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Abstract. In this work, we show the fabrication of a fiber optic sensor for the
liquid fuel identification which is based on multimodal interference effects
(MMI). The sensor structure is formed by a no-core multimode fiber (NC-MMF)
splicing between two SMF. When the NC-MMF is immersed in a liquid
combustible, the conditions of effective refractive index and the effective
diameter of the NC-MMF are modified. Thus and the spectral shift of an optical
signal output is used as refractometer to identify every kind of fuel. This MMI
sensor exhibits a sensitivity of 258.06 nm/RIU for substances with a refraction
index (RIU) from 1.318 to 1.4203 range. To test of the sensor, we use four of the
most employed industrial and commercial combustibles like: methanol (M100),
ethanol anhydrous (E100), gasohol (E50 to E10) and gasoline 87 octanes (G87).
The sensor also provides high repeatability, reversibility and exhibit a fast and
simple fabrication process. In addition, we show that the sensor response is
enhancing by reducing the diameter of the NC-MMF.

Keywords: fiber optical sensor; multimodal interference effect; refractometer;
liquid fuels.

1 Introduction

At the present, some alternatives of renewable fuel sources have been proposed as
consequence of the growing demand of petroleum and green combustible. In this
sense, methanol and ethanol are also used as fuel, especially when mixed with
gasoline. Also the calorific value of gasoline is approximately twice the calorific
value of methanol, thus making it more rentable. Some advantages of methanol as
diesel combustible to vehicles are: it can be produced from renewable sources and
waste of grass, bagasse sugar, litter, among others; generates less environmental
pollution than fossil fuels and ordinary vehicles can use this combustible only
replacing the plastic parts of fuel system (Reed et at, 1973; Olah et al, 2009).

Pure ethanol (E100) has become a very popular choice as fuel in markets such as
Brazil, USA, Sweden, Thailand and others, with the advantage that combustion is
less polluting and highly oxygenated. This combustible comes from sugar cane and
corn as well cellulosic biomass and trees and grasses. It should be noted that the
maximum permissible exposure in United States of America in air (40 h/ week) is
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1,900 mg/m3 for ethanol, 900 mg/m3 for gasoline and 260 mg/m3 for methanol.
Ethanol is also employed as additive in gasoline to replace the Methyl Tert-Butyl
Ether (MTBE), responsible for significant contamination of soil and groundwater.
The resulting fuel mixture of ethanol and gasoline is called gasohol (West et al, 2007;
Goldemberg, J. 2008).

As example, in USA there are two common blends of ethanol with gasoline named
E10 and E85, which means an ethanol presence of 10% and 85% in the mixture,
respectively. Since alcohol has corrosive properties, special adaptations to conventional
engine vehicles that employ ordinary gasoline are required; otherwise the engine is at
risk of degradation in some component materials as well in the fuel system (Ethanol
fuel and cars, 2008). Therefore, the design of novel techniques and sensors that allow
the accurate the detection and identification of combustible with real time monitoring
is quite important to avoid any potential damage in the automotive system.

Some techniques to detect combustible and hydrocarbons are based in the use of
chemiresistors (Clifford et al 2002), piezoresonance sensors systems (Kalach et al
2007), photoacoustic sensors (Freborn et al 1998), electronic fuel analyzers (Testing
Kits-PetroFLAG, 2014) and infrared fuel concentration analyzers (Control Instruments
Corporation 2014, Zeltex®, 2014). Although these electronic sensors have efficient
results for the measurement of liquid combustibles, oils and hydrocarbons, they may be
sensitive to electromagnetic interference, exhibit a low selective drift for a particular
hydrocarbon, relative high power consumption, some are expensive and unsuitable for
remote operation. Optical fibers sensors are an attractive option due to their inherent
characteristics such as good sensitivity, immunity to electromagnetic interference,
small size, portability, low cost, high resolution, simple light coupling and the
possibility for multiplexed operation (Lee, 2003, Marazuela et al, 2002). Some
approaches have been investigated using Long Period Gratings (Felate et al, 2003),
Fiber Bragg Gratings (Spirin et al, 1999) and incorporating sensitive polymer around
the fiber (Lopez et al, 2002; MacLean et al, 2003; Trevifio et al, 2005; Sensfelder et al,
1998). However, the main inconvenient in these systems is the need for a special
preparation of the fiber or the deposition of a sensitive material. A fiber sensor that can
be suited for the detection and identification is the one based on multimode interference
effects (MMI). MMI sensors can be high sensitive to RI changes of liquids

(Wang et al, 2006; Antonio-Lépez et al, 2009; Wu et al, 2011; Walbaum et al, 2011,
Socorro et al, 2013). In this work we demonstrate the application of a MMI optical fiber
sensor as a tool to distinguish different kind of liquid combustibles. The advantages of
the proposed sensor are it shown a simple fabrication, exhibits great reproducibility,
reversibility and no temperature interference.

2 Materials and Methods

As is showed in Figure 1, the MMI structure is constructed by splicing a segment of
No Core-MMF between two SMF segments. When an optical signal from the SMF
segment propagates within the NC-MMF segment are excited all modes allowed
within it, interfering with each other giving rise to an interference that is highly
dependent on the phase relationship between modes. For a certain length L, where
the phase difference is a multiple of 27, we have the formation of self-images which
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are an exact reproduction of the input field. Therefore, by carefully selecting the
length of the NC-MMF segment, light coupled through the first SMF segment, will
be reproduced to the second SMF segment.

SMF SMF

I NC-MMF I
INPUT OUTPUT

L

Fig. 1. Structure of the MMI element based in fiber optic.

The length of the MMF segment to which the effect of self-image is presented, for
a specific wavelength can be calculated employing the following Equation 1
(Walbaum et al, 2011; Socorro et al, 2013):

L = pmrDisue ith p=0,1,2 1)
=p 1 with p =0,1,2 ...

where nyr and Dy are respectively the effective refractive index and the diameter
of the fundamental mode of the NC-MMF segment, and 4, is the wavelength in free
space. As shown in Eq. (1), the self-images are formed periodically along the NC-MMF
segment, however, we want to work in every fourth image since they have minimum

losses as compared to other images and the response of the MMI refractometer under a
wide spectrum source will be similar to a band-pass filter as shown in Figure 2.

1.0

Air (n=1)

084

06

04

Normalized Intensity (A.U.)

02

0o T T T T
1530 1540 1550 1560 1670 1580

Wavelength (nm)

Fig. 2. Wavelength spectral response of MMI when is surrounded by air.

2.1  Sensor Fabrication

The NC- MMF used in our experiments is provided by Prime Optical Fiber
Corporation (Japan), which is a MMF with a core diameter of 125 um without
cladding and a refractive index of 1.444. Before to fabricate the MMI structures we
need to obtain the exact length of the NC-MMF that will provide the desired MMI
peak wavelength. According to Eq. (1), we employ a NC-MMF segment of 58.98 mm
spliced between two segments of SMF-28 (core diameter of 125 pum) at a wavelength
of 1530 nm for the case of the fourth self-image p=4 using a Fujikura® splicer FSM-
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50S. The NC-MMF cladding was removed with acetone to clean any remaining
residue. The final MMI sensor has a structure similar that showed in Figure 1.

2.2 Experimental Array

The experimental set-up for testing the MMI sensor is shown in Figure 3. A
Superluminiscent Diode (SLD) centered at 1550 nm was connected to the input SMF
of the MMI sensor, and the output SMF is then connected an optical spectrum
analyzer (OSA) Agilent® 86142A to capture the transmitted spectrum. We use a
chamber to fix the MMI sensor. This chamber included input and output tubes to
insertion and removal of the substances. Since both MMI sensor and substances are
sensitive to temperature, the measurements were performed at controlled temperature
of 20° C.

SMF NC-MMF  SMF

~ 7

MMI sensor

SLD Liquid chamber
Fig. 3. Experimental set-up to identify different liquid fuels.

In order to test the utility of MMI structure designed as a refractometer, mixtures
of water and glycerin
were prepared at different concentration to obtain a range of RI from 1.318 (100%
water) to 1.4204 (30% water/70% glycerin). Later, we cover the sensor MMI using
each one of the mixtures and monitoring the wavelength shift of the peak transmitted
on the structure (Figure 4) and we observe a clear resolution of MMI for each blend
of water with glycerin. The next step to probe the MMI sensor was testing with
different liquid fuels.
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Fig. 4. MMI peak wavelength shift as a function of the RI (water and glycerin).
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3 Results and Discussion

In Figure 5, we present the spectrum response of the MMI device for different kinds of
liquid combustibles as methanol (M100), ethanol (E100), gasohol (E50...E10) and 87
octanes gasoline (G87). In order to visualizing these results, we graph the RI estimated
for each fuel with the wavelength shift peak observed considering wavelength peak in
air as reference (Figure 6- black line). From this curve, the sensitivity is estimated as
258.06 nm/RIU in 1530.2-1558.1 nm range using a NC-MMF core diameter @ 125

pm.
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Fig. 5. Spectral response of the MMI sensor for different liquid fuels.

As shown in Figure 5 (black line) the peak wavelength in air is at 1530.2 nm which
is very close to the design wavelength of 1530 nm. When a sample of methanol
(n~1.318, A=1530 nm, T=20°C) provided by Sigma-Aldrich® is inserted in the
chamber we can observe a wavelength shift of 9.3 nm, with the peak wavelength at
1539.5 nm. When the sensor is exposed to anhydrous ethanol (n~1.3465, A=1530 nm,
T=20°C) provided by Sigma-Aldrich®, the MMI peak wavelength

is shifted to 1542.9 nm. Although the shift is relatively small respect to Methanol
(~3.4 nm) it can be easily resolved by the OSA. It is important remark that we used
anhydrous ethanol rather than standard ethanol, because ethanol tends to absorb water
and it could modify the RI value. We prepared solutions of commercial G87 with
different proportions of anhydrous ethanol. When the sensor is exposed to E50
(Gasohol prepared by EtOH 50% / G87 50%) (n~1.3852, A==1530 nm, T=20°C), the
MMI peak wavelength is shifted to 1547.7 nm and we can see a considerable
wavelength shift (~4.8 nm) respect to ethanol.

As shown in Figure 5, the volume of anhydrous ethanol is decreased in 1 ml and
volume of G87 is increased in 1 ml in each sample for E50 to E10. That carries to a
spectral response shift to longer wavelengths. Although the wavelength shift in this
blends is ~1.7 nm, (E50 to E10) the MMI sensor can identify each one of gasohol
combustibles. Finally, when commercial G87 (n~1.424, A=1530 nm, T=20°C) is
covering the sensor, the MMI peak wavelength is shifted to 1558.1 nm. Although the
shift is small (~2.6 nm respect to E10) it can be easily resolved by the OSA. Based
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on these results we should be able to identify each one of the most useful liquids
combustibles, by comparing the measured peak of each one.
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Fig. 6. Absolute wavelength shift (nm) as a function of the liquid RI for two different NC-MMF
diameters.

It is well known that the sensitivity of MMI sensors can be increased by reducing
the diameter of the NC-MMF (Antonio-L6pez et al, 2009). According to Eq. (1), if
the diameter of the NC-MMF is reduced then its length has to be reduced to obtain
the same MMI peak wavelength. Therefore, using Eg. (1) we can calculate the
required NC-MMF length for a diameter of 90 um and a peak wavelength of 1530.3
nm, which result in a NC-MMF length of 30.57 mm. The reduction of the NC-MMF
diameter was performed by immersing the fiber in buffered oxide etching (BOE)
solution, which is a mixture of hydrofluoric acid and ammonium fluoride as the buffer
agent. Since the etching rate is relatively slow (~130 nm/min), we can monitor the
transmitted spectrum in real time. After a total time to 135 min we can observe that
the MMI peak wavelength is at A=1530.3 nm. The new MMI sensor with reduced
diameter was tested again for the methanol, ethanol anhydrous, gasohol (E50...E10)
and G87. As shown in Figure 6, the peak wavelength shift is increased for all the
liquids combustibles, but is more significant when the NC-MMF diameter is reduced.

4 Conclusions

We demonstrated the application of a MMI optical fiber sensor as a tool for the
detection and identification of different liquid fuels. We tested MMI sensor
employing four industrial and commercial combustibles like: methanol (M100),
ethanol anhydrous (E100), gasohol (E50 to E10) and gasoline 87 octanes (G87). This
MMI sensor exhibits a sensitivity of 258.06 nm/RIU for substances with RI ranging
from 1.318 to 1.4203, therefore we can accurately determinate the identification of
different liquids combustibles over a broad wavelength range. The advantages of the
sensor are that its fabrication is straightforward, and exhibits great reproducibility
and reversibility, with no significant interference against temperature or humidity.
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We also explored the feasibility of enhancing the sensor response by reducing the
diameter of the NC-MMF.
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