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Corrosive environments are responsible for the highest degree of degradation and failure in
marine structures. The presence of sea water in marine structures such as flexible pipes can cause
a significant reduction in their operational life, especially when associated with permeated gases,
which could lead to corrosion related failure mechanisms such as corrosion-fatigue and hydrogen
cracking. The ingress of sea water into flexible pipes can occur either due to ruptures in their
external polymeric sheath or to permeation of condensed water from the pipe bore. This event
since flooding of the so-called annular space of flexible pipes is the trigger for all knows corrosion
assisted failure modes, it is clear that a system that is able to reliably detect the presence of water
in the structure is highly desirable. This work will describe a radio frequency identification (RFID)
system designed for this purpose; it relies on the measurement of shifts in the resonance frequency
of specially-designed tags which would be inserted within the layers of the flexible pipe during
manufacturing. This paper shows the design and validation process of these tags and also of a
reader which is meant to be scanned along the outside surface of the pipe by a remotely-operated
vehicle (ROV). The study was performed through a finite element analysis and a test in which the
tags were inserted within a full-scale mock-up of a flexible riser, which was then flooded with
synthetic seawater. Results show that the shift in response due to sea water is clearly identifiable
and distinguishable from other effects.

1. Introduction

Flexible pipes are marine structures in widespread use in off-shore exploration, production and transportation of oil and gas [1].
Their main function is connecting subsea production wells to floating processing and storage units present at sea level [2-4]. They are
conventionally called risers when in the vertical position, or flow-lines when laying on the seabed, and are composed of multiple
metallic and polymeric concentric layers, which are overlaid but independent of one another. Each layer has a specific function, the
metallic ones being responsible for load-bearing whereas the polymeric ones act as barriers for internal and external fluids and gases
[5-8]. Damage to the external polymeric layer can lead to the penetration of sea water into the annular region of the flexible pipe,
which is defined as the space between the external and internal fluid barriers, as shown in Fig. 1. Water can also permeate through the
polymeric barriers from the internal product. In any circumstance, flooding of this area leads to a shorter operational life due to
corrosion related failure mechanisms. Furthermore, when flooding is combined with the stresses to which the structure is subjected
because of waves and ocean currents, certain levels of CO,, and high external pressure, stress corrosion cracking can occur,
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accelerating even further the deterioration of the structure [9-11]. Thus, the detection of the presence of water in the annular region of
these marine structures is an important piece of information for estimating their remaining life [12].

Determination of whether the annulus is flooded or not has been attempted in different manners, i.e. through the positive pressure
or the vacuum tests, visual or ultrasonic inspection, or by fiber optics sensing [13-15]. The positive pressure and the vacuum tests
require vents that connect to the annular region; often these tests do not produce accurate results or cannot be performed due to
operational issues (i.e. vent blockage) [13,14]. Visual inspection can be used to encounter breaks in the outer sheath, but small
abrasions or cuts can easily be missed along the vast extension of a riser. Ultrasonic methods are based on the attenuation of the signal
when sea water is flooding the annular space [13]. However, the surface must be clean to allow sensor coupling, and the complex
geometry of the structure can lead to misleading results. Distributed-sensing fiber optics systems are based on the presumption that
cold sea water entering the structure may lead to a measurable temperature difference [13,15]. However, issues have been identified
relating to loss of continuity of the optical fiber (which is inserted within the armor wires, along the structure) due to ruptures caused
by the high mechanical loads involved in installation and operation, and to the fact that the temperature difference may be negligible
and that temperature equilibrium may be achieved before detection is possible [13].

Another group of experimental techniques which have been deployed with great success in structural health monitoring (SHM) use
radio frequency identification (RFID) tag antennas and sensors. These sensors have potential applications in SHM for marine structures
because of their passive, wireless, simple, compact size, and multimodal nature [16]. RFID technologies are very sensitive to the
environment in which they are deployed, and variations in their impedance or resonance frequency have been employed for sensing
purposes [17-19]. In addition, systems with multiple resonance frequencies have been employed for characterization of depth and
orientation of surface cracks in several systems [20,21]. Systems for characterizing RFID tags, such as network analyzers, may be used
to verify the detuning caused by variations in the environment in which the sensor is operating, allowing i.e. the detection of humidity
through the variation in the resonance of the equivalent LC circuit [22,23]. As mentioned, RFID sensors can be read wirelessly and can
be passive and self-energize during reading, thus eliminating the need for batteries [24,25].

The objective of the present work is to detect flooding of the annular region of a flexible pipe by using RFID sensors operating at
high frequencies (HF). This requires the possibility of developing small, flexible, low-cost sensors, which could operate passively
during the entire useful life of the structure and which would detect changes in the conditions of the annular region, without the
necessity of a chemical interaction or an electrical contact with the medium. It is also important to be able to identify the flooded
region, while obtaining data with the insulating layers in place. The sensor tags might be inserted between the tensile armor and the
external sheath during the manufacture of the pipe, although this solution could not be applied in flexible ducts already in operation.
These tags would be positioned periodically along the length of the pipe and around its circumference. A requisite is that reading of the
tags should be possible from the outer surface, through polymeric coatings of thicknesses up to 0.02 m. The attenuation generated by
sea water is well known [26] so that, in this paper, the reader is considered to be placed directly onto the external sheath, as shown in
Fig. 1. This demands a good maneuverability on the part of the ROV since the signal acquisition coil (reader) would be in near contact
with the external sheath of the flexible pipe. Also, system response should be independent of temperature variations.

Pressure Internal External
Tensile Armor Fluid Fluid
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Reader

Annular Region

Fig. 1. Schematic showing a section of a flexible pipe with a RFID tag (sensor) inserted within its layers and a reader scanning the pipe from the
outside surface. Tags should be inserted periodically within the layers of the pipe during manufacturing.
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Finite Element Analysis (FEA) was carried out to design the reader and the sensors, and to verify the response of the system to
changes in the environment. Relevant parameters, such as the coupling factor and the geometry were evaluated analytically and
through FEA. In a second stage, an experimental study was carried out in a flexible pipe section under controlled conditions.

2. Materials and methods
2.1. System development

Wireless power transfer (WPT) systems are widely used and have diverse applications, one of which is RFID technology [27-29].
This technology employs inductive coupling to achieve data transfer [30,31]. The RFID system is composed of two components, a
reader and a transponder or sensor. The reader is a coil which generates a RF signal, whereas the transponder or sensor is another coil
that captures a fraction of this electromagnetic signal through current induction [32]. This fraction of the incident energy captured by
the second coil can be represented by a coupling factor k. The value of the coupling coefficient can be given by Equation (1) for circular
coils [33]. For systems in which the radius of the reader coil, r;, is larger than or equal to the radius of the sensor coil, r;, R is equal to
rr. For systems in which the radius of the reader coil is smaller than the radius of the sensor coil, R is equal to ;. In this equation x is the
distance between the two coils.

r2xr?
3
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A coupling coefficient k = 1 is obtained when the distance between the coils is zero and both have the same radius. In this case both
coils are exposed to exactly the same magnetic flux [32]. Fig. 2 presents the behavior of k as a function of reading distance for different
relationships between the radius of the coils of the sensor and the reader. Note that for small distances the largest value of k for a given
separation is achieved when the two coils have the same radius. For separation distances larger than about 0.035 m a sensor with a
larger coil radius will lead to higher coupling coefficient values. The dashed lines in Fig. 2 indicate the distances corresponding to the
thicknesses of the external barrier commonly employed in flexible pipes (single or double sheath). The figure shows that for these
reading distances the diameter of the coils of the reader and the sensor should be the same.

Fig. 3 shows the variation of k with reading distance when sensor and reader coil radius are equal, for increasing values of diameter.
These curves may suggest that maximizing the radii of the coils is always a good strategy, since this would lead to higher values for the
coupling coefficient. However, the magnetic field strength needs to be taken into account. The magnetic field on the axis of a circular
loop at a distance x is given by Equation (2), where I is the current and N the number of turns in the coil.
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Fig. 4 shows the variation of magnetic field and coupling factor with the radius of the reader and coil (rs = r). The curves in solid
lines represent the response considering a separation distance between coil and reader of one layer of external sheath, whereas dashed
lines represent the response for a distance equal to two layers. As suggested by Fig. 3, increasing radii values lead to higher coupling
factors. The magnetic field strength on the other hand reaches a maximum and then there is a reduction in the values for larger radii
values. Considering that a single geometry of sensor and reader is wanted for both cases of external sheath thickness, an optimal point
would be found when the radius of the reader and sensor coil are approximately equal to 0.0325 m, as indicated in Fig. 4.
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Fig. 2. Magnetic coupling coefficient as a function of reading distance for different relationships between the radii of the sensor coil (rs) and the
reader coil (rr). Single Layer and Double Layer refer to the thickness of the polymeric sheath separating the reader and the sensor.
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Fig. 3. Magnetic coupling coefficient as a function of reading distance and its relation to coil radius (rs = rr). Single Layer and Double Layer refer to
the thickness of the polymeric sheath separating the reader and the sensor.
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Fig. 4. Normalized magnetic field strength (black lines) and coupling factor (blue lines) as a function of the radius of the sensor and of the reader

(rs = rr) for reading distances of 0.01 m (single layer external sheath) and 0.02 m (double layer external sheath). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

In addition to the dependence of the RFID system on the coupling factor and the magnetic field, another issue is the penetration
depth, which conventionally is the depth to which an electromagnetic field penetrates into a material before its intensity is reduced to
about 37% of its surface intensity value. The penetration depth is given by Equation (3) [34].

L _CVE

P 2afe ®

where C is the wave velocity in the medium of application, ¢,’ is the relative permittivity of the material, and &,” is the loss factor of the
material. This equation relates the frequency of operation, the properties of the material or medium situated between the reader and
the sensor coils, as well as the coil separation, and must be considered in the development of the system. Since the desired application
in this work is underwater, we note that the penetration distance for sea water with a conductivity of 4 S/m is 68 mm at 13.56 MHz
[35]. In this way, since a possible water layer within the flexible pipe will be thinner than this penetration depth, one can assume that
there will always be magnetic flux incidence upon the sensor. Detection would then rely on attenuation of the signal due to the
electrical conductivity of the internal sea water layer. These attenuation values may be calculated through Equation (4) [35].

a= 00173 /fo 4

In this equation f is the frequency of operation and ¢ is conductivity of the environment or material. For our selected frequency of
13.56 MHz, and considering a conductivity of 4 S/m, the attenuation value is 0.127 dB/mm [35].
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Equation (3) and the calculated penetration depth in sea water given above also mean that the reader should be as close as possible
to the external sheath in order to minimize losses to the external sea water medium. This reading distance should also be kept constant
in order to reduce the influence of variations in thickness of the external sea water layer on the response of the system. It is thought that
the best way to achieve this is to have direct contact between the reader and the external surface of the pipe.

Another issue is that RFID tags, when operating with inductive coupling, and when applied directly over a metallic surface tend to
have a poorer performance [36]. This is because when fractions of the magnetic flux generated by the RFID system interact with a
substrate metal, eddy currents are induced, which produce a field contrary to the primary magnetic field and therefore contrary to the
field produced by the reader coil. This reduces the useful distance of the system, leading to a change in the inductance and therefore the
resonance frequency of the

system [37,38]. Inserting a high permeability material like ferrite between the reader coil and the metallic substrate could reduce
drastically the generation of eddy currents [33,39]. However, when this additional layer is used, the inductance of the sensor coil
increases significantly [33] and this influences the frequency-response and resonance frequency of the sensor; hence, the geometry of
the system must be adjusted to guarantee an adequate impedance matching. This effect was evaluated through finite element
modelling studies.

The sensitivity of the system to environmental changes derives from the detection of shifts in the resonance frequency of its
equivalent circuit, that can be defined by Equation (5) [40]. When there is an alteration in the medium in which the sensor is deployed
the dielectric constant changes, leading to a change in the value of the capacitor C,, thus altering the equivalent capacitance of the
circuit, C,, given in Equation (6), and finally of the resonance frequency of the circuit.

1
= 5
h= 52 C.L, )
C,= Cc+C, (6)

2.2. Finite element modelling - FEM

Ansys HFSS was used to perform finite element simulations of the system. The geometry proposed for both the reader and sensor
coils is that of a planar coil, since this geometry is flat and therefore can be applied between the layers of the flexible pipe. The aim is to
obtain a sensor which is resonant at 13.56 MHz when the annular region is flooded, which is the most critical situation, and one that
will guarantee communication between the RFID component and the reader electronics. The dimensions of the reader and sensor coils
are given in Table 1.

This FEM study allowed the design and characterization of the system, and to establish the influence of several issues on its
frequency-response. These were:

the effect of proximity to the metallic substrate (flexible riser armor wires) and the effect of adding an intermediate ferrite layer.
the effect of water layer thickness. For this, models were built with and without a 0.7 mm-thick layer of water between the sensor
and the metallic substrate. A water gap of 0.7 mm was also considered between the reader and the external fluid barrier.

the effect of the thickness of an insulating coating which is applied to the sensors.

the influence of sea water conductivity. This is because the conductivity of sea water can vary with depth, and also because the
sensor will be positioned in a confined space in which different salt concentrations may occur.

In the numerical model of the inductively coupled coils, a lumped port with 50 Q was considered for the excitation source and the
RFID component was modeled as a lumped element with 50 pF. Two types of elements were used, prismatic for the FR4 substrate and
tetrahedric for the polyamide, metallic substrate and water layers. All of the contacts between the copper lines and the medium were
considered to be shielded from water. The properties of the materials used in the model are presented in Table 2.

2.3. Experimental testing

The reader and sensor coils were produced from a substrate of FR4 with a thickness of 0.2 mm and a 35 pm-thick copper layer. The
fabrication process was carried out using a LPKF Protomat S63 milling machine. The RFID component used in this work was
NT3H2111_2211, produced by NXP, with an internal capacitance of 50 pF at 13.56 MHz, in accordance with ISO/IEC 14443. The RFID
component was soldered in place. A sheet of flexible sintered ferrite with dimensions 120 mm x 120 mm, WE-FSFS 364003, was

Table 1

Sensor and reader coil dimensions.
Parameter Sensor Coil Reader Coil
Conductor Width 0.5 mm 0.5 mm
Conductor Spacing 0.2 mm -
Inner Radius 30 mm 32mm
Turns 3 1
Substrate Thickness 0.2 mm 0.2 mm




F.K. Matheus et al. Marine Structures 72 (2020) 102776

Table 2

Material properties used in numerical models.
Material Relative Permeability Relative Permittivity Electrical Conductivity (S/m) Loss Tangent
Air 1.0006 1.0000004 0 0
Copper 1 1 5.998e7 0
Sea Water 0.999991 81 4 70
Polyamide 1 4.3 0 0.004
Ferrite 120 12 0 0
FR4 1 4.5 0 0.02
Steel 1000 1 4.032e6 0

positioned on the backside of the FR4. All of the electrical contacts were isolated using polyurethane, PU-140.

The process of identifying the sensor was carried out with a conventional RFID reader. The shift in the resonance frequency value
was determined with a Vector Network Analyzer (National Instruments PXIe_5630), which allows one to measure the S11 parameter
wirelessly. The frequency was swept from 10 MHz to 20 MHz in steps of 0.01 MHz (1000 points). The calibration of the equipment was
carried out using an Automatic VNA Calibration Kit (National Instruments, operating bandwidth from 70 kHz to 9 GHz).

Two tests were performed in this experimental section. In the first test, windows were opened in the external sheath of a 1.5m-long
flexible pipe section in order to allow insertion of 4 RFID sensors. Resistive sensors were also placed in these windows to detect the
presence of water independently. Fig. 5 shows the pipe segment with the open windows. After positioning the sensors, the layers of
polymer which had been removed were replaced and soldered in order to guarantee the structure to be water tight. The sample pipe
was placed within an acrylic recipient which could be subsequently filled with synthetic sea water (according to the standard ASTM
D1141-98).

Initially the sensors were identified in their dry condition through their unique RFID and then measurements of S11 and the
resonance frequency were made. After collecting this data, the annular region was flooded and data was recollected for this new
configuration. Fig. 6 presents the configuration of the tests.

A second test consisted in evaluating the variation of the signal with temperature. For this, a sensor and a reader were placed inside
a temperature chamber (SOLAB SL-206) and data was collected in the interval from 5 °C until 55 °C. This is the temperature range
encountered at the sensor position in flexible risers [41,42] and for sea water at great depths.

3. Results
3.1. Finite element modelling
Fig. 7 shows the effect of the proximity of the metallic substrate on the resonance frequency and the signal intensity (S11 modulus

in dB) of the system with and without a ferrite interlayer. The figure shows that in the case where a ferrite interlayer is not used there is
increase in the resonance frequency as well as a considerable reduction in the signal intensity for smaller distances. The addition of a

Fig. 5. Segment of the flexible pipe with openings for the insertion of sensors.
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Fig. 6. Configuration of the test with external sea water container.
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Fig. 7. Resonance frequency and S11 modulus as a function of distance of the sensor coil to a steel substrate. Solid lines consider a ferrite backplate
of 0.3 mm in between the sensor and the steel substrate, and dotted lines are for no-backplate condition.

0.3 mm-thick ferrite layer between the sensor and the metallic surface reduces both the variations in the resonance frequency and the
variations in the signal intensity.

The results for the numerical modelling of the effect of water flooding can be seen in Fig. 8. The resonance frequency for the flooded
annular condition using Ansys HFSS was of 13.50 MHz and 14.69 MHz for the dry condition. The models show a marked shift in the
resonance frequency to lower values and an attenuation of the S11 parameter when the pipe is flooded.

The results for the effect of the thickness of a sensor coating layer can be seen in Fig. 9. One can see that there is a reduction in the
resonance frequency variation as the thickness increases, which is evidently due to the smaller interaction between the sensor and the
water medium for thicker coatings. Fig. 9 shows that when both sides of the sensor are covered with water there is a difference in the
shift in the resonance frequency compared to when only the coil side is wet. For the sensors built for validation tests, the average of
thickness obtained was of 0.13 mm.

The influence of the conductivity of sea water was also verified (from 2 to 6 S/m). The variation in the value of resonance frequency
was smaller than the 0.025 MHz frequency step used in frequency-response sweeps. Small alterations were observed in the S11
modulus, of around 0.28 dB, a value which is significantly smaller that the variation for wet or dry conditions.

3.2. Experimental characterization and validation of the sensor

Fig. 10 shows results for the full-scale test, and shows that all four sensors had clear resonance frequency shifts during flooding. S11
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Fig. 8. Frequency-response of the system for dry and wet conditions, simulated results.
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Fig. 9. Influence of thickness of polymer coating on resonance frequency shift, simulation results.

response in both dry and flooded conditions is similar to predictions from HFSS models in Fig. 8. Table 3 shows the results of resonance
frequency shifts for the other sensors which were inserted in the pipe section. Fig. 10 also shows the influence of polymeric layer
thickness on the S11 signal. For sensors positioned where one polymeric layer is present the magnitude of the parameter S11 is greater
than for sensors in the double layer region. This effect is expected and is related to the reduction in magnetic field strength due to the
distance between coils.

Fig. 11 shows the shift in resonance frequency from dry to flooded condition for sensor ID 2049022468. As the external sea water
container was removed and the pipe section was allowed to dry, it is seen that in about three days the resonance frequency value was
close to being reestablished to the previous dry value.

A second test consisted in measuring the change in frequency-response with temperature; these results are presented in Fig. 12.
Three measurement were taken at each temperature value for the same sensor and reader configuration; good repeatability is seen in
the measurements. It is also seen that for a temperature variation of about 50 °C the resonance frequency shift is approximately 4 times
smaller than the variation in resonance frequency caused by water. It should be noted that in subsea applications, temperatures shifts
are expected to be small since external sea water temperatures and internal product temperatures are relatively constant.

4. Conclusion

The effectiveness of the detection of flooding in the annular region of flexible pipes using RFID sensors operating at high fre-
quencies has been demonstrated. Significant and characteristic variations in the resonance frequency of the system were observed
when the annular region was flooded, thus allowing the possibility of detection of the presence of water in these structures. The sensors
were shown to be able to recover to their previous response once the annulus has dried, although this is unlikely to happen in practice
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Fig. 10. Frequency-response of the system for dry and wet conditions, experimental results.
Table 3

Resonance frequency values for dry and wet conditions for the 4 sensors distributed throughout the flexible pipe.

Sensor ID Frequency Dry (MHz) Frequency with Water (MHz) Frequency Variation (MHz)
2,049,021,444 14.41 £+ 0.025 13.42 £+ 0.055 1.01
2,049,022,468 14.49 + 0.009 13.53 + 0.021 0.96
2,049,022,212 14.26 + 0.011 13.02 + 0.078 1.24
2,049,019,396 14.24 4+ 0.012 12.88 + 0.136 1.36
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Fig. 11. Resonance frequency change as a function of time throughout a flooding and drying cycle, experimental results.

in flexible risers. The effect of temperature on the sensor signal was measured and can be considered negligible for the temperature

shifts expected for subsea applications.
The system is shown to be capable of easily detecting flooding in these marine structures even when they are covered by two layers

of polymeric insulation. Signal acquisition is possible even for greater distances, but with a corresponding loss in signal intensity.
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Fig. 12. Influence of temperature on the resonance frequency of the sensor, experimental results.
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