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ABSTRACT 
 Carbon dioxide (CO2) is typically transported in 

liquid or supercritical states, which are highly corrosive, 
posing a risk of corrosion leakage in transport pipelines. 
The function of detection technologies lies in the ability 
to promptly identify pipeline leaks, thus reducing 
potential risks. 

This study includes an experimental investigation 
into the acoustical technology for pipeline leak detection 
based on Distributed Acoustic Sensing (DAS). The 
experiments were carried out within a 210-meter-long 
pipeline with an inner diameter of 44 millimeters, 
equipped with electromagnetic valves and circulation 
pumps. In this experiment, designed to validate the 
feasibility of the detection technique, pipeline leakage 
detection with supercritical carbon dioxide was 
performed. 

It was validated through detection experiments 
involving different phases and leak severities that the 
feasibility of pipeline leak detection technology based on 
DAS is established. The distinguishing properties of 
acoustic signals between leak and normal states were 
explored using the spectrum subtraction algorithm (SSA) 
and correlation analysis approaches to compare the DAS 
signals. The results indicate that significant signal 
intensity differences exist in specific frequency domains 
for pipeline leak signals. Signals remain reasonably 
constant during steady operation because flow rates are 
consistent. When a leak occurs, large changes in signals 
near the leak location are noted, allowing leak 
identification based on differences in signal response 
times. During continuous leakage, the energy of signals 
at specific frequencies around the leak site is significantly 
higher than in areas without leaks. 

This study may provide novel methodologies for low 
signal-to-noise ratio processing and bad point signal 
identification in the DAS signals, and establish a 

theoretical foundation for the engineering application of 
DAS in CO2 pipeline leak detection. 
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1. INTRODUCTION 
With the increasing pressure on environmental 

protection, and under the current conditions where it is 
impossible to completely abandon fossil fuels, Carbon 
Capture, Utilization, and Storage (CCUS) technology has 
become an indispensable component of carbon 
neutrality strategies[1]. It serves as a crucial technical 
means and a foundational safeguard for achieving the 
temperature control targets set forth in the Paris 
Agreement. There are often significant spatial distances 
between carbon capture systems and utilization or 
storage systems. Therefore, carbon dioxide 
transportation technology is a necessary means for the 
effective development of CCUS[2]. Pipeline 
transportation, as one of the five major transportation 
methods, has advantages such as low maintenance costs 
after initial investment, high transportation efficiency, 
high safety, minimal resource waste, and minimal 
environmental impact. Carbon dioxide transportation 
technology is also evolving from tanker and ship 
transportation to pipeline transportation[3]. 
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Currently, carbon dioxide transportation pipelines 
have been thoroughly validated through numerous 
engineering case studies. Several countries, including 
China, have established and implemented CCUS projects 
that primarily utilize pipeline transportation. However, 
carbon dioxide transportation pipelines face significant 
challenges related to aging, corrosion, leakage, and 
third-party interference. These issues pose substantial 
risks to the safety of the pipelines[4].  

Therefore, achieving real-time online monitoring of 
pipeline operational status to promptly detect and warn 
of potential leakage risks has become a major challenge 
in the field of pipeline monitoring. Presently, traditional 
methods for monitoring carbon dioxide pipelines 
primarily include acoustic detection, pressure wave 
methods, and neural network-based pipeline leak 
detection methods. The acoustic detection method 
primarily relies on the negative pressure wave generated 
by leakage. Sensors positioned above and below the leak 
detect the signals, which are then analyzed through 
correlation processing to determine the location of the 
leakage[5]. However, its detection range is limited, 
making it difficult to achieve full coverage for long 
transportation pipelines. The pressure wave method 
primarily utilizes a rapid electromagnetic valve to 
generate pressure waves[6]. The propagation of these 
pressure waves within the pipeline is then analyzed to 
detect blockages and leaks. However, there are currently 
no practical field applications for leak detection using 
this method. The neural network-based pipeline leak 
detection method utilizes parameters such as pressure 
and flow within the transportation pipeline. Machine 
learning algorithms based on neural networks analyze 
these parameters to provide early warnings for 
blockages or leakage[7]. However, this method requires 
extensive data training for different pipelines and lacks 
intuitive data support. 

In recent years, distributed fiber optic sensing 
technology has been applied to pipeline leak monitoring 
due to its extremely low light transmission loss and low 
cost. Among them, Distributed Acoustic Sensing (DAS) 
technology utilizes the impact of external acoustic signals 
on the optical signals within the fiber to detect external 
acoustic signals[8]. It has high sensitivity, enabling long-
distance, distributed measurements with excellent real-
time capabilities during the measurement process. 
However, distributed fiber optics in pipeline leak 
monitoring currently face issues such as high noise levels 
and poor signal readability, which affect detection 
effectiveness and lead to false alarms for leakage signals 
[9]. In summary, further research is needed in the field of 

pipeline leak detection to improve the identification of 
leak signals and the handling of noise signals in DAS. This 
study conducted a series of fiber optic leak detection 
experiments using a multi-phase carbon dioxide 
recirculation pipeline that was independently designed 
and constructed. The results show that the pipeline leak 
detection method based on DAS has a high capability for 
leakage identification. However, there are indeed issues 
with noise signals and faulty data that require post-
processing. Additionally, quantitative detection of leak 
sizes still requires further research. 

2. EXPERIMENTAL SYSTEM AND METHODOLOGY  

2.1 Experimental System 

To conduct experimental research on the carbon 
dioxide pipeline leak detection method based on the DAS 
system, this study has established a carbon dioxide 
pipeline experimental platform, as illustrated in Figure 1. 
The platform primarily consists of the main pipeline, 
temperature control system, pressure stabilization 
system, gas injection and recirculation system, and DAS 
data acquisition system. The main pipeline consists of a 
210-meter-long stainless steel pipe with a 44 mm inner 
diameter and a 3 mm wall thickness, along with 
electromagnetic valves to simulate leakage. The 
temperature control system is composed of alternating 
layers of heating elements and insulation. The pressure 
stabilization system consists of a pressure-regulating 
bladder and a safety valve. The gas injection and 
recirculation system is composed of a gas pressurization 
device and a supercritical carbon dioxide recirculation 
pump. The DAS system consists of a DAS fiber optic main 
unit and optical fibers arranged in a coiled and tiled 
configuration along the outer wall of the pipeline. 

2.2 Experimental Methodology 

Before conducting the leak detection experiments, it is 
necessary to first install and arrange the optical fibers. 
The optical fibers are installed alternately in coiled and 
tiled configurations along the outer wall of the pipeline, 

 
Fig. 1. The schematic diagram of the pipeline system of 

leakage detection experiment based on DAS  
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with the coiled configuration primarily used for signal 
collection. Subsequently, carbon dioxide is injected into 
the experimental pipeline using a pressurizer. After a 
certain amount has been injected, the circulation system 
and heating system are activated. Heating continues 
until the experimental temperature and pressure reach 
35°C and 8.5 MPa, respectively. At this point, heating is 
stopped, and the carbon dioxide reaches a supercritical 
state and begins to circulate. According to the 
experimental requirements, the necessary outlet 
diameter is set on the electromagnetic valve to simulate 
the leakage. The DAS data acquisition system is activated 
to collect background noise signals. Then, the 
electromagnetic valve is activated to simulate leakage. 
After the leak has stabilized, it continues for a certain 
period before being closed. Finally, the DAS data 
acquisition system is shut down, completing the 
experiment. 

3. EXPERIMENTAL RESULTS 

3.1 Signal Noise Reduction 

Provide sufficient detail to allow the work to be 
reproduced. Methods already published should be 
indicated by a reference: only relevant modifications 
should be described. To evaluate the feasibility and 
effectiveness of pipeline leak detection technology 
based on the DAS system, experiments were conducted 
using the carbon dioxide pipeline experimental setup 
shown in Figure 1. First, the required leak outlets are 
installed at the exit of the electromagnetic valve to 
simulate pipeline leaks. The leak outlet size is 1.0 mm, 
and the pressure is maintained at 8.5 MPa in a 
supercritical state. The leak outlet is positioned at the 

 
(a) The DAS signal data graph    (b) Acoustic wave frequency domain graph  

Fig. 2. The experimental data recording chart for a pipeline leak detection system  

 
(a) The signal graph before noise reduction    (b) The signal graph before noise reduction  

Fig. 3. Time-frequency graphs of experimental signals for leakage detection before and after noise reduction  
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central part of the pipeline to minimize the impact of the 
circulation pumps at both ends on the leak signal 
monitoring. The experimental results are shown in Figure 
2, where the horizontal axis represents time and the 
vertical axis represents the rate of acoustic signal change 
in the pipeline. In the DAS signal, the first wave around 
30 seconds represents the rate of acoustic signal change 
caused by the initiation of the leak when the 
electromagnetic valve is activated. The second wave 
around 50 seconds indicates the rate of acoustic signal 
change when the leak ceases as the electromagnetic 
valve is closed. The intermediate signals represent the 
rate of acoustic signal change during the leak process. As 
shown in Figure 2(a), the optical signal intensity of the 
fibers located far from the leak outlet is significantly 
lower than that of the fibers near the leak outlet. 
Therefore, we can locate the leak signals by analyzing the 
overall optical signal intensity of the fibers. The closer 
the optical fiber channel is to the leak location, the higher 
the signal intensity it collects. Figure 2(b) shows the 
frequency-domain signal measured by the acoustic 
sensors placed near the leak outlet. By comparing the 
signals in the leak and non-leak states, it can be observed 
that the acoustic signals generated by the leak in the 
experimental pipeline are primarily distributed in the 
600-1000 Hz range. 

We performed Short-Time Fourier Transform (STFT) 
on the optical fiber signals to analyze their time-
frequency information[10]. The results are shown in 
Figure 3(a). The results demonstrate that the time-
frequency signal is highly irregular and chaotic, making it 
difficult to identify distinct time-frequency features that 
characterize the leakage condition. Even within the 
primary frequency domain range of the leak signal (600-
1000 Hz), it is challenging to find meaningful information. 

Therefore, we attempted to introduce a spectral 
subtraction noise reduction algorithm (SSA)[11]. The 
background noise in the non-leak state was analyzed in 
the frequency domain. Subsequently, based on the 
obtained data, the overall data was subjected to 
frequency domain noise reduction to obtain the noise-
reduced effective signal. The processed signal was then 
subjected to STFT, and the experimental results are 
shown in Figure 3(b). As shown in the figure, the time-
frequency map of the signal after spectral subtraction 
noise reduction clearly exhibits distinct striped patterns 
between 30 and 50 seconds, which differ noticeably from 
other times. Therefore, we can use this time-frequency 
feature to identify and assess the optical fiber signals for 
pipeline leak detection, enabling accurate detection of 
leak conditions. 

3.2 Faulty Signals 

During subsequent experiments, we observed 
significant anomalous signals, as shown in Figure 4(a). 
We observed significant anomalous signals in the 0-4 
seconds range, where the signal intensity reaches 
extreme values for an extended period. If this signal were 
caused by normal pipeline noise, such intense signals 
would be expected to be detected by adjacent channels 
as well. However, the DAS signals from adjacent channels 
lack this corresponding signal, indicating that the signal 
is unrelated to the pipeline's inherent signals. The 
primary cause of this signal is the uneven distribution of 
scattering points and varying scattering intensities in the 
sensor fiber, due to limitations in the manufacturing 
process. This can lead to some channels exhibiting 
abnormally high signal intensities. Such signals are 
typically difficult to remove using filtering or spectral 
subtraction methods. We refer to them as faulty signals. 

 
(a) The experimental data graph of faulty signals        (b) The Correlation analysis graph  

Fig. 4. The data processing graph for faulty signal recognition.  
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Since faulty signals are usually caused by issues in the 
fiber manufacturing process, they tend to be random 
signals from the problematic channel and have minimal 
interference with adjacent channel signals. Therefore, to 
address the interference of faulty signals with normal 
signals, we use the Pearson correlation coefficient[12] to 
analyze the correlation between faulty signals and valid 
signals in the experiment. This allows us to distinguish 
between effective signals and faulty signals. The results 
are shown in Figure 4(b). We found that the signal 
correlation for faulty signals is less than 0.01, whereas 
the correlation for normal signals is above 0.4. Therefore, 
we can use the strength of correlation to filter out faulty 
signals in the optical fiber data. 

4. CONCLUSIONS 
In this study, we conducted supercritical carbon 

dioxide leak detection experiments in a custom-built 
pipeline with a diameter of 44 mm and a length of 220 
meters. The experimental results indicate that the DAS-
based leak detection technology has high feasibility. 
During the leak detection experiments, the signal 
remained relatively constant during stable operation. In 
the leak experiments, the DAS signal energy during 
leakage is significantly higher than the intensity in non-
leak areas. Thus, performing time-frequency analysis on 
the optical fiber signals reveals distinguishing features 
between leak and non-leak states. Additionally, the 
signal near the leak location changes significantly 
compared to signals farther from the leak. By analyzing 
the optical fiber signal intensity, we can identify the fiber 
channel closest to the leak location and thus determine 
the leak position. Because optical fiber signals are highly 
susceptible to noise interference and have a low signal-
to-noise ratio, it is difficult to precisely distinguish the 
boundaries between leak and non-leak intervals in the 
signal. Therefore, this study employs spectral subtraction 
noise reduction algorithms to effectively improve the 
signal-to-noise ratio of the optical fiber signals. The 
processed time-frequency map reveals distinctive 
features of the leak signals, characterized by high-
intensity, striped time-frequency patterns. Due to faulty 
signals caused by fiber manufacturing processes, spectral 
subtraction algorithms are ineffective at reducing these 
signals, which can significantly impact the identification 
of valid and effective signals. By analyzing the correlation 
with the optical fiber signals from adjacent channels, it 
can be observed that valid signals have a correlation 
coefficient above 0.4, while faulty signals have a 
correlation coefficient below 0.01. Faulty signals can be 
identified based on the signal correlation with adjacent 

channels. Therefore, before performing time-frequency 
analysis and identification on DAS-based pipeline leak 
detection signals, correlation analysis should be 
conducted to ensure that faulty signals do not interfere 
with valid signals. This helps prevent false leak 
detections. Further research and exploration are needed 
to develop methods for additional noise reduction and 
identification in data with faulty signals. Additionally, 
autonomous identification and alarm systems for leak 
signals remain a key development goal for this detection 
method. 
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