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Abstract

For oil and gas pipeline monitoring applications, this paper proposed a
dual-parameter fusion distributed fiber optic sensor system that enables dis-
tributed temperature and distributed vibration measurements in a single fi-
ber. Through the fiber-scattering spectrum time domain detection combined
with coded pulse sequence and Raman scattering spectrum is obtained, which
realizes high-resolution temperature measurement and wide-band vibrational
wave measurement. The experimental results show that, on 10 km optical fi-
ber measurement, temperature resolution up to 0.1°C and vibration response
frequency range 20 Hz - 5 kHz. This sensing system achieves temperature and
vibration dual-parameter measurements with fiber optics, greatly simplifying
the system and facilitating installation and it can be widely used in oil and gas
pipeline monitoring.
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1. Introduction

Oil and gas pipelines can easily lead to pipeline leakage due to geological disas-
ters, man-made damage and corrosion of pipelines themselves. At present,
commonly used pipeline monitoring methods include: ultrasonic method, nega-
tive pressure wave method, pressure gradient method, and the like. However,
these methods are not ideal in practical applications, can only be used for pipe-

line leakage alarm and cannot be used for early warning monitoring [1].

The distributed optical fiber sensor has the characteristics of long measuring
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distance and anti-electromagnetic interference. It is very suitable for oil and gas
pipeline leakage monitoring. The distributed optical fiber temperature sensors
(DTS) and distributed optical fiber vibration sensors (DVS) were also been veri-
fied by preliminary engineering application in oil and gas pipeline leakage mon-
itoring [2] [3] [4] [5]. If a leak in the oil and gas pipeline, the temperature will
change at the leak. The distributed fiber temperature sensor can detect the tem-
perature change to realize the leak alarm detection. Shown high stability and low
false alarm performance, but need long response time to leakage events [6]. The
distributed optical fiber vibration sensors were used to monitor the oil and gas
pipelines, which has the advantages of fast response speed, third-party intrusion
early warning monitoring, etc., but is easily interfered by the external environ-
ment, prone to false alarm [7].

This paper proposes a dual-parameter fusion distributed optical fiber sensing
system that combines fiber-scattered spectral time domain detection with pulsed
coded sequence detection to achieve high signal-to-noise ratio acquisition of
Rayleigh scattering and Raman scattering simultaneously. High-precision dis-
tributed temperature measurement and high-sensitivity distributed vibration
disturbance measurement was realized. The fusion of the two parameters of
temperature and vibration can overcome the shortcomings of the two parame-

ters and improve the reliability of oil and gas pipeline safety monitoring.

2. Technical Principle

2.1. The Principle of Coding Time Domain Detection Distributed
Optical Fiber Sensor

In order to realize wide-band detection, the distributed optical fiber vibration
sensor cannot perform the averaging processing of the backscattered light. It is
necessary to increase the signal-to-noise ratio of the scattered signal by increas-
ing the peak power of the detected pulse light; however, the narrow linewidth
light source used in the system is easier. Producing a non-linear effect that is
unfavorable to the test requires controlling the peak power of the optical pulse to
a low level. In order to solve this contradiction, pulse coding technology can in-
crease the total energy of the injected fiber and increase the intensity of the scat-
tered light signal by increasing the number of emitted light pulses without in-
creasing the peak power of the optical pulse.

Up to now, the coding methods used in engineering practice mainly include
Simplex code, Golay code and Complementary Correlated Prometheus Ortho-
normal Sequence (CCPONS), as shown in Figure 1, comparison of coding gains
of three different coding modes. In this paper, we choose CCPONS, because
CCPONS can improve the SNR most.

The block diagram of the dual-parameter fusion fiber optic sensing system is
shown in Figure 2. The entire sensing system consists of two parts: DVS and DTS.
Among them, NLL (narrow linewidth laser), AOM (acoustic light modulator),
EDFAL1 (doped fiber amplifier), circulator 1 and detector 1 belong to DVS part;
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Figure 1. Comparison of coding gains of three different coding modes.

10 km sensing fiber

(©

Circulatorl
1 2
NLL —| AOM [ EDFA1 ®
' i
code controller PD1
DSP ADC photoswitch
displayer PD2
filter
A
Y l 2
ID | EOM — EDFA2 \?/

Circulator 2

Figure 2. Block diagram of a dual-parameter fusion fiber optic sensing system.

LD (laser), EOM (electro-optic modulator) EDFA2 (doped fiber amplifier), cir-

culator 2, fiber filter and detector 2 belong to the DTS part.

Here, the power of narrow linewidth laser is 10 mW, the line width is 1 kHz;
the detector bandwidth is 50 MHz; the data acquisition card sampling rate is 100
MS/s, the sampling precision is 16 bit; the optical pulse generated by the pho-
toelectric modulator has a minimum pulse width of 10 ns.

When sensing system is working, the DVS and the DTS are time-division
multiplexed by the photoswitch, the sensing fiber was alternately connected to

the DVS or DTS, complete distributed measurement of vibration and temper-

ature.
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2.2. CCPONS Pulse Code Distributed Optical Fiber
Temperature Sensor

The distributed temperature measurement can be realized by the extraction and
detection of Raman scattering light signal. The system composition is shown in
the part of ROTOR (lower part) in Figure 2. The anti Stokes light is separated by
optical filtering for photoelectric detection. Assuming that the peak power of the
optical pulse in the injected fiber is 7, and the spontaneous Raman scattering
occurs at the distance z the optical power of the backward Raman scattering

signal obtained at the injection end of the optical pulse is:

P [Z,T(2)] = Byl j5p 5107« 210 (M

where, P, [Z,T(Z)] is the light power of anti Stokes signal, Zis the coordinate
of scattering point, T(Z ) is the temperature value at coordinate Z v, is the
group velocity of pulse propagation, 7 is the light pulse width, a(4,),
a(A,) is the attenuation coefficient of incident light, Stokes light and anti
Stokes light in optical fiber respectively, A,, A, is the backscattering coeffi-
cient of Stokes light and anti Stokes light respectively, p,; is the population
number of the lower and higher energy level of optical fiber molecule, which is
related to temperature, can be expressed as:
exp[-hAv/ KT (Z)]

= (2)
1-exp[—hAv/ KT(Z)]

AS

where, Av is the molecular vibration frequency in the optical fiber, A is Planck
constant, K is Boltzman constant. The traditional distributed light temperature
sensor uses the two-way demodulation of Stokes light and anti Stokes light.
Combined with the digital processing method, formula (1) can realize the single
optical path demodulation. Single optical path demodulation can significantly
eliminate the nonlinear effect and ensure long-distance and high-resolution tem-
perature measurement.

When the high-pressure gas in the natural gas pipeline leaks, the temperature
of the objects around the leakage hole will drop rapidly. By monitoring the ab-
normal temperature changes along the natural gas pipeline using the communi-
cation optical cable, the leakage event on the gas transmission pipeline can be

detected and the location of the leakage event can be accurately located.

2.3. CCPONS Pulse Coded Distributed Fiber Optic Vibration Sensor

The structure of the pulse coded distributed fiber-optic vibration sensor is
shown as DVS part in Figure 2 (upper part). When natural gas leaks, the natural
gas will friction with the leakage wall, which induce stress waves on the pipe wall
to make pipe vibrate. The vibration generated by the pipe will act on the fiber
through the surrounding medium, changing the length and refractive index of
the fiber. The phase of the light propagating in the fiber is modulated, and its
expression is

o, = AL+ LAB 3)
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where ¢, is the phase change amplitude of the light wave, f is the propaga-
tion constant of the light wave in the fiber; L is the length of the fiber affected by
the pipe leakage noise. The leakage signal acted on the sensing fiber modulate the
phase of the light propagating in the fiber, the phase change by the leakage signal is

6, =@, sinwt (4)

where ¢, is defined as the magnitude of the phase change after modulation,
and o, is the frequency of the leakage signal. The optical phase change caused

by the leakage signal is:

AG(1)=6,(t)-0,(t) =20, cos v, [t—TIJFTTZ)sina)S [Tz ;le (5)

T, T ns . . . . . .
-2 L where cis the speed of light in the air, n is the refractive
¢

index of the fiber, and sis the distance between the leak point and the midpoint

Let 7, =

. Ln .
of the interferometer. Let 7, =17, +7, =—,where 7, denotes the total time
c

that the light passes through the fiber, and L is the length of the fiber. Rewrite
formula (6) as follows

AO(t)=6,(1)-6,(1) =2, cosw, (t —%Tjsin T, (6)

By demodulating A@(r) through signal demodulation technology, the soil
vibration signal caused by gas leakage can be detected. The spectral information
of the vibration signal can be obtained by FFT operation on the vibration signal.
When the distributed optical fiber vibration sensor detects an abnormal vibra-
tion signal, compared with the temperature change at the same position, if the
temperature module detects an abnormal temperature change, it can be con-

firmed that a leak occurs at the position.

3. Experimental Results and Discussion

A simulated leak test was carried out with a communication cable laid in the
same trench on a natural gas pipeline. The length of the communication optical
cable was 8086 m, and the test was performed at 7800 m. A high-pressure pipe
was connected from the high-pressure gas cylinder, and the high-pressure pipe
outlet was fixed vertically at a distance of 20 cm from the communication optical
cable. The air outlet hole and the communication optical cable were at the same
horizontal plane and buried at a depth of 1.5 m underground. A chemically sta-
ble and non-toxic nitrogen gas was used to simulate natural gas leakage with a
nitrogen pressure of 2 MPa. When the nitrogen gas began to leak, the DVS
module could immediately detect the vibration signal generated by the gas lea-
kage, DTS module could detect the abnormal decrease of the temperature in the
vibration position. The temperature changes detected by the temperature sens-
ing module and the vibration signals detected by the vibration sensing module

are shown in Figure 3 respectively.
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Figure 3. Test results of simulated leakage measured by Dual-parameter distributed fiber
optic sensor system. (a) Temperature signal on the whole optical cable; (b) Vibration
spectrum signal on the whole optical cable; (c) Temperature change of leakage position;
(d) Vibration spectrum signal of leakage position.

The experiment results showed that the DTS detected an abnormal decrease of
the temperature at 7798.5 m, and the temperature dropped by 6.03°C at most.
The DVS module detected an abnormal vibration signal at 7796 m, and the vi-
bration signal frequency is concentrated in the range of 4 kHz to 4.5 kHz. It is
clear that the DTS module and the DVS module are both detect the abnormal
signal generated by leakage. The leakage positions detected by the two sensing

modules are consistent, and the positioning error is less than 4 m.

4. Conclusion

In this paper we proposed a dual-parameter distributed optical fiber sensing
system that combines fiber-optic scattering spectrum time-domain detection
with pulsed coded sequence detection to achieve high signal-to-noise ratio
(SNR) acquisition of Rayleigh scattered light and Raman scattered light with one
single fiber. The experimental results show that the measurement distance is 10
km, the temperature resolution is 0.1°C, and the vibration response frequency
range is 20 Hz - 5 kHz. The system combines two parameters measurement
functions onto the same fiber, simplifying the test system, facilitating the appli-
cation and installation, and reducing monitoring costs. In summary, the sensor
system proposed in this paper has obvious technical advantages compared with
other traditional leak monitoring systems, and it has great application potential

in the field of oil and gas pipeline leakage monitoring.
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