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Abstract: Fine‑grained natural gas hydrate (NGH) reservoirs arewidely distributed across theworld
and bear more than 90% of global NGH. However, it is difficult to exploit this kind of NGH reservoir
economically and environmentally using conventional methods. Water‑jet cutting is an efficient and
environmentally friendly technique for mining such hydrate reservoirs, as the production process
does not depend on mass and heat transfer within the formations. In this work, a series of physical
experiments were conducted to clarify the erosion performance of marine hydrate‑bearing sediment
(HBS) impacted by water jets. The results show that the accumulation of sediment particles and
hydrate particles at the bottom of erosion hole severely inhibits the vertical erosion of HBS by water
jet. For a particular jet flow rate, the jet distance has an optimal value, which is between 4 mm
and 28 mm. Moreover, the upwelling flow containing solid particles has a significant impact on the
erosion of the hole top. In reservoirs with a low hydrate saturation (20–40%) and reservoirs with
a high hydrate saturation (60–80%), the erosion holes exhibit a gourd shape and a bamboo shape,
respectively. In addition, the volume erosion efficiency and the depth erosion efficiency are more
sensitive to the variation in jet flow rate than jet distance and hydrate saturation. This study can
provide theoretical and technical support for the application of water‑jet cutting in the exploitation
of marine HBS.

Keywords: hydrate‑bearing sediment; hydrate exploitation technology; water jet; erosion performance

1. Introduction
Natural gas hydrate (NGH) is solid, crystalline compound formed under certain tem‑

perature and pressure conditions, also known as “combustible ice” [1]. NGH is a new
energy resource with great development potential [2–4]. Approximately 90% of offshore
areas have suitable temperature and pressure conditions for NGH formation and stability.
Very clean natural gas can be produced from NGH deposits, especially from submarine
hydrate reservoirs [5–7]. It is estimated that natural gas reserves in offshore areas are ap‑
proximately 2 × 1016 m3 [8]. However, the existing marine‑NGH exploitation technology
is still not mature enough, especially for fine‑grained hydrate reservoirs (mainly includ‑
ing clay, sandy, and clayey silt sediments) with low permeability and a weak cementation
strength characteristic, which also restricts the commercial development of NGH [9–11].

Early laboratory experiments and production tests indicated that a number of methods
could promote the in situ dissociation of NGH and exploit natural gas from NGH [7,12–15].
Moreover, depressurizationwill be the idealmethod to use [16,17]. However, marineNGH
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mainly occurs in fine‑grained sediments [18] and the reservoirs are characterized by a shal‑
low burial depth, lack of dense caprocks, weak cementation, fragility, and low permeabil‑
ity [19–22]. There are some deficiencies in the exploitation of marine NGHs by existing
methods. For the depressurizationmethod, Oyama et al. [23] and Konno et al. [24] used de‑
pressurization to analyze the dissociation process of methane hydrate in low‑permeability
sediment. The results showed that pressure drops transfer slowly in the hydrate sediment,
and the hydrate dissociates almost exclusively at the contact surface of the decomposition
front. Zhong et al. [25] used a numerical simulation method to obtain a similar conclu‑
sion. On the aspect of thermal stimulation, Wang et al. [26], Zhao et al. [27], and Selim and
Sloan [28] used the thermal stimulation method to analyze the relationship between the
dissociation rate and the characteristics of the hydrate sediment. They found that hydrate
dissociation would be inhibited in low‑permeability conditions. For the carbon dioxide
replacement method, Yuan et al. [29], Yang et al. [30], and Chen et al. [31] analyzed the car‑
bondioxide replacementmechanismofmethane hydrate in sediments. The results showed
that the replacement efficiency is mainly controlled by the diffusion rate in the deferred re‑
action stage, and the replacement rate is slow in low‑permeability sediment. Thus, the
low permeability of hydrate‑bearing sediment (HBS) is an urgent problem to be solved for
NGH production [32–34].

In 2017, the first offshore natural‑gas‑hydrate production test was successfully carried
out in the Shenhu Area of the South China Sea. For the first time, the reservoir stimula‑
tion techniques were used for marine‑hydrate production, with a total gas recovery of
3 × 105 m3 within 60 days [35]. It was shown that reservoir stimulation is an essential
technique for NGH production. Zhou et al. [36] presented the solid fluidization method
to exploit marine hydrates with low permeability, weak cementation, and unconsolidated
formation characteristics. The hydrate trail‑production results indicate that the water jet
can cut hydrate‑bearing sediment effectively. Furthermore, water‑jet cutting is also a com‑
mon and mature formation stimulation technique for increasing the production of low‑
permeability gas and oil reservoirs [37,38]. Based on the low permeability, weak cementa‑
tion strength, and unconsolidated formation characteristics of fine‑grained marine NGH
reservoir, the water‑jet cutting technique is also beneficial for increasing the gas and liq‑
uid transfer channel, improving the reservoir permeability of the near‑wellbore area and
increasing the production efficiency of marine NGH.

Currently, few studies have been performed on the erosion performance of water jets
on hydrate‑bearing sediment (HBS). Wang et al. [39] experimentally investigated the in‑
fluence of jet flow rate and traverse speed on the erosion efficiency and erosion effect on
HBS. They observed that the erosion efficiency increases with increasing traverse speed,
while the increase in jet flow rate increases the peak concentration of the solid phase and
thus increases the risk of pipeline transport. Tang et al. [40] designed a straight‑rotating,
mixed nozzle and experimentally investigated the effect of the number of nozzles and
structural parameters on erosion efficiency. Wang et al. [41] experimentally researched
the critical erosion velocities of water jets for HBS at different hydrate saturations. The
results show that the critical velocities for HBS vary in the range of 5.71–10.85 m/s. How‑
ever, the research targets of the above work were frozen sand soils. In nature, HBS is
formed by particles and hydrates filled in a pore space through cementation force. The
structure and physical properties of HBS are different from frozen sand soils. Therefore,
the performance of water‑jet erosion on HBS may be different when compared to that of
frozen sand soils. In our previous work [42], an HBS simulation model with the (Arbitrary
Lagrangian–Eulerian) ALE method was established, and the influence of nozzle diameter,
jet flow rate, and jet distance on erosion performance was explored. The results indicated
that an increase in nozzle diameter and jet flow rate could enhance the erosion efficiency
of HBS, while an increase in jet distance was detrimental to it. Zhang et al. [43] also numer‑
ically investigated the jet‑erosion process of HBS by the ALE method. They found that the
erosion of HBS by swirling jets was stronger than the erosion by conical jets. However, the
HBS models established in the above work were all finite‑element models, and the numer‑
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ical calculation methods ignored the effect of detached particles on jet‑erosion behavior
and erosion‑hole development. In general, the research on the water‑jet erosion of HBS is
limited at present, and it is necessary to conduct a systematic and in‑depth study on the
water‑jet erosion performance of HBS.

In this work, a physical experiment to clarify the erosion process of HBS impacted
by water jets was performed. The influence of the water‑jet parameters (jet flow rate and
jet distance) and the hydrate saturation on the erosion performances (including erosion
volume, erosion depth, erosion‑hole top diameter, and erosion‑hole bottom diameter) of
HBS were investigated extensively. Moreover, the sensitivity of erosion efficiency to these
parameters was analyzed.

2. Experimental
2.1. Materials and Experimental Apparatus

The thermophysical andmechanical properties of tetrahydrofuran (THF) hydrate and
CH4 hydrate are similar [44–46]. In contrast, the former can exist stably at an ambient tem‑
perature of 4 ◦C and a pressure of 0.1 MPa, and it has the characteristics of rapid formation
and uniform distribution [44–46]. Therefore, in this work, THF was used to prepare HBS
samples to ensure the operational simplicity and safety of water‑jet erosion experiments.
THF (99.99% purity) was supplied by the Changzhou Tongxiang Chemical Corporation in
China. The water was distilled and deionized. The HBS samples were formed from silica
sands (20–40 mesh sizes), and the THF solution with a mass fraction of 19%.

A schematic of the experimental apparatus used in this work is shown in Figure 1.
The experimental apparatus mainly consisted of a high‑pressure reactor, a jet nozzle, a
water bath, a jet flow pump, a constant‑flux pump, a data acquisition and control system,
a back‑pressure system, and a solid–liquid separation device. The high‑pressure reactor
with an effective size of 82 mm× 82 mm× 150 mm is made of 316L stainless steel, and the
maximum working pressure is 20 MPa. The jet flow pump can be adjusted without steps,
and the range of the jet flow is 0–2500mL/min. The jet flow erosion experiment of different
jet distances could be realized by adjusting the jet‑nozzle position. The adjustable range of
jet distance is 0–40 mm. The water bath was used to control the experimental temperature.
Two temperature probes were inserted into sediments at vertical distances to the inner top
of the reactor of 40mmand 80mm, respectively. Apressure sensorwas fixed on themiddle
position of the reactor. The uncertainties of pressure and temperature measurement were
±25 KPa and ±0.1 ◦C, respectively. The back pressure system was composed of a hand
pump, a buffer container, and a back pressure valve, and it was used to control the outlet
pressure of the solid–liquidmixture generated by the jet erosion of HBS. The pressure fluid
was supplied by the constant‑flux pump. The piston in the reactor could move under the
push of the pressure liquid, thus compacting sediments. The data acquisition and control
system was mainly used to record temperature and pressure data as well as to control the
process of water jet erosion.
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2.2. Procedures
2.2.1. Hydrate Formation in Sediments

A THF solution with a mass fraction of 19% was prepared, which is suitable for THF‑
hydrate formation [47–49]. The 19% mass fraction ensured that the THF and water could
be completely consumed simultaneously during the formation of hydrate [47]. A certain
amount of THF solution was mixed well with the dried quartz sand in a closed vessel.
Then, the prepared sediment specimen was quickly loaded into the reactor. The padding
block, the head cover, and the jet nozzle were installed. Afterwards, a specific amount of
pressure fluid was pumped into the reactor by the constant‑flux pump. The piston moved
upwards to compress the sample, controlling its height to 130 mm. In all experiments, the
length, width, and height of the specimens were 82 mm, 82 mm, and 130 mm, respectively.
In each specimen, the actual volume of silica sand and the porosity were 611.9 cm3 and
30%, respectively. Finally, the reactor was put into the water bath, and the hydrates were
completely formed after maintaining the formation temperature at −9 ◦C for 48 h [47–49].

2.2.2. Water‑Jet Erosion
After hydrate formation, the water bath temperature was regulated to 1 ◦C. The jet

distance (defined as the vertical distance from the jet start position to the HBS surface) was
adjusted to a predetermined value after the reactor temperature and the supply water tem‑
perature of the jet flow pump were stabilized at the temperature value. It was calculated
from the point of exit of the water from the nozzle. The nozzle diameter was 1 mm in
all experiments. To simplify the experimental procedure, the outlet pressure (back pres‑
sure) of the solid–liquid mixture was set to 0 in this work. The jet flow rate was then set,
and the experiment of eroding the hydrate sediment by water jet was carried out. The
duration of the experiment was 30 s. After jet erosion, the reactor was transferred to a low‑
temperature chamber (ambient temperature of 1 ◦C), and the residual liquid and sand in
the erosion hole were removed. The total mass of erosion particles after being dried was
measured, and the erosion‑hole parameters were measured using a vernier caliper. The
measurement error of the vernier caliper was ±0.03 mm/150 mm. The measured param‑
eters included the depth of erosion, the diameter of the hole at different depths in the se‑
lected section, the maximum diameter of the erosion‑hole top, and themaximum diameter
of the erosion‑hole bottom. Table 1 illustrates the experimental conditions for the water‑jet
erosion of HBS. Based on the experimental equipment conditions, the water‑jet flow rates
were selected as 1100–2000 mL/min.

Table 1. Experimental conditions for water jet erosion of HBS.

Runs Jet Flow Rate (mL/min) Jet Distance (mm) Hydrate Saturation (%) Porosity (%)

1 1100 15 50 30
2 1400 15 50 30
3 1700 15 50 30
4 2000 15 50 30
5 1700 4 50 30
6 1700 16 50 30
7 1700 28 50 30
8 1700 40 50 30
9 1700 15 20 30
10 1700 15 40 30
11 1700 15 60 30
12 1700 15 80 30
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2.3. Calculations
In this work, the erosion volume after water‑jet erosion of HBS can be calculated as follows:

Verosion =
ms·Vs

mtotal
(1)

mtotal = ρs·[Vs(1 − Φ)] (2)

where ms is the total mass of erosion particles after being dried and Vs is the volume of
hydrate sediment specimens, which was 8.2 × 8.2 × 13 = 874.12 cm3. mtotal is the total
mass of sand loaded into the reactor, ρs is the particle density of the quartz sand, and Φ is
the porosity.

A THF solution with a mass fraction of 19% was used. The volume of THF, VTHF,and
the distilled water, Vw, can be calculated by Equations (3) and (4).

VTHF + Vw = ΦVsShyd (3)

ρTHFVTHF
ρTHFVTHF + ρwVw

= 19% (4)

where Shyd is the hydrate saturation of hydrate sediment specimens and ρTHF and ρw are
the density of THF and distilled water, respectively.

3. Results and Discussion
3.1. The Influence Rules of Jet Flow Rate on Erosion Performance

In this section, four tests were conducted to research the influence rules of jet flow
rate on erosion performance. The jet flow rates used were in the range of 1100 mL/min to
2000mL/min. A jet distance of 15mmwas used, and the hydrate saturation of theHBSwas
50%. Given that the erosion holes in these runs had similar morphologies, the erosion‑hole
section of Run 3 were used for illustration.

Figure 2 shows the influence of jet flow rate on erosion volume and the scatter plot of
the erosion‑hole section of Run 3. An increase in jet flow rate corresponds to an increase
in erosion volume, and the erosion volume increases rapidly at a high flow rate. When
comparing Run 1 and Run 2, Run 2 and Run 3, and Run 3 and Run 4, the erosion volume
increased by 48.1%, 52.7%, and 53.0%, respectively. This result indicates that the higher the
jet flow rate, the higher the jet erosion efficiency of HBS. This phenomenon should be re‑
lated to the erosion characteristics of the jet fluid on HBS. In HBS, hydrate has a cementing
and supporting effect on sediment particles [45,46]. The erosion of HBS under the action
of jet fluid is essentially the process of detaching sediment particles and hydrate particles.
The erosion process of HBS is shown in Figure 3. In the early stage (Figure 3a), the penetra‑
tion range of the jet fluid in HBS is small, and the water jet mainly causes the detachment
of particles in the vertical direction (vertical erosion). The fluid flow in the erosion hole
returns up the hole wall and has a stripping effect on the solid particles contacted along
the way, i.e., radial erosion occurs. In the later stage (Figure 3b), the penetration range of
the jet fluid in HBS increases, and the depth of the erosion hole increases. Moreover, the
pore‑fluid pressure of HBS around the erosion hole increases, resulting in a decrease in
the effective stress. As a result, the solid particles on the wall of the erosion hole are more
easily stripped by the upward return‑fluid flow, and the hole extends rapidly in the radial
direction. Therefore, a gourd‑like erosion hole is formed in HBS at the end of jet erosion.
Hence, the increase in jet flow rate can enhance the erosion efficiency of volume.
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tensity. However, it should be noted that the evolution of erosion depth is different from
that of erosion volume. The growth rate of erosion depth decreases with an increasing jet
flow rate. This result indicates that the enhancement of the vertical erosion degree of HBS
at high jet flow is limited. Combined with the evolution of erosion volume in Figure 2,
it can be considered that the increase in erosion volume is mainly contributed to by the
radial erosion of HBS. This phenomenon is caused by the accumulation of stripped sedi‑
ment particles at the bottom of the erosion hole, which is observed in all experimental runs.
Although the increased jet flow rate increases erosion volume, the amount of stripped par‑
ticles that are not discharged from the erosion hole also increases. Inevitably, the number
of free particles deposited to the bottom of the erosion hole also increases. These free par‑
ticles severely inhibit the vertical erosion of HBS by water jet. In our previous numerical
simulation study of water‑jet erosion of HBS [42], the erosion depth increased linearlywith
increasing jet flow, which differs from the results in this work. This may be due to the ma‑
terial model of HBS. The material model in the previous study was a finite‑element model,
and there was no free‑particle accumulation at the bottom of the erosion hole.
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hole top, and the maximum diameter of the erosion‑hole bottom.

By analyzing the erosion process of rock and frozen soil sediment by jet, it was found
that a critical erosion velocity exists, which means rock and frozen soil sediment is not
broken when the jet velocity is less than the critical erosion velocity [41,50]. By analyz‑
ing the relationship between the jet velocity and erosion depth within a certain range, a
corresponding mathematical expression can be established to analyze the critical erosion
velocity of hydrate sediment. Figure 4 illustrates the curve diagram of the corresponding
relation between erosion depth and jet flow rate. The erosion depth L (y‑axis) is a polyno‑
mial function of the jet flow rate Q (x‑axis) when the jet distance is 15 mm and the hydrate
saturation is 50%. The fitted‑trend equation can be expressed by following relationship:

L = −87.41 + 0.197Q − 5.194 × 10−5Q2

When the erosion depth L = 0, the corresponding jet flow rate is 513.1 mL/min. The
diameter of the jet nozzle used in these runs is 1 mm. The corresponding jet velocity at the
nozzle outlet is v0 = 10.89 m/s. This means that HBS can only be eroded if the jet velocity at
the nozzle exit is greater than this velocity value. As is shown in Figure 5, the structure of
the submergedwater jet can be divided into the initial segment and the basic segment after
exiting the nozzle [51]. The initial segment consists of the core area in which axial velocity
is kept the same, and the axial velocity of the basic segment declines with an increase in
distance from the nozzle. The axial velocity (vx) can be expressed as Equation (5) [52].

vx/v0 =

{
1 (s < s0)

13.2R0/(s + 4R0) (s ⩾ s0)
(5)

where R0 is thewater jet radius, s0 is the axial length of the initial segment, and s0 = 12.6R0 [53].
Combining the jet velocity of the nozzle outlet, v0 = 10.89m/s, with the jet distance, S = 15mm, in
Runs 1–4, the critical erosion velocity of the HBS with a 50% hydrate saturation can be ob‑
tained as 4.58 m/s. However, the critical erosion velocity of 5.71–10.85 m/s (corresponding
to 20–80% of hydrate saturation) for HBS obtained by Wang et al. [41] is higher than the
critical velocity obtained in this work. The difference should be related to the sediment’s
grain composition. Frozen sand soils were chosen as a substitute for HBS in the work of
Wang et al. [41]. The higher content of fine particles (clay particles) in the frozen sand soil
results in a more cohesive sample and thus increases the critical erosion velocity. Addi‑
tionally, the difference in the physicomechanical properties of ice and THF hydrate may
also be responsible for this phenomenon.
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In general, when water jets are used to erode marine hydrate reservoirs in actual
mining projects, it is recommended to increase the jet flow rate as much as possible to
improve the mining efficiency without exceeding the equipment capacity. Moreover, nec‑
essary measures should be taken to facilitate the discharge of solid particles accumulated
inside erosion holes to improve the jet’s energy utilization efficiency.

3.2. The Influence Rules of Jet Distance on Erosion Performance
In this section, four tests were conducted to study the influence rules of jet distance

on erosion performance. The jet distances used were in the range of 4 mm to 40 mm. A jet
flow rate of 1700 mL/min was used, and the hydrate saturation of the HBS was 50%.

Figure 6 shows the influence of jet distance on erosion volume and erosion depth. As
can be seen, the erosion volume is decreased with increasing jet distance, and the reduc‑
tion rate gradually increases. By comparing Run 5 and Run 6, Run 6 and Run 7, and Run
7 and Run 8, the erosion volume decreased by 7.4%, 19.4%, and 36.5%, respectively. This
indicates that there is a higher erosion efficiency when the jet distance is smaller. This
observation is caused by jet energy dissipation. The jet fluid continuously exchanges mo‑
mentum with the surrounding fluid during its motion, thus causing energy dissipation.
Moreover, the jet energy dissipation is particularly strong in the submerged state. There‑
fore, the larger the jet distance, the greater the jet energy dissipation and the lower the
erosion efficiency. On the other hand, it is found that the evolution of erosion depth is
similar to that of erosion volume. Overall, the erosion depth is also decreased with an in‑
creasing jet distance. However, it is important to note that there is an optimal value of jet
distance corresponding to themaximumdepth of erosion. The optimal jet distance value is
between 4 mm and 28 mm. Moreover, the difference in erosion depth is small when the jet
distance is less than the optimal value, and the erosion depth decreases rapidly when the
jet distance exceeds the optimal value. The analysis suggests that although an appropri‑
ate increase in the jet distance reduces the energy carried by the water jet and reduces the
erosion volume, the eroded particles that accumulate at the bottom of the erosion hole are
also reduced, which creates a favorable environment for vertical erosion. As a result, the
erosion depth increases. This factor may be the reason for the emergence of the optimal jet
distance. It is generally necessary to find the optimal jet distance in practical engineering,
which can maintain a high erosion efficiency and make maximize the erosion depth.
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Figure 6. The influence of jet distance on erosion volume and erosion depth.

In Figure 7, it can be seen that the maximum diameter of the erosion‑hole top de‑
creases slightly with an increase in jet distance. When the jet distance increases from 4mm
to 40 mm, the maximum diameter of the erosion‑hole top decreases by 12.7%. This phe‑
nomenon should be related to the erosion of the hole top by upwelling flow. Asmentioned
earlier, the upwelling flow carries a large number of solid particles. These solid‑phase com‑
ponents contain both sand particles and hydrate particles. Early studies reported that an
increase in the solid‑phase content of fluids can enhance their mechanical properties (vis‑
cosity and specific weight) and improve the ability of fluids to erode sediments [54,55].
Combined with Figure 6, the increased jet distance significantly reduces erosion volume.
As a result, the solid‑phase content in the upwelling flow is also reduced, which can reduce
its erosion on the top of HBS. Therefore, a higher jet distance corresponds to a smaller di‑
ameter of the erosion‑hole top. In fact, the water jet is able to continuously absorb the
surrounding fluid during its movement and thus diffuse (see Figure 5). Accordingly, an
increase in the jet distance can increase the action range of the jet on the HBS surface. How‑
ever, in combination with the evolution of the maximum diameter of the erosion‑hole top,
it can be determined that the diffusion of the water jet has less influence on this erosion
parameter, and the upwelling flow containing solid particles plays a dominant role in the
erosion of the hole top. As for the maximum diameter of the erosion‑hole bottom, this de‑
creases with an increase in the jet distance. When the jet distance increases from 4 mm to
40 mm, the maximum diameter of the erosion‑hole bottom decreases by 20%. This is un‑
derstandable considering that the energy carried by the water jet after reaching the bottom
of the hole is substantially dissipated, weakening its radial erosion of the HBS. In addi‑
tion, the maximum diameter of the erosion‑hole bottom decreases more than the top. This
proves that the effect of the jet distance change on erosion at the bottom of hole is greater
than that at the top of the hole.
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3.3. The Influence Rules of Hydrate Saturation on Erosion Performance
In this section, four tests were conducted to investigate the influence rules of hydrate

saturation on erosion performance. The hydrate saturations used were in the range of 20%
to 80%. The jet flow rate of 1700 cm ml/min was used, and the jet distance was 15 mm.

Figure 8 shows the influence of the hydrate saturation on erosion volume and erosion
depth. As shown, the erosion volume is decreasedwith increasing hydrate saturation, and
it decreases more rapidly at a lower hydrate saturation. When the hydrate saturation in‑
creases from 20% to 80%, the erosion volume decreases by 64.5%. These phenomena are
attributed to the effect of the hydrate saturation on the cementation strength of the sedi‑
ment particles. At a low hydrate saturation (20–40%), the cementation effect of the hydrate
on sediment particles is weak, the interparticle cohesion is low, and the particles are eas‑
ily stripped under the action of jet fluids. Therefore, low hydrate saturation enhances both
vertical and radial erosion of HBS bywater jets. This is evidenced by the lower hydrate sat‑
uration corresponding to the higher erosion depth and the two larger diameters in Figure 9.
Therefore, the erosion efficiency of water jets on HBS is significantly higher in lower hy‑
drate saturation reservoirs. Moreover, it is found that the erosion holes are mainly gourd‑
shaped at lower hydrate saturations, as illustrated in Figure 10a. On the other hand, under
the higher hydrate‑saturation conditions (60–80%), the cementation of the hydrate to the
sediment particles is stronger, the cohesion between solid particles is greater, and the par‑
ticles are less likely to be flaked off under the action of jet fluids. Therefore, high hydrate
saturation reduces the degree of vertical erosion and radial erosion of HBS by water jets.
Hence, the erosion efficiency of water jets is greatly reduced in the high‑hydrate‑saturation
reservoir, and the erosion holes are mainly bamboo‑like (as shown in Figure 10b).
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Regarding the aspect of the erosion depth in Figure 8, the evolutionary process is
similar to that of the erosion volume. In comparing Run 9 and Run 12, the erosion depth
decreases by 16.8%. It should be noted that, as the hydrate saturation increases, the de‑
crease in erosion depth is slighter than that of the erosion volume. This is attributed to the
accumulation of stripped, solid particles at the bottom of the erosion hole. Although the
increase in hydrate saturation reduces the degree of vertical erosion of the HBS by water
jets, at the same time, the content of solid particles accumulated at the bottom of the hole
is reduced. This, to some extent, facilitates the growth of the erosion depth. In Figure 10, it
can be seen that the variation trends of the maximum diameter of the erosion‑hole top and
the maximum diameter of the erosion‑hole bottom are also similar to that of the erosion
volume. When the hydrate saturation increases from 20% to 80%, the maximum diameter
of the erosion‑hole top and the maximum diameter of the erosion‑hole bottom decrease
by 53.3% and 64%, respectively. In addition to the effect of sediment‑particle cementation
strength on the degree of radial erosion of the HBS, the magnitude of the solid‑phase con‑
tent in the upward fluid flow may be another factor contributing to this result. As the
erosion volume increases greatly at a low hydrate saturation, the solid‑phase content in
the upward flow increases. These upwelling streams can enhance the radial erosion at the
top and bottom of the hole. However, it should be noted that the decrease in the diameter
of the erosion‑hole bottom is higher than that of the hole top. This proves that the effect
of hydrate‑saturation change on the erosion at the bottom of hole is greater than that at
the top.

3.4. Sensitivity Analysis of Jet Parameters and Hydrate Saturation on Erosion Efficiency
In this work, the significance of jet flow rate, jet distance, and hydrate saturation on

erosion efficiency was comparatively analyzed. The average erosion rate of volume repre‑
sents the volume erosion efficiency (ηv) and the average erosion rate of depth represents
the depth erosion efficiency (ηd). Figure 11 illustrates the comparison of the influence of
these parameters on erosion efficiencies.
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As is shown in Figure 11, the average erosion rate of volume for the jet flow rate is
at a minimum in Run 1 and a maximum in Run 4, with the latter being 246% higher than
the former. The maximum differences in the average erosion rates of volume for different
jet distances and hydrate saturations are 111% and 182%, respectively. This means that
the jet flow rate has the most significant influence on volume erosion efficiency, followed
by hydrate saturation and then jet distance. In other words, the volume erosion efficiency
is most sensitive to the change in jet flow rate, followed by hydrate saturation and then
jet distance. Moreover, the effect of the jet flow rate on the volume erosion efficiency is
significantly greater than that of the jet distance. Therefore, it can be concluded that, for a
specific hydrate saturation reservoir, increasing the jet flow rate is a more suitable way to
increase the volume erosion efficiency when compared to adjusting the jet distance during
the erosion of the HBS by water jets. On the other hand, the average erosion rate of depth
for jet flow rate was the smallest in Run 1 and the highest in Run 4, the latter being 50%
higher than the former. The maximum difference in the average erosion rates of depth for
different jet distances and hydrate saturations is 31% and 20%, respectively. This result
indicates that the depth erosion efficiency is most sensitive to the change in jet velocity,
followed by jet distance and then hydrate saturation. Moreover, the effects of jet flow
rate and jet distance on the depth erosion efficiency are similar. It can be concluded that
changing both the jet velocity and jet distance can effectively regulate erosion depth during
water‑jet erosion of subsea hydrate reservoirs. In addition, it can be found in Figure 11 that
the variation range of the average erosion rate of the depth is remarkably lower than the
average erosion rate of the volume. This result indicates that the depth erosion efficiency
is significantly less sensitive to the jet parameters and hydrate saturation than the volume
erosion efficiency.

4. Conclusions
This experiment investigated the influence rules of jet flow rate, jet distance, and hy‑

drate saturation on the erosion effect of hydrate sediments and analyzed the sensitivity of
erosion efficiency to these parameters. The main conclusions are as follows.

(1) An increase in the jet flow rate can simultaneously enhance the vertical and radial ero‑
sion ofHBS and improve the volume erosion efficiency. The accumulation of sediment
particles and hydrate particles at the bottom of the erosion hole severely inhibits the
vertical erosion of HBS by the water jet. The critical erosion velocity of HBSwith a 50%
hydrate saturation is 4.58 m/s.

(2) The volume erosion efficiency decreases with an increase in jet distance. For a particu‑
lar jet flow rate, the jet distance has an optimal value, and the erosion depth decreases
rapidly when the jet distance exceeds the optimal value. In this experiment, the opti‑
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mal jet distance value was between 4 mm and 28 mm. The diffusion of the water jet
during its movement has less influence on the maximum diameter of the erosion‑hole
top, and the upwelling flow containing solid particles plays a dominant role in the
erosion of the hole top.

(3) Increasing hydrate saturation can significantly reduce the erosion volume of HBS due
to increased cohesion between the sediment particles. At a low hydrate saturation
(20–40%), the erosion holes are mainly gourd‑shaped. At a high hydrate saturation
(60–80%), the erosion depth decreases slightly because fewer particles accumulate in
the erosion holes, and the erosion holes are mainly bamboo‑shaped.

(4) The volume erosion efficiency is most sensitive to the change in jet velocity, followed
by hydrate saturation and then jet distance. The effect of the jet velocity on the volume
erosion efficiency is significantly greater than that of the jet distance. Furthermore, the
depth erosion efficiency is most sensitive to the change in jet velocity, followed by jet
distance and then hydrate saturation. The effects of the jet velocity and jet distance on
erosion depth are similar.

Although the erosion performances of water jets onHBS under different jet flow rates,
jet distance, and hydrate saturation conditions were obtained, the erosion process of HBS
is complex and still needs to be deeply studied. The gas hydrate specimen is beneficial for
the study of the erosion effect of marine NGH sediment. Moreover, it is also necessary to
consider the pressure and temperature conditions as well as the direction of jet flow are
also necessary. Certainly, it still requires more experimental apparatus and experiments
to be verified, studies which are currently under consideration.
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