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Abstract: Natural gas hydrate is easy to decompose and leak due to the changes in temperature and
pressure during drilling, which causes safety accidents. Early monitoring of wellhead overflow is a
practical and effective measure to prevent overflow blowouts and other accidents. Herein, a wellhead
methane monitoring system for the open-circuit drilling of marine natural gas was designed. The
system consisted of an overwater acoustic reception part and an underwater self-contained methane
monitoring part, matching the construction environment of marine natural gas hydrate exploitation.
Compared with the existing gas logging technology (measurement while drilling), the monitoring
and early warning of wellhead methane content were realized at all stages of drilling, casing running,
cementing, completion and fracturing in the process of natural gas hydrate exploitation. System
communication and data acquisition tests were completed at different water depths through sea
trials, which verified the effectiveness of the system design. The research results provide important
theoretical and technical implications for promoting the development of early spill monitoring
technology at the wellhead of open-circuit drilling for marine gas hydrates.

Keywords: natural gas hydrate; open-circuit drilling; wellhead monitoring; methane concentra-
tion; trial

1. Introduction

Natural gas hydrates remain stable under the high-pressure and low-temperature
environment of the seafloor [1]. During the drilling process, the changes in temperature
and pressure easily lead to the decomposition of hydrates [2]. When the natural gas
overflow into the wellbore is not detected in time and controlled effectively, more natural
gas overflow enters the wellbore and expands continuously during the transportation
process. The rapid expansion of natural gas overflow triggers borehole dilation, collapse,
gas precipitation (gas protrusion phenomenon) and even well blowout approaching the
wellhead, among which uncontrolled well blowout is a catastrophic accident with huge
losses in the process of oil and gas resource exploration and development [3,4]. Early
overflow monitoring is one of the main technical tools to achieve well blowout prevention
in oil and gas wells [5].

Due to the complex downhole environment, the conventional platform detection
method is delayed in detection results, resulting in a significant reduction in well control
response time, which cannot meet the requirements of early monitoring of hydrate drilling
overflow. Moreover, the volume of the gas invading annular drilling fluid for the first time
is very small under the influence of a deep-water high-pressure environment, having little
impact on the drilling fluid. During the continuous upward return of gas with drilling
fluid, the volume of gas rapidly expands in the presence of decompression, especially
when approaching the wellhead. Therefore, there is not enough time to judge the degree of
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gas invasion according to wellhead parameters [6,7]. It is of great significance to develop
potential disaster control measures in time, promote the safe development of marine natural
gas hydrates and protect the marine ecological environment to carry out research on the
technology of open-circuit drilling wellhead overflow and methane monitoring of marine
natural gas hydrates.

2. Current Status of Research on Monitoring Methods
2.1. Monitoring Method Based on Downhole Measurement Parameters

The downhole logging parameter monitoring method uses relevant parameters col-
lected from the downhole logging tool for leakage monitoring. According to different
downhole measurement tools, it can be divided into APWD (annular pressure while
drilling), LWD (logging while drilling), ultrasonic monitoring and spectral monitoring.
This monitoring method realizes the early detection of overflow and reflects the real over-
flow situation at the bottom of the well, but requires downhole follow-up measurement
tools. Due to the complexity of the development process, the cost of the method is higher
than that of the surface parameter monitoring method. In addition, downhole follow-up
measurement tools still face problems such as low temperature/pressure tolerance and
slow data transmission [8].

In the annular pressure monitoring while drilling method, the downhole annular
pressure, temperature, and density measurements are obtained in real time by annular
pressure while drilling tools. for the method achieves the detection of the changes in real-
time data and the early monitoring of overflow as it occurs [9,10]. Charlez et al. obtained
pressure and temperature data by a follow-hole annular pressure measurement tool to
validate and optimize the hydrodynamic parameter model in real time, which ensured that
the calculated value of bottom-hole pressure was closer to the actual value [11]. However,
a follow-hole measurement tool was employed in the method, resulting in higher costs.

The LWD method monitors the conductivity, resistivity, salinity and other charac-
teristics of drilling fluid at the bottom of the well with logging while drilling tools and
then analyzes whether overflow occurs. Considering the high logging cost and slow data
transmission, resistivity, natural gamma and acoustic sensors are usually used to moni-
tor overflow, and experienced engineers are equipped for observation and analysis [12].
Okoli et al. identified the change in formation lithology with the natural gamma logging
tool while drilling and analyzed the possibility of formation overflow. However, the ac-
curacy of overflow warning is low and the cost is high by simply analyzing the change in
formation lithology, which is due to the phenomenon of negative pressure at the bottom
hole [13].

The ultrasonic while drilling method monitors the change in drilling fluid flow in the
annular drill collar by installing ultrasonic sensors on the collar joint. The method is usually
used together with temperature and pressure sensors to realize the real-time monitoring
of overflow. Professor Chen Ping and others installed ultrasonic, temperature, pressure
and other sensors at the drill collar joints to monitor the acoustic transit time, temperature
and pressure at the bottom of the well, but there were problems of low pressure and
temperature, slow data transmission and high cost [14].

Spectral monitoring while drilling is employed to analyze the composition of drilling
fluid at the bottom of the well and observe the content change of hydrocarbon components
in the drilling fluid to determine the occurrence of overflow. This technology has been
successfully used to analyze offshore oil spills, but the MWD (measurement while drilling)
tool is still in the development stage [15].

2.2. Comprehensive Monitoring Method

The comprehensive monitoring method collects the real-time data of surface sensors
and downhole MWD tools a comprehensive logging instrument and then analyzes the
real-time data changes in these logging parameters to monitor the overflow. This method
fully combines the advantages of the surface parameter monitoring method and downhole
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MWD parameter monitoring method, which can obtain logging parameters under various
working conditions, comprehensively analyze the changes in logging parameters, and carry
out the early warning of overflow. This method exhibits the best monitoring effect, but
it requires expensive downhole MWD tools and a high-precision flowmeter, leading to a
high monitoring cost [16–18]. Combined with the various characteristics of comprehensive
logging parameters, the overflow model is established by using the dynamic neural network
method. The overflow model shows an excellent monitoring effect of overflow, but it
requires a high-precision flowmeter and downhole MWD tools, as well as a large amount
of logging data from adjacent wells, which is costly. Nayeem et al. monitored bottom-hole
pressure, temperature, wellhead flow and other data using pressure and flow sensors
and detected overflow through a threshold method. However, monitoring costs are high
in the presence of expensive sensors. To improve the accuracy of overflow monitoring,
Andia et al. proposed a Bayesian method for overflow monitoring, in which small changes
in comprehensive logging data were identified and a large amount of logging data for
training before use was required, which is a heavy workload [19–21].

2.3. Methane Monitoring Based on Seabed Interface

There is no professional wellhead methane monitoring technology for marine gas
hydrate trial recovery projects. Currently, the known subsea boundary layer methane
monitoring system [22] and ROV are usually used.

The methane sensors on the subsea submersible markers are combined with acoustic
communicators to send methane data to the shipboard receiving system, realizing methane
measurement at the boundary layer of the seafloor. Due to the large size and mass of the
subsea submersible observation system, the method may not be able to accurately cast
to the hydrate test wellhead from the surface to the seafloor, which may not achieve the
expected monitoring effect.

ROVs equipped with high-precision methane sensors can submerge in the wellhead
near the mudline and monitor the submerged wellhead during the surface drilling stage of
the seafloor by combining the real-time camera function of ROVs, further realizing overflow
monitoring during the drilling process. As shown in Figure 1.
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Figure 1. Subsea boundary layer methane monitoring methods: (a) ROV with methane sensor and
(b) subsea submersible observing system.

To meet the safety development of unconventional oil–gas, it is necessary to pursue
a lower detection limit and faster detection speed, realize the timeliness of gas analysis
and logging information synchronization and develop high accuracy, miniaturization and
intelligence in equipment manufacturing. To address the above problems, a methane
monitoring system at the wellhead of offshore natural gas open-hole drilling was designed
for the construction environment of offshore natural gas hydrate extraction, including an
above-water acoustic communication receiving part and a subsea self-contained methane
monitoring part [23]. Compared with the existing MWD methods, the as-designed system
monitored the methane content at the wellhead at various stages (such as drilling, casing
running, cementing, completion and fracturing) in the process of natural gas hydrate



Energies 2022, 15, 9606 4 of 11

exploitation and effectively warned of the potential risks (including overflow and methane
leakage that may occur during the trial production of marine natural gas hydrate).

3. System Principle and Design Scheme
3.1. System Structure

The wellhead methane monitoring system of open-circuit drilling for offshore natural
gas includes the underwater acoustic communication receiving part and the underwater
self-contained methane monitoring part, which is generally composed of a logging system,
central control system, and communication system. The wellhead methane gas overflow
status and content were monitored by placing an underwater self-contained methane mon-
itoring system around the wellhead and combining acoustic communication technology,
and the related technical parameters are listed in Table 1. As shown in Figures 2 and 3.

1. Logging system

The logging system consists of a wellhead suction filtration device and a measurement
system. Among them, the wellhead suction filtration device is the core part of the front
to prevent the drilling mud fluid from clogging the detection module. The measurement
system mainly uses a self-contained methane monitoring system, which is composed of a
sensor for measuring methane gas and a suction pump for detecting the concentration of
gas carried by the drilling mud return fluid. The test gas of the system is mainly methane,
and other gas sensors can be added later.

2. Control system

The central control system is composed of two parts, including a data storage and
transmission system and a power supply unit, which are integrated into the battery com-
partment. The data storage and transmission system are responsible for controlling the
data acquisition sequence to complete the data storage and transmission, and the power
supply unit with a long-term service life provides the required power for the whole device.

3. Communication system

The communication system includes two modules: one is the communication module,
which receives and processes underwater data; the second is the data display module,
which mainly matches the communication interface for time calibration and outputs the
data processing results in a graphical manner.
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Table 1. Main technical indicators of the system.

Project Performance Index

measuring range 1~500 nmol/L
working temperature −5~55 ◦C

communication frequency band 21–31 Khz
working water depth 4000 m

3.2. Working Mode and Technical Route

The technical route is shown in Figure 4. The upper computer software was used to
receive the data from the lower computer (underwater measurement system), including real-
time data acquisition and historical data acquisition, which were controlled and sent by the
upper computer. Specifically, the surface acoustic communicator was first put into the water
through the offshore platform, and the host computer first sent acoustic instructions to wake
up the underwater acoustic communicator through the surface acoustic communicator. The
real-time collection or view history data command was sent to the underwater acoustic
communication machine, and then the underwater acoustic communication machine was
transported to the lower computer. The lower computer received the reading instructions
for the real-time collection or viewing of historical data and then sent the relevant data to
the underwater acoustic communication machine, and the surface acoustic communication
machine and the upper computer were responsible for receiving and processing the data.

3.3. Design of Suction Filtration Device

The suction filtration device was used to filter the mud liquid at the mining wellhead
to prevent blocking the methane measurement module. The methane measurement module
included a methane sensor installed in the suction filtration device. The application of this
device improved the detection effect to a certain extent. The specific working principle is
as follows.
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Figure 4. System working diagram and technical route.

The suction pump and the first motor were installed in the upper channel to pump
out the filtered mud liquid, and the upper channel was also equipped with a one-way
valve to prevent external seawater from entering the channel. After the suction pump was
turned on, the mud liquid entered the upper channel through the filter, and then it was
sucked into the front end of the sensor located in the flange. The methane in the mud
liquid was detected by the sensor, and then the after-detected mud liquid was discharged
through the upper channel. The flushing pump and the second motor were installed in
the lower channel to draw seawater into the lower channel for flushing. After filtering, the
seawater was filtered and injected into the front of the methane sensor in the flange by the
flushing pump through the one-way valve in the lower channel, and then the seawater was
discharged to complete the backflushing of the screen. The pipelines and mud screen in
the lower channel were eventually cleaned. Schematic diagram of suction filtration device
design is shown Figure 5.
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4. System Sea Trial

After the preliminary lake test, the system was carried on a survey ship for sea
testing to verify the system stability and data receiving reliability in a real environment.
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The sea trial area is located in the northern part of the South China Sea, with a water
depth of approximately 1300 m, matching the actual water depth environment for hydrate
production.

Sea Trial Process

(1) Deck commissioning.
Underwater methane monitoring: three sets of underwater equipment (two in ser-

vice and one for standby) were all installed in the wellhead basket, which was designed
according to the actual wellhead structure and working environment.

Underwater acoustic communication: Three acoustic communication devices (two for
use and one for standby) were connected to the computer upper computer software through
a 200 m communication cable and powered by the built-in battery. The underwater part
and the above-water part need to be paired with a pairing serial number of 18,264–18,187,
18,260–18,265, 18,263–18,259.

(2) The communication sampling frequency at a water depth of 500 m was set as 3 s,
and the sampling time was 2–3 min. The test results showed that the communication was
normal and the data were successfully received.As shown in Figures 6 and 7.
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Energies 2022, 15, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 8. Test data at a water depth of 1250 m (18264–18187 sound communication module paired 
successfully). 

 
Figure 9. Test data at a water depth of 1250 m (18,260–18,265 sound communication module paired 
successfully). 

Figure 8. Test data at a water depth of 1250 m (18,264–18,187 sound communication module paired
successfully).



Energies 2022, 15, 9606 9 of 11

Energies 2022, 15, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 8. Test data at a water depth of 1250 m (18264–18187 sound communication module paired 
successfully). 

 
Figure 9. Test data at a water depth of 1250 m (18,260–18,265 sound communication module paired 
successfully). 
Figure 9. Test data at a water depth of 1250 m (18,260–18,265 sound communication module paired
successfully).

Energies 2022, 15, x FOR PEER REVIEW 10 of 12 
 

 

 
Figure 10. Test data at a water depth of 1250 m (18,263–18,259 sound communication module paired 
successfully). 

The deep-sea environment is subject to less interference, and the sensor was pre-
heated during the system-lowering process, which achieved the optimal state of sensor 
use. Therefore, the data received by the sensor tended to be flat as the depth increased 
from 500 m to 1250 m. 

5. Results and Discussion 
(1) A wellhead overflow monitoring system for the open-circuit drilling of offshore 

natural gas was designed, which was mainly used to monitor the methane content of the 
drilling fluid return fluid and surrounding areas. The as-designed system is composed of 
an underwater acoustic communication receiving part and an underwater self-contained 
methane monitoring part. In actual use, the underwater self-contained methane monitor-
ing system was arranged around the mining wellhead to monitor the overflow status and 
content of methane gas at the wellhead in real time. Compared with the current gas log-
ging technology (measurement while drilling) used in the oil and gas exploration drilling 
stage, the system realized the monitoring of methane content in the process of drilling, 
casing running, cementing, completion and fracturing of marine natural gas hydrate 
when it was placed at the production wellhead. 

(2) The system included a wellhead suction filter device with forward and back flush-
ing circuits, which avoided the blockage of the sensor detection module by mud return 
fluid and improved the detection effect to a certain extent. In addition, the sensor needs 
to be preheated to achieve optimal performance. 

(3) This system updated the method of monitoring methane in the drilling overflow 
of marine gas hydrate. The drilling mud return fluid was pumped into the measurement 
system to detect the methane content, and the collected data were transmitted back to the 
shore-based system through acoustic communication, which effectively avoided the loss 
of methane in the mud return fluid in the process of collection and transportation, thus 
enhancing the monitoring accuracy of the system to a certain extent. 

(4) The stability of the system and the reliability of data reception under a real envi-
ronment were further verified through 500 m and 1250 m sea trials, which provided tech-
nical reserves for wellhead overflow monitoring and early warning in the process of gas 
hydrate exploitation. 

Figure 10. Test data at a water depth of 1250 m (18,263–18,259 sound communication module paired
successfully).

The deep-sea environment is subject to less interference, and the sensor was preheated
during the system-lowering process, which achieved the optimal state of sensor use. There-
fore, the data received by the sensor tended to be flat as the depth increased from 500 m to
1250 m.

5. Results and Discussion

(1) A wellhead overflow monitoring system for the open-circuit drilling of offshore
natural gas was designed, which was mainly used to monitor the methane content of the
drilling fluid return fluid and surrounding areas. The as-designed system is composed of
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an underwater acoustic communication receiving part and an underwater self-contained
methane monitoring part. In actual use, the underwater self-contained methane monitoring
system was arranged around the mining wellhead to monitor the overflow status and
content of methane gas at the wellhead in real time. Compared with the current gas logging
technology (measurement while drilling) used in the oil and gas exploration drilling stage,
the system realized the monitoring of methane content in the process of drilling, casing
running, cementing, completion and fracturing of marine natural gas hydrate when it was
placed at the production wellhead.

(2) The system included a wellhead suction filter device with forward and back
flushing circuits, which avoided the blockage of the sensor detection module by mud
return fluid and improved the detection effect to a certain extent. In addition, the sensor
needs to be preheated to achieve optimal performance.

(3) This system updated the method of monitoring methane in the drilling overflow
of marine gas hydrate. The drilling mud return fluid was pumped into the measurement
system to detect the methane content, and the collected data were transmitted back to the
shore-based system through acoustic communication, which effectively avoided the loss
of methane in the mud return fluid in the process of collection and transportation, thus
enhancing the monitoring accuracy of the system to a certain extent.

(4) The stability of the system and the reliability of data reception under a real environ-
ment were further verified through 500 m and 1250 m sea trials, which provided technical
reserves for wellhead overflow monitoring and early warning in the process of gas hydrate
exploitation.
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