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Abstract. Scale has been recognized as a major operational problem in oil production. This mineral deposition comes
from the accumulation of inorganic salts and interferes with the guarantee of flow, causing production losses and
equipment changes. In particular, the precipitation of calcium carbonate (CaCO3) can occur from the incompatibility
between the chemical compositions of the formation and injection waters and/or by the thermodynamic changes of the
system during production. In this scenario, estimating the mass of precipitated crystals as a function of operational
variables is necessary to propose actions to mitigate scale in producing wells. The fiber optic sensor technology based
on Fiber Bragg Gratings (FBG) has been used in several important application areas from the measurement of
spectral variations. These sensors have intrinsic sensitivity to variations of temperature and deformation, thus, they are
important devices for the sensing of several physical quantities. The aim of this article, therefore, is to present the
response of fiber optic systems to the measurement of deposited mass of CaCOg; crystals. The experimental setup for
this study consists of a reservoir for mixing aqueous solutions of NaHCO3; and CaCl,, under controlled temperature
conditions, a precision balance to measure the mass of crystals formed, an optical interrogator, a computer and a part
developed in 3D printer to receive the inlay coupons with the FBG sensors. The results are used to establish a
correlation between the optical fiber sensor response and the precipitated CaCO3 mass, in order to develop a method
of measuring mass accumulation rates through optical fiber sensor systems.
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1. INTRODUCTION

Oil continues to play an important role in the energy matrix of Brazil and the world. Intrinsic problems to its
production lead to production losses, equipment changes, execution of maintenance services leading to an increase in
production costs. In the oil industry, inorganic fouling is one of the main operational problem and the losses associated
with it reach, on a global scale, the order of 1.4 billion dollars per year (FRENIER; ZIAUDDIN, 2008).

The fouling can cause operational problems related to the flow guarantee due to the partial obstruction of the flow
section which causes an additional pressure drop is generated and consequently can restrict the oil production.

In general, predictive tools for fouling are based only on thermodynamic models, which provide a scaling potential
based on water composition, pressure, and temperature, and do not provide information on the time required to
completely block flow or the amount of fouling. encrusted material. In addition to the thermodynamic and Kinetic
aspects of the problem, the flow dynamics can also exert a significant influence on the fouling rate and on the fouling
mechanisms of crystal growth, agglomeration, deposition and surface adhesion (MARTINS et al., 2020).
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It is known that the fiber optic sensor technology based on Fiber Bragg Gratings (FBG) has been used in several
important application areas from the measurement of spectral variations. These sensors have intrinsic sensitivity to
variations in temperature and deformation, thus, they are important devices for the sensing of several physical
quantities.

Calcium carbonate, CaCOs, is one of the most common scale components found in oilfield production wells and
surface facilities (ZHANG et al, 2001). As the costs to remove a scale are high (CRABTREE et al., 1999),
understanding the beginning of crystal formation is important. In this sense, the objective of this article is to present the
response of a fiber optic instrumentation system to the measurement of deposited mass of crystals, specifically of
CaCOs.

2. THE CARBONATE SCALE PROBLEM IN THE OIL PRODUCTION

Due to the discovery of large carbonate reservoirs in the pre-salt, the issue of fouling gains importance in terms of
guaranteeing flow for the production of oil. Scale is an accumulation of different materials that can lead to the
obstruction of a pipeline and prevent the flow of fluids from the beginning of production to the abandonment of a well
which can affect production lines, valves, casings and subsea equipment (CRABTREE et al. al, 1999).

The depositions by insoluble salts (mineral scale) most commonly found in oil production environments are:
calcium sulfate (CaSOsy), calcium carbonate (CaCOs), barium sulfate (BaSOa), strontium sulfate (SrSQs), iron (1)
(FeCOg) and iron (1) hydroxide (Fe(OH)-), with calcium carbonate deposition and incrustation being the main focus of
this work.

Calcium carbonate (CaCQyg) is an inorganic salt that forms when an aqueous environment is saturated with carbonate
anions (CO3?%) and calcium cations (Ca?*), according to Equation 1.
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Scale is induced because before drilling and production begins, the species dissolved in the fluids are in equilibrium
with the reservoir environment. Precipitation reactions begin to occur when external forces act on the fluids, that is,
when there is a disturbance that favors the imbalance reached after thousands of years of thermal, chemical and
mechanical interaction between rock and fluids (CRABTREE et al. al, 1999).

These external forces are mainly due to runoff and its consequences and to the mixing of fluids — mainly the mixing
of reservoir water with other waters, such as injection water — incompatible in terms of chemical species
(MUHAMMAD et al, 2018).

For the onset of precipitation and consequent formation of crystals, the occurrence of three simultaneous factors is
necessary (YORK; SCHORLE, 1997): supersaturation, nucleation and contact time.

Initially small solid particles are formed, which tend to cluster in an orderly manner which gives rise to a mineral.
Depending on the ordering of these particles, calcium carbonate minerals receive different names, such as calcite,
aragonite, vaterite, among others, with calcite being the most commonly found mineral (AL NASSER et al., 2008)
because it is more stable (COWAN; WEINTRITT, 1976). The process of forming the first solid particles from ions is
called nucleation. After nucleation, crystal growth is provided by the grouping of new particles.

Davies and Scott (2006) reported the sequence for the formation of this salt, represented by the global reaction of
equation 2, in which carbon dioxide (CO,) first dissolves in water (H20) to form carbonic acid (H.CQ3); then carbonic
acid (H,COs) dissociates into carbonate (CO3 %) and bicarbonate (HCO?®"), which lowers the pH; finally, carbonate ions
(COs?) interact with calcium (Ca?*) to precipitate calcium carbonate (CaCOs).
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Several factors contribute to the deposition of calcium carbonate particles, such as temperature, pressure, chemical
balance, pH, residence time and ionic strength (Yap et al, 2010), because these variables influence its solubility.

CO is possibly the chemical species that most affects the precipitation of calcium carbonate. This is due to the fact
that CO, tends to remain dissolved in water at high pressures, and with flow and depressurization, carbon dioxide
readily leaves the liquid phase and passes to the gaseous phase (MOGHADASI et al., 2003). which is known as a CO;
flash.

A combination of factors influences the solubility of carbon dioxide in the reservoir water. Lower temperature near
the surface increases solubility, but lower pressures cause loss of carbon dioxide to compensate for the gain from
temperature influence. In almost all cases, the loss of carbon dioxide by pressure drop is the biggest effect and,
therefore, there is the appearance of calcite deposits (DAVIES; SCOTT, 2006).

Moghadasi et al. (2006) studied the effects of temperature on the formation of different types of scale and found
that CaCOs scale increases with increasing temperature. Regarding the pressure, the increase in CaCQOgs precipitated
with the decrease in pressure is due both to the direct reduction of the mineral solubility, and to the flash of CO, from



19" Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2022, Bento Gongalves, RS, Brazil

the solution. As a result of the exit of carbon dioxide from the aqueous medium, there is an increase in pH in the
solution, which makes CaCOj3 even more insoluble. Thus, the possibility of the occurrence of CaCOs incrustations is
evidenced by the increase in temperature and pH and decrease in pressure (HAMID et al., 2016; RAMSTAD et al.,
2005).

The saturation index (SI) was proposed by Stiff and Davis (1952) to predict the scaling trend of mixed brine at
different temperatures. Sl is a scale prediction method widely used in oilfield production (ZHANG et al., 2001) and is
given by Equation 3.

SI=1log(SR) 3)

Where SR (saturation ratio) is the saturation ratio. For calcium carbonate it is described according to the Equation,
with {Ca?*}, {CO; 2} being the activities of the species measured in the saline solution and K, the solubility product
(equilibrium constant) calculated for the thermodynamic conditions considered, according to Equation 4.
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In view of the analysis of the SR values, the following can be obtained from the analysis of the Sl values:

e If SI <0 - dissolution potential of preexisting deposits;
e If SI =0 - no dissolution potential and no deposition potential;
e If SI >0 - solid deposit precipitation potential

Due to the complexity of predicting and quantifying fouling in the oil production process, the study of new
technologies that allow this understanding of the kinetics of CaCOj3 formation is urgent. Therefore, the contribution of
this article is to understand a proof of concept in which it aims to measure the mass deposition using sensors based on
Bragg gratings, which from the wavelength reading, it is possible to predict the deposited mass of calcium carbonate.
Through the proposed solution, it is possible to carry out interventions in the initial stage of fouling aiming at mitigating
larger problems.

3. FIBER OPTIC IMPLEMENTATION IN CALCIUM CARBONATE MASS DETECTION

The use of optical fiber as a sensor occurs through the application of polymer fibers as Fiber Bragg Gratings
(FBGS). FBGs are a permanent and periodic or quasi-periodic modulation of the refractive index of the fiber core along
the propagation axis. This modulation is usually done over a few millimeters or centimeters (BROADWAY et al.,
2019).

Fiber photosensitivity was observed for the first time through an experimental setup, which consists of a continuous
blue light of wavelength A = 488 nm from an argon ion laser, launched on a small piece of nominal single-mode optical
fiber, being its intensity of light reflected back from the monitored fiber (HILL; MELTZ, 1997).

Initially, as described by Hill and Meltz (1997), the intensity of reflected light is low, but after a period of a few
minutes, it increases in intensity until almost all the light thrown on the fiber is reflected. The growth of reflected light
was explained in a new non-linear effect called photosensitivity, changing the refractive index of the fiber. The change
in refractive index is permanent in the sense that it will last for decades. Initially, photosensitivity was thought to be a
phenomenon associated only with germanium-doped optical fibers. It was later observed in a wide variety of different
fibers, many of which did not contain germanium as a dopant.

Historically, Bragg grids were first fabricated using internal writing and through holographic technique. Both these
methods have been largely replaced by the phase mask technique which has the advantage of greatly simplifying the
manufacturing process of FBGs but producing high-performance grids.

Another approach to grating fabrication is the dot-by-dot technique. In this method each perturbation of the grid
index is written point by point. For grids with many index perturbations, the method is inefficient (HILL; MELTZ,
1997).

FBG-based fiber optic sensor technology has been used in several important application areas, from structural
monitoring to chemical sensing. Practical and cost-effective systems are not far into the future, judging by recent
advances in sensor-reading grids and instrumentation.

A very important advantage of an FBG sensor is that it is wavelength encoded. The shifts in the spectrum, seen as a
narrowband reflection or dip in transmission, are independent of optical intensity and uniquely associated with each
grid, as long as there is no overlap in each sensor stop-band.

Bock and Domanski (1989) evaluated the effect of high hydrostatic pressure of up to 200 MPa on polarization
properties in highly birefringent fibers. It was found that an oscillatory behavior of the output signal leaving the fiber
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and monitored in the plane parallel to one of its two main axes can be interpreted as being caused by an induced
pressure increase of the wavelength duration parameter.

This effect can be applied to detect high hydrostatic pressure using properly configured fiber. With sufficiently high
critical pressure, the wavelength increase can be strong enough to cause birefringence to disappear, as seen at 6 MPa
pressure. This critical pressure, if determined experimentally, can be used effectively to determine the wavelength at
atmospheric pressure. This means a new and simple method of measuring wavelength (BOCK; DOMANSKI, 1989).

An FBG sensor can also be used to measure electric and magnetic fields with special magnetostrictive and
piezoelectric coatings on the fiber. These jackets produce deformations within the core that cause the Bragg wavelength
to shift with the measured magnitude. The induced deformations are small and a reading technique that has fine
resolution is usually required (HILL; MELTZ, 1997).

Any deformation, temperature change or polarization that varies the modal index or the pitch of the grid will
change the wavelength, therefore the grid is an intrinsic sensor that changes the spectrum of an incident signal by
coupling the energy to other modes of fiber. In the simplest case, the incident wave is coupled in a mode similar to the
counter-propagation and thus reflected (HILL; MELTZ, 1997).

In the work developed by Golnabi (2002), the design and operation of an opto-mechanical sensor for mass
measurements are reported. This device uses a pair of optical fibers and a reflective coated lens. The modulation of light
intensity is based on the relative motion of the lens due to a certain mass in relation to the optical fibers. The modulated
intensity because of the weighing mass was measured using a digital voltmeter. A full range sensitivity of about 11.5
mV/g for a dynamic range of 80 g is achieved. A mass resolution greater than 0.25 g was measured with this device.
The measured output response is verified against the theoretical expected and general agreement observed. A
comparison with similar experimental results shows advantages of this method and potential use of such a sensor for
mass-average measurements.

Thus, the precipitation of calcium carbonate can be identified by changing the wavelength, but with its due
compensation for temperature, pressure and other phenomena (LEAL-JUNIOR et al., 2018).

4. EXPERIMENTAL METHODS AND PROCEDURES

To evaluate the ability of the FBG to measure the deposited mass of calcium carbonate, an experimental bench was
set up consisting of an acrylic reservoir (a) to receive the aqueous solutions, a precision balance (b) to measure the mass
of crystals formed in the upper part of a metallic plate deposited at the bottom of the reservoir, an optical interrogator
Micron Optics SM125 (c) and a computer to acquire the information. The assembly can be seen in Figure 1.

Experimé

‘ Figure 1.
The fiber optic sensors were mounted on rectangular metal sheets and three tests were performed to evaluate the
response of the sensors in relation to mass deposition, namely:

A. Characterization of the sensor response as a function of temperature
B. Sensor response to controlled mass deposition
C. Tests in the reservoir with the solutions and crystal formation
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Test A consists of evaluating the Bragg wavelength in relation to temperature. The characterization was carried out
in an oven with an initial temperature of 24°C to a final temperature of 45°C, with steps of 5°C. The length of the Bragg
wave was measured using the optical interrogator.

Test B consists of making the mass position over the sensitive region of the optical fibers to evaluate the length of
the Bragg wavelength in relation to the mass position. Up to 50 grams were used, measured with the aid of a scale. The
Bragg wavelength was also measured using the optical interrogator.

Tests A and B are important to generate the characteristic curves of the sensors since both are sensitive to both
temperature and mass deposition (strain). Therefore, they are performed in isolation, that is, in test A, only temperature
variation is evaluated and in test B, mass deposition is evaluated at constant temperature. Therefore, tests A and B
precede test C.

For test C, one liter of saturated solution of Sodium Bicarbonate (NaHCQO3) and one liter of saturated solution of
Calcium Chloride (CaCly) were previously prepared and these solutions were left to rest. The methodology for
analyzing the deposited mass involved weighing the sensor element before and after the test, after mixing the solutions
in the acrylic reservoir, as shown in Figure 2. However, the sensitive area does not occupy the entire area of the plate,
so it was considered a uniform mass distribution on the plate, evaluated by micrometer measuring the thickness in
different positions of the plates and by the surface image generated by the Sensofar S Neox 090 profilometer.
Subsequently, the deposition on the sensors was estimated from the difference in areas.

M . . e

= . N 2
s of the deposited mass: (a) weight before the beginning of the test and (b) weight
after the end of the test.

=
@

Figure 2. Methodology.of analysi

5. RESULTS

One of the considerations made in this work is in relation to the analysis of mass deposition uniformity, as this
directly affects the design of the sensors (quantity and position of the sensors). Four plates (all without fiber) were
analyzed for the cases with and without deposited mass. In the results obtained by measuring the thickness by
micrometer observed in Figure 3, there are only small variations in uniformity, in which the curves can be considered
practically parallel.
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Figure 3. Analysis of mass deposition uniformity on the plates.

In Figure 4, there is an image of the surface obtained via profilometry, which corroborates the conclusion of the
uniformity of the mass deposited on the plate. The height variation of the deposited crystals occurred in a range of
approximately 38.9 um in an area of 844.56 x 706.56 um.
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Figure 4. Image of the plate surface with calcium carbonate crystals for analysis of deposited mass uniformity.
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The results obtained for test A, influence of temperature on the response of the sensors, are shown in Figure 5 and
Figure 6. A linear response in relation to temperature can be seen, which can be used to compensate for the response of
the measurement signal of deposited mass.
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Figure 5. Variation of the reflected spectrum as a function of temperature.
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Figure 6. Temperature characterization for (a) FBG 1 and (b) FBG 2.
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According to Figure 6, the reflected Bragg wavelength varied linearly with temperature. For FBG 1, the data were
approximated by linear regression (R? = 0.9965) with a sensitivity of 0.0193 nm/°C. Similarly, the linear regression for
FBG 2 (R? =0.9976) had a sensitivity of 0.01951 nm/°C.

The results obtained for test B, influence of the deposited mass on the response of the sensors, are shown in Figure

7. As the sensors presented linear responses in all cases, a system of equations can be proposed to isolate the deposition
responses of mass and temperature. Therefore, the need for two sensors arises.
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Figure 7. Mass deposition sensor for (2) FBG 1 and (b) FBG 2.

According to Figure 7, the reflected Bragg wavelength shifted linearly with the mass deposited in both cases.
Linear regression was used to fit the data for FBG 1, resulting in a sensitivity of 0.0004911 g/nm. In the case of FBG 2,

linear regression was applied, leading to a sensitivity of 0.0005182 g/nm.

As there are two variables (mass and temperature), two sets of equations (sensitivities of sensor 1 and 2) are
needed to reach a determined system, that is, a system with a unique solution. Thus, the matrix Equation 5 can be

formulated.

pm] K.y, Koo ][O
m, I, KT,I2 Dlz

DT K

Where K is the sensitivity of FBGs 1 (A1) and 2 (A2) in relation to mass (m) and temperature (T).
When using one of the optical fibers to compensate for the effect of temperature variation, the variation in the

®)

Bragg wavelength, that is, the wavelength reflected by the Bragg gratings, becomes a function only of the mechanical

deformation imposed on the optical fiber. In the experiments carried out, the dominant effect responsible for the
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mechanical deformation is the deposition of the mass of the precipitate on the sensitive region. The results obtained are
in accordance with Figure 8.

0.35 y y L a—

z 3 4 5
Time (s) «10°
Figure 8. Mass deposited on the optical fiber over the experiment time.

From the sensor characterization shown in Figure 7, the mass deposition of the precipitate was monitored during the
test time, as shown in Figure 8. As shown in Figure 2, the mass deposition after performing the experimental procedure,
that is, after the chemical reaction of CaCO3 formation, was approximately 3 grams. Considering a uniform distribution
of the mass deposited on the sensor plate, approximately 0.3 grams of precipitate is estimated over the sensitive region
of the optical fiber. At the end of the experiment, the value estimated by the sensor was 0.35 grams of precipitate over
the sensitive region. Thus, the type of sensor used for monitoring fouling is promising for its ability to monitor mass
deposition, as performed in the experimental procedures performed.

6. FINAL REMARKS

The tests carried out in this article were intended to prove the concept of mass measurement by FBG, with estimates
using only physical models.

With one of the optical fibers being used to compensate for the effect of temperature variation, the variation in the
Bragg wavelength is a function only of the mechanical deformation imposed on the optical fiber. Thus, the deposition
of the mass of the precipitate on the sensitive region is responsible for the mechanical deformation. This process is
promising for predicting the mass of calcium carbonate deposited in the study system.

The future step of this work will be the implementation of sensors in the test system and application of artificial
intelligence algorithms to improve the performance of the sensors.
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