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Natural gas pipeline leaks can lead to serious and dangerous accidents that can cause great losses of life and property. *erefore,
detecting natural gas pipeline leaks has always been an important subject. *e negative pressure wave (NPW) method is currently
the most widely used leakage detection method. Generally, this method uses pressure sensors to detect NPW signals to assess the
leak and determine the location of the leakage point. However, the installation of a pressure sensor requires penetrating the
pipeline structure, so the sensor intervals are often distant, leading to large signal attenuations and the ineffective detection of
small leaks. An NPWmethod based on fiber Bragg grating (FBG) strain sensors is proposed in this paper which detects NPWs by
monitoring the annular strain of the pipeline. Moreover, due to the advantages of nondestructive installation FBG strain sensors
can be arranged closer along the distance of the pipeline, the attenuation of the NPW is small and the detection of leaks is
improved. *is method is tested through experiments and compared with a pressure sensor-based method; the experimental
results verify that the proposed method is more effective in detecting natural gas pipeline leaks.

1. Introduction

Natural gas pipelines are the preferred method of natural gas
transmission. However, as gas is a hazardous material, a
leaking or broken gas pipeline can cause great harm to the
surrounding environment and personnel. When a gas
pipeline leaks, especially a high-pressure gas pipeline
compressed gas will expand rapidly and release a large
amount of energy causing explosions and fires that can lead
to considerable economic losses and casualties.

*e service life of pipelines is similar to the lifespan of
human beings which can be roughly divided into three
stages: infancy (1 ∼ 5 years old) adulthood (6 ∼ 20 years
old), and old age (over 20 years old). Correspondingly, the
service process of pipelines can also be divided into these
three stages. When the pipeline is in its infancy, the
probability of accidents, especially leakage, is very low.
When the pipeline is in middle age, the accident rates are
relatively stable and can be kept at a low level. When the
pipeline is old, the accident rates are higher and tend to
increase over time.

*ere are many methods in use for gas pipeline leak
detection but the principles and technical means of each
method are different [1–7]. *e pressure sensor-based
negative pressure wave (NPW) method is widely used in this
field because it can avoid the establishment of a complex
mathematical model for the pipelines and is easy to operate
[8]. *is method is effective for the detection of sudden leaks
but not for small leaks that occur slowly. *is method is
easily disturbed by external factors and it exhibits a high
failure rate.

Detection technology based on distributed fiber sensors
is widely used at present to detect pipeline leaks [9–20]. In
this method, a fiber is arranged along the pipeline to de-
termine whether the pipeline is leaking and to locate the
leaking position by detecting the vibration or temperature
change caused by the leak. However, due to the complex
external environment of buried pipelines, they may cross
urban areas, rivers, and so on. Many external factors may
also lead to vibration or temperature changes such as
rolling vehicles, random optical fiber vibrations, and cli-
mate change. *erefore, this method is prone to
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interference has a high false alarm rate and can only de-
termine an abnormal condition in a pipeline. At present,
there are few applications of quasi-distributed optical fiber
Bragg grating (FBG) used in the detection of natural gas
pipeline leaks [21–25]. Lopez et al. developed an FBG
sensor based on an expandable polymer that can expand
when it encounters oil and thus produces strain [26].
However, because the main component of natural gas is
methane which has stable chemical properties that hinder
the expansion of a polymer, this sensor is not suitable for
the detection of natural gas pipeline leaks.

In this paper, an idea is proposed. An NPW generated by
a natural gas pipeline leak will cause a pressure variation in
the pipeline; this pressure variation will create an annular
strain in the pipeline and the pipeline leak can be detected by
monitoring the annular strain of the pipeline through an
FBG strain sensor. Based on the abovementioned principles,
an FBG strain sensor-based NPW method for natural gas
pipeline leak detection is proposed and this method is tested
and compared with an experiment.

2. Pressure Sensor-Based NPW Method

Based on the theory of fluid mechanics, it can be seen that
the pressure in a natural gas pipeline tends to be stable
overall although there are some small fluctuations before
the leak. When a pipeline leak occurs due to the pressure
difference between the inside and outside of the pipeline,
the fluid at the leak point will escape rapidly and the fluid
density at the leak point will decrease, resulting in an in-
stantaneous pressure drop. *is instantaneous pressure
drop propagates as a wave up and down the leak point. If
the pressure inside the pipe under normal conditions is
taken as the reference standard, the pressure wave gener-
ated by the leak is an NPW. With the generation and
propagation of the disturbance, the NPW will reduce the
pressure along the pipeline.

2.1. Principle of Pressure Sensor-Based NPW Method. To
incorporate the pressure sensor-based NPW method,
pressure sensors are installed upstream and downstream to
collect NPW signals to detect leaks. According to the time
difference for the detected signals and the propagation ve-
locity in the medium, the exact position of the leak point can
be calculated. *e principle of the pressure sensor-based
NPW method is illustrated in Figure 1.

In Figure 1, the distance between two pressor sensors is
L, the propagation velocity of the NPW in the pipeline is v,
the distance between the leak point and the upstream sensor
is X, the times when the wave is detected by the two sensors
are t1 and t2, and the velocity of natural gas in the pipeline is
u.

As the pipeline diameter and gas transportation velocity
increase, the velocity of the natural gas cannot be ignored
compared with that of the NPW.With the velocity of natural
gas taken into consideration in our study, the relations
between the length and time variables can be developed as
follows:

t1 �
X

v − u
,

t2 �
L − X

v + u
,

Δt � t1 − t1.

(1)

*e distance between the leak point and the upstream
sensor can be obtained from the above three equations:

X �
1
2v

L(v − u) + Δt v
2

− u
2

  . (2)

Equation (2) is the leak location formula.

2.2. +e law of NPW Propagation and Attenuation. Wave
propagation is a form of energy transmission and the NPW
is no exception. Energy loss is inevitable in this process and
the mathematical model of NPW attenuation [27] is

ΔPx


 � ΔP0


e

− ηx
, (3)

where |ΔP0| is the value of the NPW at the leak point, |ΔPx|

is the value of the NPW at the point that is a distance of x
from the leak point, and η is the attenuation coefficient. η is
mainly determined by the internal diameter of the gas
pipeline hydraulic friction factor gas compression factor
NPW velocity and other factors. It is easy to see from
equation (3) that the value of the NPW is inversely pro-
portional to x.

As shown in Figure 1, when leakage occurs at the leak
point according to the attenuation law of the NPW, the
following can be obtained:

ΔP1


 � ΔP0


e
− ηX

, (4)

ΔP2


 � ΔP0


e
− η(L− X)

. (5)

*e pressure values measured by SP1 and SP2 before and
after the occurrence of the leak are recorded. *e difference
between the two values is the pressure value of the NPW at
these two points, namely, |ΔP1| and |ΔP2|. Moreover, X and
L are known.*erefore, the pressure value of the NPW at the
leak point |ΔP0| can be obtained by combining equations (4)
and (5).

According to equations (4) and (5), it can be seen that the
further away from the leak point, the greater the attenuation
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Figure 1: Schematic of pressure sensor-based NPW method.

2 Mathematical Problems in Engineering



of the NPW is and thus the smaller the pressure value of the
NPW is. In contrast, the closer it is to the leak point, the
smaller the attenuation of the NPW will be and thus the
greater the pressure value of the NPW will be. *e pressure
value of the NPW is inversely proportional to the distance
from the leak point.

2.3. Minimum Detectable Pressure Value of the Pressure
Sensor. Pressure sensors are typically installed at the be-
ginning and end of a section of pipe, as shown in Figure 1.
*e necessary condition for successful leak detection is that
the pressure value of the NPW at these two sensors should
be greater than the minimum detectable pressure value of
these two sensors.*at is, it satisfies the following inequality:

ΔP1


> ΔP1


min � λ1
������

h
2
1 + σ21



,

ΔP2


> ΔP2


min � λ2
������

h
2
2 + σ22



,

(6)

where |ΔP1|min and |ΔP2|min are the minimum detectable
pressure values of SP1 and SP2, λ1 and λ2 are the sensitivity
coefficients of SP1 and SP2, respectively, and σ1 and σ2 are
the standard deviation of noise at these two points h1 and h2
which are the measurement errors of SP1 and SP2. h1 and h2
can be calculated by the following equations:

h1 � H1,max − H1,min δ1,

h2 � H2,max − H2,min δ2,
(7)

where Hi,max and Hi,min represent the upper and lower
limits of the sensor range, respectively, and δ1 and δ2
represent the precision of SP1 and SP2. For certain sensors,
h1 and h2 are constant. σ1 and σ2 can be calculated from
actual data.

It can be seen from the abovementioned analysis that the
minimum detectable pressure values of the sensors are
determined by the precision of the sensors, the upper and
lower limits of the sensor, and other parameters. Once the
sensors are determined, the minimum detectable pressure
values are determined.

2.4. Disadvantages of Pressure Sensor-Based NPW Method.
According to the abovementioned study and the principle of
fluid mechanics, the key to leak detection is whether the
pressure values of the NPW at the sensors are greater than
the minimum detectable pressure values of the sensors. *e
pressure values of the NPW at the sensors depend on the
pipeline operating pressure, the leakage rate, and the dis-
tance between the leak point and the sensors. *ese pressure
values are inversely proportional to the distance between the
leak point and the sensors and are directly proportional to
the operating pressure and the leakage rate. Among them,
the operating pressure and leakage rate are uncontrollable
which makes the distance between the leak point and the
sensors a key factor affecting the pressure value of the NPW.

Pressure sensors are used to detect the NPW in this
method. Since the installation of pressure sensors requires
altering, the pipeline structure pressure sensors are usually

installed at the head and end of a pipeline or at compressor
stations before the pipeline is placed into operation. Once
the pipe is running, it is difficult to install pressure sensors.
As a result, pressure sensors are typically placed far apart.
When a leak occurs, the distance between the leak point and
the pressure sensors is generally far. According to the
analysis in Section 2.2, the pressure values of an NPW
exhibit large attenuations at this time. If the pipeline op-
erating pressure or leakage rate is low at this time, the
pressure values of the NPW at the sensors are easily less than
the minimum detectable pressure values of the pressure
sensors and the NPW will be difficult to detect. *is is the
reason why the pressure sensor-based NPW method is
basically ineffective for small leaks and has a high failure rate.

3. FBG Strain Sensor-Based NPW Method

*rough the abovementioned study, it can be seen that to
overcome the shortcomings of the pressure sensor-based
NPW method, the pressure value of the NPW at the sensors
must be increased. *e most direct way to achieve this is to
reduce the distance between the leak point and the sensors to
reduce the attenuation of the NPW and achieve the purpose
of increasing the pressure value of the NPW at the sensors.
In this paper, a method based on an FBG strain sensor is
proposed to detect the NPW.

3.1. Using an FBG Strain Sensor to Detect NPW in the
Pipeline. An FBG sensor is a kind of fiber optic sensor in
which ordinary light will pass through a grating without
being affected by it. Only certain wavelengths of light will be
reflected at the grating. *e spacing of the grating will
change due to changes in external stress or temperature
which will also change the wavelength of the light reflected
by the grating. *erefore, the strain and temperature
changes in the external environment where the grating is
located can be detected by monitoring the wavelength
change in the reflected light.

Figure 2 shows a schematic diagram of a clamping FBG
strain sensor. It can be seen in the figure that this sensor
mainly consists of three parts: an FBG, a clamping part, and
a fixed end.*e FBG is glued and fixed on the clamping part.
Assume the distance between the two fixed ends is I and the
distance between the two clamping parts is If. *e external
strain is ε and the central wavelength of the sensor changes to
ΔλFBG.

According to the material mechanics and optical fiber
sensing principle, the relationship between the central
wavelength change of the sensors and the external strain can
be written as follows:

ε �
IfΔλFBG
1.2I

. (8)

Equation (8) shows that the external strain is directly
proportional to the central wavelength change of the sensor,
so the external strain can be detected by measuring the
central wavelength change of the sensor.
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*e FBG strain sensors developed in this study are
wrapped around the wall of the pipeline, as shown in Fig-
ure 3. A change in pressure within the pipeline leads to its
expansion or contraction with the annular (circumferential)
strain of the pipeline changing accordingly. *e FBG strain
sensors detect pressure changes within the pipe by sensing
the annular strain. *e annular strain within a pipeline
system can be expressed as

ε �
σy − υσz

E
, (9)

where εy is the pipeline annular strain, υ is the pipeline
Poisson’s ratio, σy is the pipeline annular stress, σz is the
pipeline axial stress, and E is the pipeline elasticity modulus.

Using equation (9), a relationship can be derived to
relate the annular strain with the pipeline pressure and pipe
wall thickness. First, it is assumed that the pipeline is infi-
nitely long, so the axial stress can be neglected, that is, σz � 0.
Meanwhile, as σy �PDw/2h, the values for σy and σz can be
substituted into equation (9) which gives

ε �
PDw

2hE
, (10)

where P is the pressure in the pipeline, Dw is the external
diameter of the pipeline, and h is the pipeline wall thickness.

As seen from equation (10), the annular strain of the
pipeline is also directly proportional to the pressure in the
pipeline, so the pressure change in the pipe can bemonitored
by monitoring the annular strain of the pipeline. At this
time, the distance between the two fixed fulcrums becomes
the perimeter of the pipeline, that is, I � πDw. *erefore,
equation (8) can be expressed as

ε �
IfΔλFBG
1.2I

�
IfΔλFBG
1.2πDw

. (11)

Equation (11) is combined with equation (10) to obtain
the relationship between the central wavelength change of
the sensors and the pressure inside the pipeline as follows:

ΔλFBG �
0.6πD

2
w

hEIf
P. (12)

Equation (12) shows that the central wavelength change
of the sensor is directly proportional to the pressure in the
pipeline. *erefore, the pressure in the pipeline can be
detected by monitoring the central wavelength of the sensor.
*is is the operating principle of the FBG strain sensor for
detecting pressure changes in the pipeline.

Temperature variations can also affect the annular strain;
thus, for actual projects, FBG temperature sensors are
needed to compensate for the effect of diurnal or seasonal
temperature variations on the annular strain.

3.2. FBG Strain Sensor-Based NPW Method. According to
the operating principle of the FBG strain sensor, detecting
the NPW in pipelines above a leak detection method based
on the FBG strain sensor is proposed, as shown in Figure 4.
In this method, the FBG strain sensors are set at intervals
along the pipeline, so that when a leak occurs in some parts
of the pipeline, the leak point is very close to the sensors on
both sides. *erefore, the attenuation of the NPW is very
small and the pressure value of the NPW at the sensors is
relatively large which overcomes the high failure rate of the
NPWmethod based on a pressure sensor. At the same time,
since the location of each sensor in this method is known,
the calculation method of the leak point location is the same
as that of the pressure sensor-based method.

*e important reason why FBG strain sensors can be
set at shorter intervals is that the installation of these
sensors is simple requiring only the partial removal of the
anticorrosion layer and adhering the sensor to the outer
wall of the pipeline without destroying the pipeline
structure. In addition, it is easy to add FBG strain sensors
to an existing pipeline, thus realizing nondestructive in-
stallation. *e cost is also lower. In addition, FBG strain
sensors have the advantages of being insensitive to in-
terference signals and exhibiting small attenuations along
their traversed length.

3.3. Experiment

3.3.1. Experimental Platform. *e experimental platform for
testing the FBG strain sensor-based NPW method is out-
lined in this paper. *e schematic and photo for this plat-
form are shown in Figure 5. Two air tanks and a section of
pipeline were used to simulate a realistic gas transfer. *e
pipeline in this experiment was made of steel with a diameter
of 273mm as frequently used in practice.*e pipeline length
was 11m due to lab space limitations. A leak point was
simulated by manually opening a valve at different locations,
a rotameter was located at the leak point to measure the leak
rate, and two FBG strain sensors (SF1 and SF2) and two
pressure sensors (SP1 and SP2) were installed.

For safety considerations, the maximum design pressure
of this platform was 1.0MPa and air was used in this ex-
periment instead of natural gas. In this leak detection ex-
periment, we were concerned with physical changes to the
pipeline and the chemical properties of natural gas were not
involved, so this replacement was appropriate. In addition,
due to the short leak time and the constant room temper-
ature, there was no need to consider the effects of tem-
perature variations on the FBG strain sensor or leak
detection; thus, there were no temperature sensors installed
on this platform.

FBG

Clamping part

Fixed end

IfFiber

I

Figure 2: Sketch map of clamping FBG strain sensor.
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3.3.2. Calibration of the FBG Strain Sensors. *e FBG strain
sensors (SF1 SF2) were calibrated to help determine the
relationship between pipeline pressure and wavelength
change. *e pipeline was pressurized by a compressor from
0 kPa to 800 kPa in approximately 50 kPa increments per
step. At each pressure level, the wavelength changes at the
fiber receptor were measured. Two calibration test results are
plotted in Figure 6, showing the relationship between
wavelength change and pressure. It is obvious that the
linearity of the pressure-to-wavelength change is excellent
and the coefficient of linear association is more than 0.999
which agrees well with the theoretical analysis mentioned
above. In accordance with the equation represented in
Figure 6, the sensitivity coefficients of these two sensors can
also be obtained which are 0.088 pm/kPa and 0.091 pm/kPa,
respectively.

3.4. Experimental Test and Comparison. *e FBG sensors
(SF1 and SF2) were tested by the experimental platform and
the results were compared with those of the pressure sensors
(SP1 and SP2). Briefly, the experimental process followed
these four steps: (1) air is compressed into air tank AT1 by air
compressor AC. AT1 plays the role of stabilizing the pressure
in the pipeline. (2) When the pressure is stable, solenoid
valve SV1 is opened to allow the flow of air into the pipeline
from AT1 to AT2. (3) Ball valve BV4 at the leak point is
opened to simulate a leak in the pipeline. In the meantime,

all the sensors gather data. (4) After a period of time, ball
valve BV4 is closed and the experiment ends.

Figure 7 shows the pressure signal collected by FBG
strain sensors SF1 and SF2. As seen in the figure, the pressure
in the pipeline is stable before the leak occurs. When ball
valve BV4 is opened and the pipeline leaks, the measured
pressure signal in the pipeline drops suddenly. *is is be-
cause the NPW generated by the leak propagates to both
sides of the leak point, resulting in pressure drops at the
positions of SF1 and SF2 which further causes changes in the
annular strain of the outer wall of the pipeline. Strain
changes are detected by SF1 and SF2 and thus pressure
changes within the pipe are detected. *is is consistent with
the NPW theory. Figure 7 also shows that after a sudden
drop in the pressure waveform, a small rise in the pressure
tends to level off. *is is because the leak only lasted for a
short period of time in the experiment. When ball valve BV4
is closed to stop the leak, the water hammer phenomenon
will be formed in the pipeline, causing a rise in the pressure
in the pipeline and forming a small shock which will
gradually stabilize. However, because of the loss of gas, the
restored steady pressure was lower than the initial pressure.
*is result fully shows that it is feasible to use FBG strain
sensors to collect pressure signals in the pipeline and detect
gas pipeline leaks.

Figure 8 shows the pressure signal collected by pressure
sensors SP1 and SP2.*e pressure change trend is consistent
with that collected by pressure sensors SF1 and SF2.

SF1 . . .

FBG strain sensor

SF2 SF3 SFn.. .

Figure 4: Schematic of FBG strain sensor-based NPW method.
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Figure 3: (a) Schematic of the FBG strain sensor. (b) Photo of a sensor mounted on a pipeline.
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Figures 7 and 8 can be used to compare the NPW de-
tection effect of the FBG strain sensor and the pressure sensor.
First, as can be clearly seen in the two figures, the noise of the
signal captured by pressure sensors is significantly higher than
the signal captured by the FBG strain sensors. Second, the
noise of the signal captured by the pressure sensor SP2 is
significantly higher than SP1. *is is because the distance
between the leak point and SP1 is shorter than the distance
between the leak point and SP2. However, additional noise is
not significantly present in FBG strain sensor SF2 compared
with SF1 even though SF2 is farther from the leak than SF1.
*erefore, the noise of the pressure sensors increases with
greater distance from the leak point but the FBG strain
sensors are less affected by this factor.

*ese results indicate that (1) FBG strain sensors filter
out interference much more than pressure sensors and (2)
the attenuation of FBG strain sensors is much smaller than
that of pressure sensors. In addition to the above two ad-
vantages, FBG strain sensors also have the advantages of
simple and nondestructive installation. *erefore, the sen-
sors can be arranged at shorter intervals along the pipeline.
*is addresses the problems of large signal noise and the
ineffective detection of small leaks inherent in the pressure
sensor-based NPW method.
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Leak point

AC

P P
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SP1 AT2
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(a)

AT2
Leak point

SF1

SP1

(b)

Figure 5: (a) System diagram of the experiment platform, AC, air compressor; AT1 AT2, air tank; SP1 SP2, pressure sensor; SF1 SF2, FBG
strain sensor; BFV, butterfly valve; BV1∼BV5, ball valve; SV1 SV2, solenoid valve; FM, flowmeter; PRV1 PRV2, pressure-regulating valve.
(b) Photo of experiment platform.
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*ese results demonstrate that the FBG strain sensor-
based NPWmethod is more suitable for natural gas pipeline
leak detection.

4. Conclusion

In this paper, the propagation and attenuation of NPWs
in natural gas pipelines are introduced, the principle of
detecting and locating leaks by the pressure sensor-based
NPW method is studied, and the disadvantages of this
method are noted. *en, in view of the shortcomings of
the pressure sensor-based NPW method, a method of
detecting the NPW in a pipeline by using an FBG strain
sensor to monitor the annular strain of the pipeline is
proposed and a method based on the FBG strain sensor to
detect and locate pipeline leaks is proposed. Finally,
through experimental tests and comparisons, it is con-
cluded that using an FBG strain sensor to detect an NPW
has the advantages of nondestructive installation of high

sensitivity and low interference. *erefore, the FBG
strain sensor-based NPW method is easier to install and
sensitive to small leaks and low noise, so it is more
suitable for leak detection in natural gas pipelines.

As mentioned in Section 3.3.1, the laboratory tem-
perature is relatively constant, thus the effect of tempera-
ture variations on the FBG strain sensor and leak detection
is not considered in this paper. However, in practical en-
gineering, the natural gas pipelines often span a wide range
and have large temperature variation. *e influence of
temperature variation on leak detection should be further
studied.

Data Availability

*e data used to support the findings are available upon
request.
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