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Abstract: The accurate determination of physico-chemical fluid parameters is of major importance in
many process engineering applications. Not only the monitoring of the phase distribution in piping
systems but also the detection of chemical concentrations in liquids is of interest for an efficient, safe
and reliable operation of laboratory as well as industry scale applications. In this paper, we present a
miniature all-silica fiber optic sensor capable of measuring pressure, temperature and refractive
index of a fluid at a single point simultaneously. In future, such a sensor can be utilized in
applications, where these quantities and, hence, phase composition or chemical concentration have
to be monitored possibly under harsh environments such as geothermal or oil drilling wells.

1. Introduction

Pressure, temperature and refractive index of a medium are not independent variables [1][2]. For a
salt solution, e.g. seawater, the refractive index (RI) n is a function of pressure p, temperature T,
concentration ¢, as well as the wavelength of the incident light A, n(p,T,c, A) [3][4][5]. Determining
pressure, temperature, and refractive index of a solution of known salt composition by using laser
radiation with known wavelength, the salt concentration can be determined. Another relevant
monitoring application is the determination of the phase composition of a fluid within a geothermal
well or oil well. Since the refractive index of a substance in the liquid phase is significantly different
from that in the gas phase such a sensor can be used to monitor the exact phase composition of a
fluid. Whether a single phase or a two phase fluid is produced from different geological horizons, for
example, it will have a significant influence on the exploitation strategy for such a well.

In many laboratory as well as industry scale applications monitoring of chemical processes, especially
dissolution and precipitation reactions or reactions involving a changing phase, it is of major
importance to investigate, understand, and control, the relevant processes. Monitoring of such
processes is especially important in high temperature (e.g. > 150 °C) and in high pressure conditions
(e.g. > 10 MPa), for example, in geothermal applications [6]. However, many conventional sensor
systems have difficulties operating under such conditions due to the operational temperature limit of
available electronic components.



A potential solution is the use of fibre optic sensors, which have the inherent advantages of being
tolerant of high temperatures and pressures, miniature in size, resistant to corrosion, electrically
passive, multiplexable as well as capable of being operated remotely. In the past, several different
fibre optic sensors have been designed to simultaneously measure pressure and Rl or temperature
and RI. For instance, to determine temperature and Rl simultaneously several different systems such
as a partially cone-shaped Fibre Bragg Grating (FBG) [7], an in-line Mach-Zehnder Interferometer
(MZI) embedded in a FBG [8], a core-offset MZI combined with a FBG [9] or a Long Period Grating
(LPG) based MZI [10] have been reported. Also a fibre optic sensor based on a SU-8 sensor tip [11], a
dual-cavity Fabry-Perot Interferometer (FPI)[12][13] or a temperature-insensitive FPI relying on a
photonic-crystal fibre [14] have been proposed. To measure both pressure and Rl a combination of
an open path and pressure sensitive cavity FPI has been described [15]. However, to date only one
fibre optic sensor concept has been reported to simultaneously measure pressure, temperature and
RI [16]. The fibre optic sensor consists of a sophisticated multi-cavity sapphire transducer, where a
diaphragm cavity, a pressure sensing cavity and a base cavity are used to determine all three
parameters.

In previous work we demonstrated the simultaneous measurement of pressure and temperature for
pressures up to 30 MPa [17] and temperatures up to 430 °C [18] by using a fibre optic Extrinsic Fabry-
Perot Interferometer (EFPI) sensor which contains an embedded Fibre Bragg Grating (FBG) reference
sensor element. The sensor design has also been successfully tested up to 70 MPa under isothermal
conditions [19]. In this work we investigate, for the first time, the additional measurement of the RI
of the surrounding medium. Based on the the all-silica structure and the capability to simultaneously
measure pressure, temperature and Rl, the multi-parameter fibre optic sensor can, in the future, be
deployed in harsh environmental conditions, as the ones experienced in chemical process monitoring
or downhole geothermal applications.

2. Theoretical Background
2.1 Principle of Operation

A schematic of the multi-parameter fibre optic sensor is illustrated in Fig. 1, see e.g. [17] for details.
The sensor head is entirely fabricated from fused-silica elements, i.e. it is completely made from
glass. The sensor is realized by splicing a 200 um silica glass fibre and a Single-Mode (SM) fibre which
has an embedded FBG to both sides of a 133 um/220 um (inner/outer diameter) silica glass capillary.
The splicing is achieved by using a conventional fusion splicer (BIT MM-40). The EFPI element is
fabricated at the sensor head by cleaving and polishing the 200 um fibre such that it is several tens or
hundreds of micrometers from the glass capillary/200 um fibre splice.
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Fig. 1: Schematic multi parameter fibre optic sensor



The operation of the multi-sensor is as follows: light of intensity /o, propagates to the sensor head via
the SM-Fibre, a wavelength component of this light is reflected at the FBG, the reflected wavelength
being equal to the Bragg wavelength As. All other wavelength components propagate through the
FBG and are reflected at three locations: a) the glass/air interface of the SM fibre (Ao1); b) the
air/glass interface of the 200 um fibre (A1) and c)the interface between the 200 um fibre and the
surrounding medium (Ay3). All three reflections propagate back into the SM fibre and return to the
interrogation instrumentation. Due to the low reflection coefficients of Ao, A1; and Ay and
neglecting any interference between the FBG and the reflections of the EFPI cavities, the reflected
sensor spectrum can be calculated as [20]:
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where n; is the refractive index of the 200 um optical fibre, A is the free space optical wavelength
and L; and L; are the length of the EFPI air cavity and glass cavity, respectively. The amplitudes Ao,
A1z and Aj; of the reflected light within the EFPI cavity can be calculated as Aos = ro1, A1z = N1-To1'r12
and Az = nz-To1-T12:r23, Wwhere ni, n2, Tor and T1; are the coupling coefficient of the cavities and the
power transmission coefficient of the glass/air interfaces. The reflectivities of the glass/air interface
ro; and air/glass interface ri> can be specified as 0.184 and -0.182 for no = 1.4504 [21] and n; = 1.445.
The reflectivity r,; of the outer end-face of the 200 um optical fibre depends on the refractive index
of the surrounding medium and can be calculated using the Fresnel law as:

ra3 = (N2 - Nmed)/(N2 + Nmed), (2)
where nmeq is the refractive index of the surrounding medium.
2.2 Gaussian beam divergence within the sensor cavities

As the fundamental mode of the SM-fibre can be approximated by a Gaussian distribution of a
transverse and linear polarised electric field, the coupling coefficients of the cavities n; and n: can be
determined by applying Gaussian beam divergence. The coupling coefficients are defined as [22]:
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In Equations 3, wy is the spot size of the Gaussian beam at the end-face of the SM fibre and can be
calculated as: wo = a-(0.65+1.619-V*?+2.879-/¢) [22]; where a and V are the core radius and
normalised frequency of the SM fibre and defined as a = 4.1um and V = 2.16 for the Corning fibre
SMF28 [21]. Furthermore, w1 specifies the spot size of the Gaussian beam radius after crossing the
EFPI air cavity only, whereas w; is the spot size of the Gaussian beam radius after crossing the air and
glass cavity of the multi-parameter fiber optic sensor. Both spot sizes w1 and w2 can be calculated as
[23][24]:
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As soon as the Gaussian beam propagates through the cavities, its diameter increases while the
power density, and hence the coupling coefficients, decrease, and can be associated with losses
within the cavity. Furthermore, both coupling coefficients depend on the length of the cavities.

3. Additional refractive index sensing
3.1 Refractive index determination of the surrounding medium

The refractive index of the surrounding medium can be obtained by determining the reflection r,; at
the end-face of the 200 um fibre, as given in Equation 2. In the case of the multi-parameter fibre
optic sensor, the reflection rz; was obtained by calculating the ratio y between the amplitude of the
second cosine term and the amplitude of the first cosine term in Equation 1, as opposed to
determining r,3 and hence the Rl of the surrounding directly from the amplitude of second or third
cosine term of Equation 1. This calculation makes the obtained Rl measurement independent of light
source fluctuation and attenuation variation along the fibre optic link. Therefore, r;; can be
determined as:
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3.2 Cross-sensitivity to applied pressure and temperature

From Equation 5 it follows that the measurement range and sensitivity of y depends strongly on the
coupling coefficients n; as well as n; and thus on the length of the cavities L1 and L,. In Fig. 2 the
sensitivity of y to n; and n; is visualised for rz; = 0.182 (Nmes = 1). As illustrated in Fig. 2, maximum
values for y are achieved for small L, because in this case n; and n, are almost identical and hence
they cancel each other out. However, since the sensor is designed to measure high pressure values
the thickness (length) L, of the 200 um silica glass fibre needs to be selected appropriately to
withstand high pressure environments.
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Fig. 2: Simulation of y as a function of the EFPI air and
glass cavity lengths L1 and La.



Moreover, as y is sensitive to the EFPI cavity lengths L; and L,, applied pressure, as well as
temperature, cavity length changes introduce an error when measuring the Rl of the surrounding
medium. As investigated in [17] the change of the EFPI air cavity length depends linearly on a change
of applied pressure AL; ~ AP (0.054um/MPa) and temperature AL; ~ AT (1.9:10* um/°C). Moreover,
the length change of the EFPI glass cavity due to applied pressure and temperature can be calculated
as 9.1-10° L,/MPa and 5-107 L,/°C for silica glass [25], respectively. Therefore, the introduced error €
of the fringe visibility measurement due to applied pressure and applied temperature can be
estimated using the following error analysis:
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In Equation 5 the induced error is normalised to the Full-Scale (FS) of y, where FS is defined for a Rl
measurement between Nmeqs = 1 and Nmed = Nsilica. N Fig. 3a and 3b the results of the simulation of
Equation 5a and 5b are visualised.
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Fig. 3: Simulated cross-sensitivity of y to (a) applied pressure (unit: %/MPa)
and (b) applied temperature (unit %/°C)

From the simulation in Fig. 3 it follows that the length of the EFPI air and glass cavities can be
optimised in order to eliminate the cross-sensitivity of the RI measurement to applied pressure and
applied temperature. As a general rule of thumb, the air cavity length L, and the glass cavity length
L, should be > 20 um and < 250 um, respectively, in order to minimize the cross-sensitivity to applied
pressure and temperature as well as to optimize the sensitivity of y.

4. Evaluation sensitivity to refractive index

For the evaluation of the sensor performance to applied refractive index, a multi-parameter fibre
optic sensor was fabricated with a Bragg-wavelength of 1558.54 nm as well as an EFPI air and glass
cavity of Ly = 65 um and L, = 220 um. The selected cavity lengths L; and L, represent a trade-off in
terms of the performance of determining the Rl of the surrounding on one side and the sensor
interrogation using the interrogation set-up and signal processing algorithm applied on the other
side. The multi-parameter fibre optic sensor was interrogated using the interrogation system as
reported previously [17], which consist on a broadband light Source (BBS) (INO FBS-C), an optical




circulator as well as an optical spectrum analyser (Ando AQ6330). Moreover, as described in Section
3, 7 and hence the Rl of the surrounding were determined by calculating the ratio between the
amplitudes of the second and first cosine term of Equation 1. Both amplitudes were determined by
calculating the Fast Fourier-Transform (FFT) of the measured reflected sensor spectrum. The
resolution of the FFT was optimised by applying a Kaiser-window and Zero-Padding.

In order to obtain different Rl values, five different solutions with different sodium chloride (NaCl)
concentrations were prepared at different temperatures. The different concentrations of NaCl
together with the corresponding refractive indices at the different temperatures are given in Table 1.
The refractive indices were measured using the FRI Refractive Index Sensor from FISO Technologies

Inc.
Concentration n(20°C) n(40°C) n(60°C) n(80°C)
(mol/1)
0 1.3295 1.3272 1.3242 1.3207
1 1.3393 1.3366 1.3334 1.3300
2 1.3484 1.3457 1.3426 1.3392
3 1.3567 1.3538 1.3506 1.3476
4 1.3648 1.3618 1.3588 1.3557

Table 1 Concentration of NaCl solutions and corresponding refractive indices.

The performance of the multiple-parameter sensor to Rl measurement was evaluated by inserting
the sensor sequentially into the different NaCl solutions for each temperature value. Between every
measurement the sensor was carefully rinsed using distilled water.

In Fig. 4 the obtained fringe visibility at different refractive index (at different NaCl concentrations
and different temperatures) is shown. A linear response of the fringe visibility to Rl changes between
1.32 and 1.365 was obtained. Furthermore, the cross-sensitivity of the calculated fringe visibility to
temperature variations in the range from 20°C to 80°C can be neglected, which is consistent with the
simulation from Fig. 3b. According to Fig. 4, a sensitivity of 0.58/RIU with a standard deviation at
atmospheric pressure of 1.77-103 RIU for temperatures ranging from 20°C to 80°C is obtained. From
the simulation, a sensitivity of 0.69/RIU was calculated. The deviation between calculated and
measured sensitivity can be explained by small misalignment of the fibre surfaces relative to each
other and hence a decrease of the actual fringe visibility. For a confidence interval of 95% a sensor
resolution of +5.98:103 RIU is calculated. The sensor resolution can be further enhanced by
optimizing the fringe visibility of the sensor, as illustrated in Fig. 2, as well as the sensor interrogation
system.
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Fig. 4: Measured fringe visibility as a function of the corresponding RI.

5. Summary

In this work, an all-silica miniature fibre optic pressure and temperature sensor was extended to
additionally measure refractive index of the surrounding medium. Experiments verified that the
fringe visibility of the EFPI glass cavity is sensitive to the Rl of the surrounding medium. The sensor
tested shows a linear response of 0.58/RIU for the fringe visibility in the Rl range from 1.32 to 1.365
with a standard deviation at atmospheric pressure of 1.77-10°3 and in the temperature range from 20
°C to 80°C. Moreover, simulations in Section 3 were carried out to demonstrate that by choosing
appropriate EFPI air and glass cavity length the cross-sensitivity of the Rl measurement to applied
pressure and temperature variations can be eliminated. Consequently, the sensor can be applied to
measure pressure, temperature and Rl simultaneously. The determination all three parameters will
be investigated in lab-environment in the future.

Consequently, due to the all-silica structure and the capability to simultaneously measure pressure,
temperature and RI, the multi-parameter fibre optic sensor reported in this work has the potential to
be deployed in harsh environmental conditions, as, for example, the ones in chemical process
monitoring or downhole geothermal applications. However, for a long term application in hostile
environments like downhole applications suitable strategies for the lead optical fiber as well as the
sensor packaging have to be developed [26][27].

The design of the presented sensor can be regarded as modular. In the current configuration, the
sensitivity to refractive index was investigated. However, special coatings can be applied in the next
version of the sensor system which are sensitive to changing environmental conditions, such as
variation of pH levels or concentration of a specific ion species. The sensor can be tailored for
different monitoring applications, where temperature, pressure and a chemical parameters need to
be measured simultaneously.
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