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ABSTRACT: A flare system in oil platform is a
combustion stack used to burn off excess gases
that cannot be processed and gases that have

Colecao desafios das engenharias: Engenharia elétrica 2

to be eliminated in emergency shutdown to avoid
the risk of explosion. Gas flow measurement in
flares is still considered challenging because
the measurement has to attend many specific
demands, quite different from any other flow
measurement applications. For these types of
measurements many sensor technologies are
available, however they are all very expensive,
and only a few ones can attend all demands.
The objective of this letter is to present a flow
rate sensor based on Fiber Bragg Grating (FBG),
cross-correlation and heatwave travel time
techniques. The system was developed with
inexpensive components and is little-intrusive,
capable of attaining the rangeability of the flare
demand and independent of gas composition,
pressure and temperature.

KEYWORDS: Cross-correlation, Fiber Bragg
grating (FBG), Flare systems, Flow rate, Optical
fiber sensor.

SENSOR OPTOELETRONICO APLICADO
A MEDIDAS DE VAZAO NA INDUSTRIA
DE OLEO E GAS
RESUMO: Um sistema de alivio (Flare) na
plataforma de petrbleo € uma chaminé de
combustdo usada para queimar gases em
excesso que ndo podem ser processados e gases
que devem ser eliminados em desligamentos
de emergéncia para evitar o risco de exploséao.
A medicdo do fluxo de gas em flares ainda €
considerada um desafio porque a medicéo
deve atender a muitas demandas especificas,
totalmente diferente de qualquer outra aplicagéo
de medicdo de fluxo. Para esses tipos de
medicdo, muitas tecnologias de sensores estéo
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disponiveis, porém todas sdo muito caras e apenas algumas podem atender a todas as
demandas. O objetivo deste trabalho é apresentar um sensor de vazdo baseado em Redes
de Bragg (FBG), técnicas de correlagdo-cruzada e tempo de viagem por ondas de calor.
O sistema foi desenvolvido com componentes de baixo custo e pouco intrusivo, capaz de
atingir a rangeabilidade da demanda do flare e independe da composicao do gas, pressao e
temperatura.

PALAVRAS-CHAVE: Correlagédo-cruzada, Rede de fibra de Bragg (FBG), Sistemas de alivio,
Vazao, Sensor a Fibra Optica.

11 INTRODUCTION

The oil and gas industry is responsible for a significant share of the greenhouse gas
emissions. In the exploration and production of natural gas and oil, the gas which is burned in
torches, known as flare or relief system, is a huge source of CO, emissions.

Atypical flare system is a combustion stack used to burn off excess gases that cannot
be processed. It is also used as a safety measure in emergency shutdown when gases in the
process plant have to be eliminated to avoid the risk of explosion.

In addition to contributing to global warming and climate change, the burning of natural
gas is considered a waste of valuable, nonrenewable energy resource.

In this context, the need to quantify the waste of gas volumes correctly and accurate
is evident. Due to the importance of this fact, frequent publications of regulatory directives are
issued, aiming at improving the measurements of gas flow in flare systems.

Nowadays, the gas flow measurement in flares is performed with very expensive
equipment and it is still considered challenging because the measurement is quite different
from other flow measurement applications.

The following challenges are still to be overcome when measuring flow in flares
(Shannon, 2017):

+  Unpredictable nature of gas flaring, since the petroleum gas is a varied mixture
of gaseous hydrocarbons whose main component is always methane CH,.

»  Velocity range and accuracy. During 98% of total operating time the range may
vary from a meager 0.03 m/s up to 5 m/s, which is the normal plant operation
(known as pilot or purge). Accuracy demands are around 10%;

+  Gas temperature may vary from -70°C to above 150°C;
+  Size of flare systems. The burner line diameter may vary from 8” to 40”;

+ Being the flare an important safety equipment, flowmeters should not impinge
any impedance in the flow so that conventional flowmeters based on turbine,
orifice plate, Coriolis and Vortex cannot be applied on flares.

Several technologies are available for flow velocity measurement. The most used
technologies are:
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+  Ultrasonic Flow Meter. It measures the difference in transit time of pulses that
travel from a downstream transducer to the upstream transducer and vice ver-
sa. It is highly accurate but presents a high cost per installation, ranging from
$50,000 - $100,000 (Sage Metering, 2020);

+  Pitot Tube. This is the oldest way to measure flow velocity, it is based in a diffe-
rential pressure to determine the flow velocity. It presents low flow sensitivity and
its response depends on the gas composition;

+  Thermal mass flow meter. Their working principle is based on the measurement
of the heat convection from a heated surface to the flowing fluid as the sensor
temperature is proportional to the mass flow rate. This the most commonly me-
thod to measure the mass flow of clean and unmixed gases or gases mixtures
when the gas composition is consistent and known. Since this technique is ba-
sed on the thermal properties of the fluid it is dependent upon fluid composition
(Steinberg, 2013);

+  Optical flow meters. They are divided into two classes, Laser Doppler veloci-
meters (LDV) and Doppler-Laser-Two-Focus Velocimetry (L2F). LDV is based
in the Doppler shift of a laser beam to measure the velocity where two beams
of laser cross the flow being measured generating fringes. L2F method, also
known as Laser Transit Anemometry, measures the time of flight (ToF) of parti-
cles crossing the two laser beams (Ruck, 1994). These two optical methods are
independent of pressure, temperature and gas composition but are based on
the presence of sub-micrometer size particles in the gas that shall be inserted
by the system (Parker, 2007).

In conclusion from the challenges and technologies listed above, all flowmeters
present good performance in some aspects but bad performance in others. Normally, the
choice goes to the most expensive one, the ultrasonic flowmeter.

Another important feature that is preferable in equipment applied to the oil and gas
industry is the capability of working without embarked electricity. This is because electrically
passive equipment does not depend on the expensive security technology for protection
against fire and explosions. In this sense, fiber optic sensors tend to be cheaper and less
complex to install and maintain.

The objective of this paper is to present a flow rate sensor based on Fiber Bragg
Grating (FBG), cross-correlation and heatwave travel time techniques. The system is
inexpensive and minimum intrusive, capable of attaining the rangeability of the flare demand
and independent of gas composition, pressure and temperature.

21 CROSS-CORRELATION TECHNIQUE

The cross-correlation (CC) is frequently applied when one needs to recognize a
short-duration signal inserted in a longer signal. CC presents many applications, such as in

pattern recognition, for instance in biometric recognition of retina or fingerprint, or tracking a
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person through a camcorder through face recognition (Wu, 2010). Other application of CC
is presented in the work of (Wenbiao, 2009), who studied cross-correlation for application in
velocimetry using electrostatic sensors. The result of the CC algorithm is a measurement of
similarity between two signals against the displacement of one of them along the time. CC is
used in signal processing and is defined as the correlation of a series against another series,
shifted by a particular number of samples.

The CC algorithm is easily understood when we exam the algorithm applied to produce

Suppose two time series (X, ¥,) having ‘M samples each by Equations (1) and (2).

[xk] = [x(]'xlleJ ""xM—l] (1)

il = Yo, Y1, Y25 ooes Yu-1l @)

Then, the cross-correlation function,cpw(r) , is defined as Equation (3).

M-1

¢yx(T) = Z XeYt+r (3)

t=0
Where 1 is the time delay.

31 FIBER BRAGG GRATING

Fiber Bragg grating is a modulation of the refractive index of the core of an optical
fibers, forming a grating. This grating reflects a narrow band of the light guided in the fiber,
centred at the Bragg wavelength, according to the Bragg law (Werneck, 2017) of Equation

(4).
Ap =21, A (4)

Where A, is the Bragg wavelength, Ny is the effective refractive index of the core and
A is the periodicity of the grating. Essentially, any external agent capable of changing A or
N will displace the reflected spectrum centered at A, either a longitudinal deformation or a
temperature variation. The sensitivity of the Bragg wavelength with temperature is given by
Equation (5).

My
- (appg + MAT
B (5)

Where AA, is the Bragg wavelength shift, AT is the temperature variation, o, is the

FBG
silica thermal expansion coefficient a,,, = 0.55 X 10% °C and n is thermo-optic coefficient
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for a Ge-doped silica optical fiber n = 8.6 X 10¢ °C. Thus, the sensitivity of the grating to
temperature at the wavelength range of 1550 nm is AA/AT= 14.18 pm / °C.

41 MATERIALS AND METHODOLOGIES

The general idea of the proposed system it to apply a current signal on a heat source
upstream inside the duct. The heat source is initially comprised by a small resistor, which will
be changed in the future by a laser source injecting light into an optical fiber with its tip coated
with an absorbing material to generate heat. In this work we tested only the resistor as a heat
source; the methods to produce the heat with laser are under study. As a result of the heat
pulse, a sub-degree temperature variation will flow inside the duct at the same speed as the
gas. When this temperature pulse reaches the sensors, they will respond accordingly with a
time delay. But due to the fact that the heat produced will be vanishing along the tube, the two
sensors will detect different signal intensities. In order to detect the time delay, a CC algorithm
is employed and the flow velocity is calculated by the ratio between the sensors distance and
the time delay.

This technique was mentioned by the first time by (Xu, 1996) that used thermistors to
measure flow velocity. They tested at flow speeds up to 30 mm/s, clearly far below from what
is needed for flare flow measurement.

It is good to notice that (Ashauer, 1993) demonstrated a ToF technique using
thermocouples, but the measured velocities were in the range of millimeters per second, not
obtaining a linear relationship for flow velocities above 16 mm/s.

Additionally, (Fernandes, 2010) applied the ToF and CC techniques to measure
newborn air breathing velocity using two lasers beams perpendicular to the respiratory flow
and two position sensor detectors (PSDs) as sensors. They demonstrated a good linearity in
the flow velocity measurement up to 1 m/s.

The schematic diagram of the proposed system in this paper is shown in
Figure 1, where dis the distance between the two temperature sensors, FBG, and FBG,,.

The CC detects the few-milliseconds delay between the two pulses and the flow
velocity can be calculated by the ratio between the sensors distance d and the time delay T.

The airflow is obtained by a turbine that controls the airflow velocity in a wind tunnel
(see Figure 1), by the motor speed and a Pitot tube is used for calibration.

The FBG interrogator is a Micron Optics model si155 with 5 kHz interrogation frequency
and +2 pm resolution.
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Figure 1 - Schematic diagram of the system inside the wind tunnel.

The Figure 2 shows a picture of the experimental setup, the wind tunnel and the

Sensors.

Figure 2 - Picture of the wind tunnel and the sensors location.

51 RESULTS AND DISCUSSION

The Figure 3 shows the signals collected from the FBGs for a flow rate

of 5 m/s. The blue line represents the output from the proximal FBG, while the orange line

represents the output from the distal FBG. The signal-to-noise ratio is low because the

temperature pulses collected by the FBGs are too close to the accuracy of the interrogation

equipment, +2 pm, recalling that 1°C in an FBG represents about 14 pm displacement of its

central wavelength.
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Figure 3 - The output signals produced by the two FBGs at a flow rate of 5 m/s. The signal-to-noise ratio

is too small to allow any temperature variation distinction. Blue line: FBG,;
Orange line: FBG,,.

As expected, no direct cross-correlation is possible with this low signal-to-noise ratio,
as the noise produced by the interrogation equipment modifies differently each signal, making
them absolutely uncorrelated. In order to clear the signals from the noise, a low-pass, first-
order Butterworth filter was applied using Matlab software. The command used is [b,a] =
butter (n,W ) which returns the transfer function coefficients of an n" order lowpass digital
Butterworth filter with normalized cutoff frequency W .

The command returns b and a which are row vectors of length n+1, representing the
coefficients of the filter’s transfer function. We decided by a second-order filter (n = 2) and the
cut-off frequency to be W, =850 mHz because the heat pulse frequency was 500 mHz. Since
n =2, vectors a and b will contain 3 numbers each, that are used on the transfer function of
the digital filter, at Equation (6).

B(z) _b(1)+b(2)z" +b(3)z~?

HE) = 0 = e+ ezt + a2 ©)

However, since filters change signal phase and since the signals shown in
Figure 3 are different from each other, even using the same filter one can change differently
the phase in each signal, disturbing the cross-correlation results. In order to circumvent this
effect, the MatLab function filtfilt was used. The syntax is y = filtfilt (b,a,x) that performs a zero-
phase digital filtering by processing the input data, x, which contains 125,000 points, in both
forward and reverse directions.

The result of this operation is a zero-phase distortion with a transfer function equals
to the squared magnitude of the original filter and an order that is double the order specified
by band a.

The Figure 4 shows the result of these two operations applied in real time to the signals
shown in Figure 3.
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Figure 4 - Temperature signals captured by the two FBGs as a result of the signal processing
techniques applied to the signals shown in Figure 3. The upper line (blue) represents the temperature
sensed by FBG1 and the bottom line (black) the temperature sensed by FBG2. Horizontal axis shows

time (h:m:s).

Notice that the delay between the signals is now visible and that, while the
proximal sensor measured a pulse of about 1°C, the distal sensor measured only
about 0.2°C. This temperature, according to the FBG sensitivity to temperature
shown above, represents a Bragg wavelength shift of only 5 pm, too close to
+2 pm, the FBG interrogator accuracy.

Before applying the CC procedure, it is necessary to perform another signal processing,
because the two signals shown in Figure 3, although with a noticeable phase delay, are
completely different from each other, both in shape and in amplitude. Any attempt to cross-
correlate these signals would result in a triangular-shape output with zero delay, meaning no
correlation at all. To circumvent this, we have to normalize both signals by the average and
the standard deviation using the Matlab command: T = (a-mean(a))/std(a) where a stands for
each series.

Finally, Figure 5 shows the result of the CC algorithm performed in Matlab on the
signals shown in Figure 4 after normalization. The maximum probability occurred at a delay
of 135 ms.

T T T
1+ b 013s 1
/

Cross-correlation

-40 -30 -20 -10 10 20 30 40

0
Time (s)

Figure 5 - The cross-correlation results. Y-axis plots the probability of similarity whereas
X-axis plots the time delay.
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From this calculated delay, corresponding to the lag time that the heat pulse takes to
travel 77 cm from the upstream sensor to the downstream sensor, it is possible to calculate an
airflow velocity of approximately 5.70 m/s.

This process was repeated twenty times each, for different velocities resulting in the
plot shown in Figure 6.
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Figura 6 - Plot of the measured velocity by the FBG system versus calibrated velocity measured by the
Pitot tube.

Notice that, while for flow velocities up to 6 m/s the standard deviations are smaller
than 5%, for higher velocities, the error bars increase substantially reaching up to 10% for
speeds higher than 9 m/s. The reason for this is attributed to two limitations: The first one is
the sampling rate provided by the commercial interrogator. It produces output values at regular
frequency, rather from being continuous, which causes phase errors in the CC calculations.
The second reason is its #2 pm Bragg wavelength uncertainty, leading to limitations in
detecting sub-degree-centigrade temperatures.

High-precision ToF measurement is the main request to flow rate measurement of
ultrasonic gas flowmeters and also for the system presented in this work. However, the
measurement accuracy of CC depends on high-speed of an analogical-to-digital converter
(ADC), which is not the case of commercial interrogators.

In order to improve the accuracy and resolution of ToF measurements,
(Sun, 2019) proposed the cross-correlation calculation performed after digital filtering and
interpolation. Such technique worked well in our case but only up to 10 m/s. For higher speeds
the conclusion is that, either the sampling rate needs to be implemented or an interrogation
system with continuous output signal be applied.

To circumvent these limitations, we propose the use of a bench-top interrogation
technique such as those employed in (Dante, 2019) consisting of wavelength-division
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multiplexing (DWDM) or Fabry-Perot edge filters, respectively, which provide a higher output
sensitivity to FBG center wavelength displacement, together with a continuous, real-time
output.

61 CONCLUSIONS

A new methodology to measure volumetric flow rate inside flare ducts based
in heatwave travel time, FBG and cross-correlation techniques was presented. Results
demonstrate that the system attend the main demands for a flare flowmeter showing
independence of gas composition, good linearity and accuracy and low cost as compared
to conventional flowmeters. On the top of that, the system can be built so as to not require
electricity for its operation, promising to be a good candidate for an all-fiber explosion-proof
system.

The system presented a linear behavior for flow velocities measurement up to a velocity
of 10 m/s. Flow velocities above that present an up to 10% precision, due to limitations of the
commercial interrogation system used.

It is suggested an edge filter interrogation technique to be applied in future tests to
interrogate the FBGs in order to improve signal-noise-ratio, allowing the measurement of
higher velocities.
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