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Introduction
Natural gas hydrate (NGH) is a clean energy that has great prospects for development. 
In comparison with traditional fossil energy sources, NGH have many advantages such 
as large reserves, high energy density and cleanliness [1, 2, 3, 4, 5]. However, there are 
still many technical difficulties in the extraction process of NGH. Currently, the most 
commonly used extraction technology such as depressurization method and heat injec-
tion method are prone to serious geological hazards when continuously mined, and lead 
to environmental disasters. To overcome many process difficulties in NGH extraction, 
Zhou Shouwei et  al. [6] proposed a solid fluidization exploitation method for NGH 
extraction, which achieves NGH extraction without change the reservoir tempera-
ture, pressure, and phase equilibrium, and has the advantages of reservoir protection 
and low secondary hazards, etc. In May 2017, the success of the first subsea NGH solid 
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fluidization trial exploitation in the Shenhu Sea, South China Sea, demonstrated the fea-
sibility of the technical principle of the method [7, 8].

On the basis of the principle of solid fluidization mining process, Wang Guorong et al. 
[9] presented a hydrate solid fluidization mining technology based on dual gradient 
drilling of double-layer pipe, which drills horizontally and forms a collar hole through 
a double-layer continuous pipe and a hydrate mining tool (Fig. 1). The advantage of this 
method is that it converts the dynamic circulation in the bare borehole annulus of tra-
ditional drilling into dynamic circulation in the double-layered pipe and transforms the 
traditional hydrate mining method from uncontrollable to controllable mining, improv-
ing the safety of hydrate mining and reducing the risk of engineering and geological 
disasters in hydrate development. However, the technology still faces problems like 
low mining efficiency and lack of key equipment, such as the structure of nozzles for 
water jet crushing has not yet been determined, and the arrangement of jet holes is not 
optimized.

The use of water jets to crush hydrate reservoirs is a core process in the solid fluidi-
zation mining process, but the nozzle structure and nozzle arrangement of the jet tool 
have not yet been optimized. High-pressure water jets could be classified into various 
categories, as shown in Table 1. In accordance with the classification criteria, the solid 
fluidization single-nozzle jet model belongs to single-phase Newtonian fluid free con-
tinuous submerged jet.

During the submerged jets process, the jet water will form a free shear surface 
with the ambient water, and the free shear surface thickness will increase along the 
water flow direction, and it will become unstable rapidly and form turbulence, and 
then diffuse to the surroundings to generate adsorption on the ambient water [10]. 
Figure  2 shows a schematic diagram of the submerged jet structure. As shown in 
the diagram, the development of the nozzle jet can be generally classified into four 

Fig. 1 Technological process for solid fluidization mining of NGH from double-layered pipes [9]
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stages, namely the initial, transition, basic, and water drop stage [11]. In the initial 
stage, there is a region where the velocity remains constant, called the jet core stage. 
The jet passes through the turning surface and then enters the jet transition stage, 
where the jet direction and the magnitude of the velocity change abruptly. As it enters 
the basic stage of the jet, the axial flow velocity and dynamic pressure values of the 
jet fall according to a certain pattern and are distributed in a Gaussian curve in the 
radial area. As the jet process develops, the media velocity and jet flow pressure 
values become very low, while the jet media and the ambient media will be almost 
completely integrated in the jet loss area. In practical engineering applications, the 
utilization of each section of the jet is selected according to different requirements, 
and to achieve the maximum energy conversion rate and efficiency of use.

The rock breaking mechanism under water jet action has not yet formed a unified 
theory. The main reason is that the breaking process action time is short, it involved 
the multi-phase coupling process, and many factors such as jet pressure, nozzle struc-
ture, moving speed and action distance need to be considered. And the complex and 
variable mechanical characteristics of the breaking object also increase the study dif-
ficulty. Therefore, the rock breaking process by high-pressure water jet is very com-
plex [12]. At present, there are mainly five theories [13, 14, 15]: ① quasi-static elastic 

Table 1 Classification of water jets

Classification criteria Classification categories

Jet characteristics Single-phase fluid jets, solid-liquid two-phase jets, solid-liquid-gas three-phase jets

Jet media Non-Newtonian fluid jets, Newtonian fluid jets

Jet environment Submerged jets, non-submerged jets

Jet generation mechanism Continuous jets, discontinuous jets

Jet pressure Low-pressure jet (0∼35 MPa), high-pressure jet (35∼140 MPa), ultra high-pressure 
jet (> 140 MPa)

Wall conditions Free jet, non-free jet

Fig. 2 Schematic diagram of the low pressure submerged jet structure [11]
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crushing theory [16, 17]; ② stress wave theory [18]; ③ cavitation rock breaking the-
ory [19, 20, 21, 22]; ④ crack propagation theory [23, 24, 25]; and ⑤ seepage stress 
and damage fracture theory [26].

Natural gas hydrate deposit is a kind of weakly cemented mineral, and its mechani-
cal properties is significantly different from rock. Therefore, the applicability of the above 
rock jet fracture theory to hydrate is not clear. Yang Lin [27] divided the hydrate containing 
sediments crushing process under high-pressure water jet into three stages: ① the water 
jet makes the surface sediments subject to tensile shear action, and the initial crushing pit 
appears; ② when the water jet reaches the middle of crushing pit, it expands laterally under 
the resistance to expand the crushing pit; and ③ after the water jet reaches the bottom of 
crushing pit, the strength decreases and the expansion speed of the crushing pit decreases.

Shen Juan et  al. [28] carried out a study on the design and structural optimization of 
high-pressure water jet nozzles, and the flow field distribution of five nozzles was analyzed. 
Li Jingbin et al. [29] conducted a study on the law of influence of parameters such as sur-
rounding pressure, discharge volume, and number of boreholes on jet flow, and analyzed 
the energy conversion efficiency of porous nozzles, and a rotary jet porous nozzle appli-
cable to radial horizontal well technology was also designed. Liao et al. [30] established a 
mathematical model of the hydraulic cutting nozzle flow field and obtained the effect of the 
nozzle contraction angle, nozzle outlet diameter, and cylindrical section length on the jet 
impact. Ren Fushen et al. [31] researched on jet breaking derived from particle rock break-
ing and established models for energy conversion efficiency, water in the nozzle and par-
ticle acceleration and pressure drop for three types of nozzles. Song et al. [32] studied the 
internal and external flow fields of four common tapered converging nozzles and found that 
the jet collection performance and stability of tapered short-line nozzles were better than 
others. Wang et al. [33, 34] evaluated the breaking effect from shape regularity of broken 
hole, variation of broken hole diameter, breaking efficiency, and solid phase concentration 
of slurry formed by the jet. However, there are few existing studies that have investigated 
the jet effect of nozzles based on the solid fluidization process of double-layered pipes.

To improve the working performance of hydrate solid fluidization mining tools and pro-
mote the process of large-scale extraction of marine hydrate in China, this article selected 
six nozzle structures commonly used for jet flow, and analyzed the axial velocity distribu-
tion of nozzle flow field, axial velocity decay law, maximum flow velocity in the outer area 
and core stage length, and the optimal nozzle structure type for solid fluidization jet crush-
ing process was determined. On the basis of the double-layer piper solid fluidization mining 
process, the pressure drop and flow resistance coefficients of the double-layer piper annulus 
with different number of single nozzles, axial nozzle spacing and total number of nozzles 
were developed, and the optimal multiple nozzle arrangement was obtained, it providing 
a theoretical basis for the design of the double-layer piper solid fluidization mining tool for 
marine hydrates.

Flow field analysis for single nozzle submerged jets and nozzle structural 
optimization
Flow field simulation and modelling

The jet flow characteristics of nozzles is mainly affected by the following four struc-
tural parameters: inlet and outlet diameter, cylindrical section length to diameter ratio, 
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contraction angle, and transition section length [35]. ① Nozzle diameter mainly influ-
ences the jet flow velocity and influence range, while nozzle diameter is too large or too 
small will lead to high energy consumption or easy blockage and other problems, respec-
tively; ② cylindrical section length to diameter ratio and the length of the transition sec-
tion affect the degree of jet turbulence; ③ contraction angle affects the media flow in the 
nozzle by the flow resistance and stroke loss.

Single nozzle structures commonly used in rock breaking [36] are shown in the Fig. 3, 
it mainly including linear nozzles (flat, convergent, straight-taper, etc.), non-linear noz-
zles (constant velocity gradient, streamlined, elliptical, etc.), and shaped nozzles (fan, 
star-shaped).

The main design parameters of nozzles include the constriction angle α , the nozzle 
diameter d0, the overall nozzle length L, and the nozzle cylindrical section length to 
diameter ratio L1/d0. The double gradient nozzle (d) also involves a first constriction 
angle α1, the diffusion nozzle is designed with a diffusion angle β, while the nozzle diam-
eter d0 can be calculated by following formula: A =

q

µ

√
2Pg

 . While A is the cross-sec-

tional area of the nozzle  (m2), q is the nozzle flow  (m3/h), μ Is the flow coefficient, g is the 
gravitational acceleration  (m2/h), P is the working pressure of the nozzle (MPa). Other 

Fig. 3 Common nozzle structures for rock breaking [36]. a Straight-taper nozzle. b Convergent nozzle. c 
Convergent-divergent nozzle. d Dual gradient nozzle. e Constant velocity gradient nozzle. f Streamline Nozzle
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parameters can be obtained according to the value of d0. And the flow path equation for 
the non-linear section of the isotropic nozzle (e) uses the flow path bus equation [31], 
and the non-linear section of the streamline nozzle adopts the cosine function as the 
flow path bus equation. Six nozzle configurations were designed for their dimensions, 
and the specific parameters of each nozzle structure are described in Table 2.

Simulation models and calculation methods

To optimize the nozzle structure and structural parameters to achieve best jet effect, 3D 
models for six nozzles were developed and simulations were performed. The model is 
shown in Fig. 4a and consists mainly of the nozzle structure and the outflow field of the 
jet. The structure, dimensions, and the boundary condition of the model are shown in 
Fig. 4b. By adjusting the dimensions of the nozzle, the simulation of all six nozzles can be 
achieved.

All simulations were performed using the ANSYS FLUENT, and performed based on 
steady-state and pressure-based conditions. The turbulence model is standard k-ε model, 
which is mainly applicable to the complete turbulence working condition. The SIMPLE 
scheme is applied for pressure velocity coupling. The results of the model meshing are 
displayed in Fig. 5. For the simulation, the model inlet was set to a pressure inlet of 15 
MPa and a confining pressure of 10 MPa, and the outlet was set to a pressure outlet.

As seawater is usually used as the jet medium in solid fluidization jet process, it is 
adopted as the jet medium with material parameters of density 1025 kg/m3 and viscosity 
coefficient 0.0017.

Mesh independence validation

To eliminate the effect of mesh number, and chose appropriate mesh number for simu-
lation, the investigations were carried out based on the computational model shown in 
Fig. 5. The four groups of models with mesh number of 115,646, 219,912, 367,181, and 
655,232 are constructed and with same settings shown before. The velocity at the end of 
inlet was calculated and shown in Fig. 6. The fluid velocity presents a negligible deviation 
of 0.15% when the mesh number increases from 219,912 to 655,232. To save the comput-
ing resources, selected the model with 219,912 mesh for simulation.

Results and discussion

Aiming at the submerged free jet simulation results of six nozzles in Fig. 3, the variation 
patterns of velocity decay, radial velocity distribution and turbulent kinetic energy of the 
axial center under different nozzles were compared, so as to select the best structure for 
the subsequent design analysis of the nozzle dimensions.

Table 2 Structural parameters of the design nozzle

Nozzle type L L1/d0 α/(°) α1/(°) d0/mm β/(°)

a 12 3 13 - 2 -

b 12 - 13 - 2 -

c 12 3 13 - 2 20

d 12 3 60 13 2 -

e 12 3 13 - 2 -

f 12 3 13 - 2 -
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Mesh reliability validation

The maximum jet velocity of six nozzles is shown in Fig. 7. According to the empiri-
cal formula, the theoretical maximum jet velocity of the nozzle is calculated by 
the formula umax = 44.7

√
Pt  , while Pt is the total pump pressure. According to the 

Fig. 4 Single nozzle simulation geometry model

Fig. 5 Single nozzle flow field model meshing. a Nozzle structure. b Extraction chamber structure. c nozzle 
mesh. d Extraction chamber mesh. e Overall mesh
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simulation setting, the umax should be about 99.952 m/s. Comparing umax with the 
value in Fig. 7, all errors are less than 1.5%. Therefore, the simulation method adopted 
is feasible.

Axial velocity distribution

Figures  8 and 9 respectively show the velocity cloud charts at the flow path and out-
let of six nozzles. As it shows, the velocity field from different nozzle jet has a similar 

Fig. 6 The indicator velocity with different mesh numbers

Fig. 7 Maximum outlet velocity for six nozzle configurations
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trend, that the fluid medium reached the maximum velocity after contracting in the con-
traction stage, i.e., the jet has the maximum flow. Subsequently, the fluid through the 
cylindrical section and become stabilize, it enters the outer area; the jet leaves the nozzle 
outlet, the divergence phenomenon begins to appear. Meanwhile, the jet velocity gradu-
ally decays due to the influence of the outer area resistance, presenting a “pointed cap” 
Gaussian distribution in the outer area.

The outer area velocity field distribution shows that ① the dissipation section of noz-
zle (c) is longer and the jet diffusion is larger, but the energy concentration is poor, so 
when it used to crushes, the phenomenon of a large crushing diameter and small crush-
ing depth would occur, the concentration of its crushing effect is significantly worse than 
the others. ② The core stage of nozzle (c) and nozzle (f ) is smaller than the others, which 
means that the performance of nozzle © and (f ) were the worst. ③ In terms of overall 
water jet development, nozzle (a) and (e) have more stable jets and less energy dissipa-
tion, and are more conducive to the hydrates jet crush. Furthermore, the jet velocity dis-
tributions of nozzles (a–d) are generally relatively similar.

Decay of axial velocity

Figure  10a shows the velocity distribution along the central axis of six nozzles. As it 
shows, the fluid velocity in the five types of nozzles in addition to the nozzle (c) has a 
similar pattern. After fluid enters the nozzle, the axial velocity is linear growth; when the 
fluid leaves the nozzle, the axial velocity decreases rapidly. When the fluid is inside the 
nozzle (c), the axial velocity grows rapidly and then immediately decay quickly, its axial 
velocity maximum value reaches others about 1.7 times. But at the nozzle outlet posi-
tion, the speed will decay to a similar range with other nozzles.

As Fig.  10a shows, the velocity magnitude at the nozzles’ outlet is similar, and the 
fluid axial velocity above 50 mm from the nozzle outlet is not met jet crushing condi-
tion. Therefore, it can be judged that the key of nozzle efficiency is focused on the range 
of 0–50 mm outside the nozzle. Nozzle outlet and 50 mm from it at the velocity decay 

Fig. 8 Velocity cloud of different nozzle configurations. a Straight-taper nozzle. b Convergent nozzle. c 
Convergent-divergent nozzle. d Dual gradient nozzle. e Constant velocity gradient nozzle. f Streamline Nozzle
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was intercepted for analysis, and the results are shown in Fig. 10b. From Fig. 10b, fluid 
axial velocity of nozzle (c) and (f ) decay faster, the axial velocity at 50 mm is significantly 
lower than the others. Fluid axial velocity decay rate and the difference between the fluid 
axial velocity of other nozzles at 50 mm are smaller. And the fluid axial velocity of nozzle 
(b) was the smallest at the outlet, and it continued increase with the jet until it reached 
the maximum value. Nozzle (a), (d), and (e) have similar fluid filed change pattern, with a 
flat section after the nozzle outlet and then begin to decay swiftly.

According to Wang’s [33, 34] calculation model of hydrate breaking rate, the size of 
hydrate breaking pit is highly related to the critical fluid velocity and hydrate saturation, 
and it increases with the increase of critical fluid velocity. Consequently, the structures 

Fig. 9 Velocity cloud at the outlet of the jet with different nozzle configurations. a Straight-taper nozzle. 
b Convergent nozzle. c Convergent-divergent nozzle. d Dual gradient nozzle. e Constant velocity gradient 
nozzle. f Streamline Nozzle
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of nozzle (a), nozzle (b), nozzle (d), and nozzle (e) should be preferred over nozzle (c) 
and nozzle (f ).

Length of core stage

Figure 11 shows the core stage length of each nozzle jet. Longer jet core stage and jet 
energy concentrated stage are more favorable for the NGH jet crushing. As shown in 
Fig. 11, nozzles (a), (e), and (b) have the longest jet core stage, approximately 18 mm, 17 
mm, and 16 mm respectively. Nozzles (d) and (f ) have a much shorter core stage length, 
both below 10 mm. And the core jet stage length of nozzle (c) is almost zero because of 
the shrinkage section. Therefore, nozzle (a) is the best structure among the six nozzles.

Fig. 10 Axial velocity decay of the jet fluid for different configurations of nozzles. a Axial spacing range 
0–300 mm. b Axial spacing range 0–50 mm

Fig. 11 Length of the core stage of each nozzle jet
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Therefore, nozzle (a) and (e), compared to other nozzles, have the advantage of a more 
stable jet, better axial velocity distribution of the internal fluid and high axial velocity of 
the fluid at the outlet. Also, nozzle (a) has a slightly longer core stage length than nozzle 
(e). So, nozzle (a) was chosen to be used for solid fluidization jet crushing of hydrates.

Design analysis of nozzles arrangement and axial spacing
Flow field modelling and simulation

Figure  12 shows the structure of a double-layer pipe solid fluidization tool. In the 
solid fluidization mining process based on dual gradient drilling of double-layer 
pipe, the jet holes are required to occupy the hydrate slurry transport channel, i.e., 
the outer annular void of the double-layer pipe, and affect the channel over-flow per-
formance. Therefore, the study of the jet hole arrangement for multi-hole water jet 
has important implications for the solid fluidization tool design. After completing the 
optimization of the nozzle structure, combined with the results of the single-nozzle 
jet crushing law study [37] and the crushing depth prediction model study [38], the 

Fig. 12 Schematic diagram of the solid fluidization tool for double-layer pipe

Fig. 13 Six nozzle arrangements. Number of nozzles in a single circle: a 9, b 6; c 5; d 4; e 3; f 2
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influence analysis of nozzles number and axial spacing between nozzles on the over-
flow performance of the double-layer pipe annulus in the dual gradient double-layer 
pipe solid fluidization process was investigated.

When the jet flow rate and nozzle diameter is fixed, the main factors affecting the 
jet crushing efficiency are the nozzles number and the arrangement. When optimiz-
ing the nozzle arrangement, the impact of the axial spacing between two nozzles and 
the number of nozzles in same circle should be considered primarily.

To select the best multiple nozzles arrangement, research of nozzle arrangement 
were carried out. The total nozzles number was selected as 12, 15, and 18, noz-
zles number in the same circle was selected as 2, 3, 4, 5, 6, and 9; the axial spacing 
was selected as 15, 25, 50, and 75 mm. Based on that, six nozzle arrangements were 
designed as shown in Fig. 13. Furthermore, 19 sets of simulation experimental sce-
narios were obtained by combining different nozzle counts and nozzle axial spacing, 
as presented in Table 3.

Table 3 Experimental scheme for simulation and analysis of layout

No. Total number 
of nozzles

Arrangement Axial 
spacing 
(mm)

No. Total number 
of nozzles

Arrangement Axial 
spacing 
(mm)

1 12 f 25 11 15 e 75

2 12 e 25 12 15 c 25

3 12 d 25 13 18 f 25

4 12 b 25 14 18 e 25

5 12 e 15 15 18 b 25

6 12 e 50 16 18 a 25

7 12 e 75 17 18 e 15

8 15 e 15 18 18 e 50

9 15 e 25 19 18 e 75

10 15 e 50 - - - -

Fig. 14 Simulation model for the analysis of the jet device outer annulus over-flow performance
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Simulation model and calculation method

Based on the above arrangement, the simulation geometry model shown in Fig. 14 was 
developed. The model consists of an annular flow path formed by the inner and outer 
pipe of the double-layer pipe, the outer wall surface of the single nozzle, inlet, and out-
let. In particular, the outer wall of the inner pipe, the inner wall of the outer pipe and 
the outer surface of the nozzle were formed as non-slip wall surface of the model. The 
boundary conditions are velocity inlet and free flow outlet. The annular inlet veloc-
ity is derived from the nozzle flow rate and is approximately 1.5 m/s. As the double-
layer pipe hydrate slurry flow condition is close to a circular pipe disturbance, the k-ε 
standard model is selected for the solution. And the SIMPLE algorithm was adopted 
for the general solution to reduce the computational effort. Considering the influence 
of hydrate on the slurry parameters, the density of NGH is 910 kg/m3, assume that the 
hydrate saturation in the slurry is 25%, so the density of NGH mud is 996.25 kg/m3.

Results and discussion

Number of nozzles in the same circle

Figure 15 shows the relationship between the fluid overflow pressure drop and the flow 
resistance coefficient of the outer annulus with the nozzle arrangement. Figure  15a–c 
shows that as the number of nozzles in same circle increases, the pressure drop and flow 
resistance coefficient of the outer annulus fluid gradually increases. In other words, the 
greater the number of nozzles in same circle arranged, the smaller the over-flow area 

(a) (b)

(c) (d)
Fig. 15 Variation of fluid pressure drop and flow resistance coefficient with nozzle arrangement in the outer 
annulus. Total number of nozzles: a 12, b 15, c 18; d number of nozzle circles
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in the same cross-section, and the greater the obstruction to fluid passage, which will 
directly reduce the hydrate slurry transport efficiency. In addition, with the increase 
of the number of nozzles in the same circle, the more the total number of nozzles, the 
faster the fluid pressure drop and flow resistance coefficient increase. It is because that 
more nozzle circles will affect the fluid passage efficiency many times. And to increase 
the annular flow performance, the total nozzles number and the number of nozzles in 
the same circle should be limited while ensuring the water jet effect. Comparing Fig. 15a 
and c, the change in pressure drop and flow resistance coefficient is smaller when the 
number of nozzles in the same circle is 2 and 3. As Fig. 15d shows, when the number of 
nozzles in the same circle is the same, the pressure drop and flow resistance coefficient of 
the outer annular fluid becomes larger with the increase in the number of nozzles circles.

Axial spacing

In consideration of when the number of nozzles in the same circle being 2, or the axial 
spacing of nozzles are too large, the range of jet influence may be insufficient. Therefore, 
it is recommended that the number of nozzles in the same circle is 3 and the axial spac-
ing between nozzles is approximately 50 mm.

Total number of nozzles

In comparison with Figs. 15 and 16, it can be found that when the nozzle arrangement is 
the same, as the total number of nozzles increases, the pressure drop and flow resistance 

(a) (b)

(c)
Fig. 16 Relationship between outer annulus pressure drop and flow resistance coefficient with axial spacing. 
Total number of nozzles is a 12, b 15, c 18
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coefficient in the ring air also increases. If the number of nozzles in the same circle is 3, 
and the total number of nozzles is 12, the pressure drop is about 1050 Pa, the flow resist-
ance coefficient is about 0.95. When the total number of nozzles increases to 15 and 18, 
the pressure drop increases by 19.5% and 28.57% respectively, and the flow resistance 
coefficient increases by 11.58% and 27.39% respectively. When the nozzle axial spacing is 
50 mm and the total number of nozzles is 12, the pressure drop is about 910 Pa, and the 
flow resistance coefficient is about 0.81. When the total number of nozzles increases to 
15 and 18, the pressure drop increases by 23.08% and 56.84% respectively, and the flow 
resistance coefficient increases by 19.12% and 57.41% respectively. Therefore, to ensure 
the jet effectiveness, it is necessary to reduce the total number of nozzles as much as 
possible to achieve a better over-flow performance in the extraction loop. Under the cur-
rent study conditions, the recommended total number of nozzles is 12.

In view of the results, it is recommended that the multi-nozzle arrangement used 
for the solid fluidization tool with: the number of nozzles in a single circle is 3, the 
axial spacing between nozzles is 50 mm and the total number of nozzles is 12.

Conclusions
To optimize nozzle configuration for the hydrate solid fluidization mining technol-
ogy, and investigate the nozzle arrangement for hydrate slurry overflow performance 
in double-layer pipe annulus under the influence of multiple nozzles, based on Flu-
ent, single-nozzle jet flow analysis of various configurations was undertaken, and the 
overflow performance in double-layer pipe annulus under various multiple nozzle 
arrangements was compared, and the following conclusions were obtained:

(1) The jet energy diffusion of the convergent-divergent nozzle is the fastest, the outlet 
axial velocity is the smallest, and the core stage length is almost zero. Straight-taper 
nozzle and constant velocity gradient nozzle have the best performance in the fluid 
axial velocity distribution and axial velocity, while the core stage of the straight-
taper nozzle length is the largest. Therefore, the straight-taper nozzle is the most 
suitable nozzle type for hydrate jet crushing.

(2) When the number of nozzles in the same circle is no more than 3 and the axial 
spacing between the nozzles is not less than 50 mm, the double-layer pipe annulus 
had the best overflow performance. And the more the total number of nozzles, the 
worse the over-flow performance of the double-layer pipe annulus.

(3) When designing a solid fluidization jet tool, it is recommended to use a straight-
taper nozzle with 3 nozzles in the same circle, 50 mm axial spacing between noz-
zles and 12 total number of nozzles.

Abbreviation
NGH  Natural gas hydrate
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