diameter, LPy;
#7 Water + Decane Glass rod with 2 mm outer diameter, LPy;
#8 Water + Decane Glass rod with 3 mm outer diameter, LPyq
#9 Water + Decane Glass rod with 3 mm outer diameter, LPg

4. Multi-Parameter Sensing Experimental Results and Discussions

4.1. Liquid Level Measurements for One Liquid Only (Experiment #1 to #3)

In Experiment #1 to #3, water (s = 1.33), decane (n; = 1.41), and propylene glycol (ns = 1.43) was
gradually added into the graduated cylinder, respectively as shown in Figure 3a. Figure 4a shows
the example spectrum changes of the LPFG sensing unit as the water level increases. In addition
to laboratory experiments, numerical simulation was also performed for the cladding mode of LPy;
following the procedures in reference [18]. Figure 4b compares the experimental resonant wavelength
changes of the cladding mode of LPy; to simulations for a water level from 0 to 30 mm (full length of
the grating) according to Equation (1). Figure 4b shows that the experimental and simulated results on
the resonant wavelength changes agree with each other very well. Overall, the water level sensitivity
of the grating from the test data between 5 mm and 27 mm is —0.220 nm/mm for the cladding mode
of LPgy. The simulation yielded a water level sensitivity of —0.222 nm/mm for LPy;. The difference
between the experimental data and simulations is likely due to the human error of variance for uneven
water level addition during the tests.
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Figure 4. (a) Transmission spectrum; (b) Resonant wavelength changes of LPy; to water level changes.

Figure 5 shows the comparison resonant wavelength changes of the cladding mode LPy; to the
change of levels in water, decane, and propylene glycol for Experiments #1-3. The slope changes of the
LPFG resonant wavelength changes can distinguish different types of liquids and the gradual resonant
wavelength changes can provide information on liquid level changes.
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Figure 5. Resonant wavelength changes of LPy; to the change of levels in water, decane, and propylene
glycol (PG).

4.2. Layered Liquid Interface and Level Detection (Experiment #4 to #5)

Before Experiment #4 to #5, simulations and experiments were performed on the LPFG cladding
mode of LPgy with a surrounding liquid of refractive index changing from 1.33 to 1.44 by an interval of
0.005. The simulation was performed following the procedure in reference [27]. Figure 6a shows the
corresponding simulated resonant wavelength changes to the change of the surrounding liquids
referred to water (n = 1.33) as the base liquid, according to Equations (1) and (2). The relation
between the resonant wavelength changes and the refractive index changes of the surrounding
layered liquids is nonlinear, particularly towards a large index value. In the laboratory experiments,
the three liquids used include the liquids used in Experiments #4 and #5, which are water (15 = 1.33),
decane (s = 1.41) and propylene glycol (PG) (ns = 1.43). The unfilled circles in Figure 6a represent
the resonant wavelength changes measured from the LPFG sensor device for the cladding modes
LP07 and Figure 6b shows the recorded spectrums for the interface changes between three different
layered liquids. It can be seen from Figure 6a that the simulated results are in good agreement
with the experimental data. The simulation predicted that a change of —7.500 nm will occur the
surrounding liquid changing from water to Decane, and the experiment showed to be —6.700 nm.
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The slight difference between them is likely attributable to the potential variation of concentration in
the tested liquids.
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Figure 6. (a) Experimental and simulated resonant wavelength changes of LPy; in responding to
changes in liquid interfaces; (b) Spectrum changes with liquid interface changes.

With the expectation of sudden resonant wavelength changes when the liquid boundary of layers
presented during the length of LPFG, Experiment #4 was conducted to validate the detection of
boundary between decane and water. Figure 7a shows the recorded transmission spectrum changes of
Experiment #4 with boundary changes between water and decane for the cladding mode LPj; and
Figure 7b shows its resonant wavelength changes with adding water and decane. The interface in
between the two different layered liquids is clearly identified at the location of 12.5 mm away from
the start point of the LPFG sensing unit with a sudden center wavelength change of 6.6 nm on the
boundary between the water and Decane. When compared to Figures 6a and 5, the experiments showed
great consistence with multiple experiments. Before the decane was added, the center wavelength
of LPFG shifts to left with a sloop of —0.220 nm/mm. After the liquid layer interface presents,
the resonant wavelength of the LPFG continued shifting to left as the level of decane increases at a rate
of —0.504 nm/mm. Figure 7a,b clearly show that the developed sensor device can detect the interfaces
between layered liquids and at the same time the level changes of the associated layered liquids.
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Figure 7. (a) Transmission spectrum; (b) Resonant wavelength changes of LPyy vs. simultaneous liquid
interface and level changes (water and decane).

Figure 8a shows the recorded transmission spectrum changes of Experiment #5 with boundary
changes between PG and decane for the cladding mode LPy; and Figure 8b shows the resonant
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wavelength changes for Experiments #4 and #5 with adding water followed by decane and adding
propylene followed by decane. Figure 8b shows that a bigger difference in refractive index as water
(n =1.33) and decane (n = 1.41) would introduce a bigger resonant wavelength change when compared
to smaller difference in refractive index as PG (n = 1.43) and decane (n = 1.41).
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Figure 8. (a) Spectrum changes vs. simultaneous liquid interface and level changes (Experiment #5);
(b) Resonant wavelength changes of LP07 vs. simultaneous liquid interface and level changes
(Experiments #4 and #5).

5. Device Sensitivity Study

5.1. Influence from Rod Materials (Experiment #4 and #6)

To investigate the influence of different holding rod materials on the sensitivity of the developed
sensor device, two different rod materials were tested in lab, including metal and glass material
as shown in Figure 9a,b for the photos of the two tested rods. Both rods had same outer diameter
of 3 mm. Figure 9c shows the experimental results for measuring level changes and interface of
layered liquids, water and decane. The liquid level sensitivity of the LPFG sensing unit did not
change significantly with the use of the two different materials of the holding rod. On the glass
rod, the sensor had a level sensitivity for water of —0.222 nm/mm and —0.505 nm/mm for decane.
On metal rod, the sensor had a level sensitivity of —0.205 nm/mm for water and —0.504 nm/mm
for decane, respectively. The materials did affect a little on the actual value change of the interface
detection. Glass rod showed 6.66 nm changes between the interface of water and decane, and metal
rod had 6.76 nm changes. The 0.1 nm difference between the two different materials of the holding
rods can be attributed to the variance of interface locations when performing experiments two different
times. Thus, these experiments provide confidence in ignoring the influence from materials of the
holding rods. For practical applications, best available and most cost-effective holding tube material
can be used. However, laboratory calibration is recommended before any field applications of the
sensor device.
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Figure 9. (a) Metal holding rod of 3 mm; (b) Glass holding rod of 3 mm; (c) Resonant wavelength
changes of the LPyy vs. layered liquid changes for two holding rods with different materials: metal and
glass in layered liquids of water and decane.

5.2. Influence from Rod Diameters (Experiment #4 and #7)

The influence of rod diameter on the sensitivity of the developed sensor device was also tested
in laboratory by comparing the sensing responses of two different diameters of the glass holding
rods. Figure 10a,b show the photos of the two tested glass rods with different diameters of 2 mm
and 3 mm. Figure 10c shows the experimental results for measuring level changes and interface of
layered liquids for water and decane. For the two different diameters of the holding rod, the sensor
device performed well for liquid interface measurements with similar center wavelength changes of
5.68 nm and 5.82 nm, respectively. However, Figure 10c clearly shows that the diameter of the holding
rod influences the accuracy of the liquid level measurement significantly. The sensor device with
smaller diameter in glass holding rod of 2 mm outer diameter failed to measure the level changes in
water although it behaved well in decane. The phenomenon can be explained by the capillarity effect.
A smaller diameter of a holding rod may introduce significant capillarity effect, which the thickness of
a small epoxy layer cannot overcome. Therefore, for practical applications, the diameter of a holding
rod of the sensor device is recommended to be at least larger than 3 mm according to our experimental
data. In addition, laboratory calibration is required before any field applications to ensure an effective
size of the holding rod. If the sensor device changes its size of the hosting rod, it cannot be assumed to
have the same sensor sensitivity without laboratory calibration.
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Figure 10. (a) Glass holding rod with outer diameter of 2 mm; (b) Glass holding rod with outer
diameter of 3 mm; (c) Resonant wavelength changes of the LPyy; vs. layered liquid changes for two
holding rods with two different sizes in layered liquids of water and decane.
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5.3. Influence from LPFG Cladding Modes (Experiment #4, #8 and #9)

In Section 2.1, Equation (2) predicts that a higher cladding mode of LPFG sensor can result in a
larger I's, leading to a higher sensitivity to measure the surrounding medium changes such as liquid
interface or level changes. From previous study [18], although the resonant wavelength changes with
liquid nonlinearly, linear approximation can be used to estimate the liquid level changes. More details
about the nonlinearity of the liquid level to the resonant wavelength change refer to [18]. In addition,
if the cladding mode is too high, it may show a turning point in spectrum, which is undesired for this
application [28]. To investigate the influence of LPFG cladding modes on sensitivity of the developed
sensor device, two other LPFG cladding modes, LPys and LPgg, in addition to the LP¢; as shown in the
previous sections from Figures 68, have been investigated here. All the three cladding modes (LPg,
LPy7, and LPpg) are visible in a 400 nm wavelength range. For these three cladding modes, no dual
resonance is expected to present with the surrounding refractive index changing from 1.0 to 1.46 [28],
which is the common range for liquids.

Figure 11a shows the transmission spectrum changes of LPy, with adding water followed by
decane and Figure 11b shows its resonant wavelength changes. A similar phenomenon as LP;
(shown in Figure 7) was observed for LPy;; however, lower sensitivity is observed for LPys for
both liquid interface and level measurements. For water, the resonant wavelength of the LPys was
gradually shifting to the left with a sloop of —0.041 nm/mm. For decane, the level sensitivity LPps was
—0.059 nm/mm. In between water and decane, a sudden resonant wavelength shift occurred with a
change of 2.5 nm. The boundary between water and decane was clearly detected by the LP(4 cladding
mode also at 12.5 mm away from the beginning of the LPFG starting point. Comparing Figure 7b to
Figure 11b, it can be clearly seen that the sensor sensitivity of the cladding mode LPys was five times
smaller than the cladding mode of LPy; for both liquid interface and level measurements.

For the cladding mode LPgg, the spectrum changes with the liquid level and interface changes
could be found in Figure 11c and the corresponding resonant wavelength changes could be found in
Figure 11d. From the experimental results, it can be seen that a big change of resonant wavelength
occurred for LPyg when decane was added into water. For water, the LPyg had a level sensitivity of
—0.643 nm/mm and for decane, it has a level sensitivity of —1.154 nm/mm. The center wavelength
shift for LPpg at the interface in between water and the decane is 16.2 nm. Comparing Figure 7b to
Figure 11d, the cladding mode of LPyg is much more sensitive with at least two times higher than that
of the cladding mode LPy;. No peak split occurred along the experiments. The interface of the water
and decane was also located to be at 12.5 mm away from the LPFG starting point.

The comparison between Figures 6 and 9 clearly indicates that a higher cladding mode of a LPFG
sensing unit will have a higher sensitivity for detecting the layered liquids. The LPpg is two times
more sensitive than the LPyy, and the LPyy is five times more sensitive than the LPys. For practical
applications, it is recommended to use the highest cladding modes with no peak split in the range of
liquids to be measured to achieve the highest sensitivity of measurements.
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Figure 11. (a) Spectrum changes of LPg4; (b) Resonant wavelength changes of the LPys; (c) Spectrum
changes of LPyg; (d) Resonant wavelength changes of the LPyg with layered liquid interface and level
changes (water and decane).

6. Conclusions and Future Work

In this paper, a sensor device based on LPFG was developed to detect simultaneous changes in

the interface and level of insoluble layered liquids. Based on the findings from this paper, the following
conclusions can be drawn:

(@)

(b)

(©)

(d)

Operational principles of the sensor device show that a constant slope will be present for level
changes and a sudden change in the slope of the level measurements is expected for the occurrence
of boundaries in layered insoluble liquids.

The laboratory experiments clearly validated that the developed sensor device could detec
the interface and level changes of layered liquid using the example of water, decane,
and propylene glycol.

Experimental study also showed that the materials of the holding rods of the LPFG sensor on the
sensor device had very little influence on the sensor’s sensitivity; however, the diameter of the
holding rod did influence the accuracy of the device which will require a calibration before the
sensor’s practical application.

The selection of cladding modes of the LPFG will also affect significantly the sensitivity of
the sensor device. A cladding mode of LPyg was tested to be two times more sensitive when
compared to LPyy, and more than ten times more sensitive than LPg.

In the future, more investigation will be performed to identify the liquid chemical components and

apply the developed sensor device for field applications. With the advantages of high measurement
accuracy and great durability, the developed optical fiber sensing device could be applied for
layered liquid detection in various applications such as fuel storage systems, chemical processing,
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and aerospace engineering. However, since the sensitive range of the developed device is limited by
the length of the LPFG unit, if the boundary of the layered liquids is not located within the length
of the LPFG sensor unit, it may not be able to detect the boundary. For practical applications which
require a larger detection range, multiple LPFG units as a series or long-gauged LPFG sensor unit is
suggested to obtain a potential larger measurement range, which will be studied in future.
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