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Abstract

:

As an anhydrous fracturing method, liquid nitrogen jet fracturing technology is expected to become an efficient development method for shale gas resources. In order to explore the influence of the pressurization effect in the liquid nitrogen jet channel, the flow field in the perforation tunnel during the liquid nitrogen jet fracturing process was simulated by computational fluid dynamics, and the complex flow mechanism of liquid nitrogen in the perforation tunnel was analyzed. The pressurization effect of liquid nitrogen jet and water jet fracturing was compared, and the influence of various parameters on the pressurization effect of liquid nitrogen jet fracturing was studied. The research results indicate that under the same conditions, liquid nitrogen jets have a pressurization effect comparable to water jets, and the difference between the pressurization values of the liquid nitrogen jet and the water jet in the perforation tunnel is not more than 0.4 MPa under different nozzle pressure drop conditions. The larger the nozzle pressure drop and nozzle diameter, the greater the pressure increase value in the perforation tunnel of liquid nitrogen jet fracturing, which decreases with the increase in casing hole diameter. Further analysis shows that the pressurization effect is most affected by the two parameters of casing hole diameter and nozzle diameter. The essential reason for its influence on the pressurization value is the squeezing effect of the jet on the perforation tunnel fluid and the sealing effect of the shrinking part of the perforation tunnel on the backflow. The ambient pressure, the temperature of liquid nitrogen, and the diameter of the wellbore have no obvious effect on the pressurization effect. Therefore, through the reasonable combination of casing hole diameter and nozzle diameter, the sealing effect of the contraction part of the perforation tunnel on the fluid and the squeezing effect on the fluid in the perforation tunnel will be affected, which will significantly improve the pressurization effect of the liquid nitrogen jet in the perforation tunnel.
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1. Introduction


Since entering the new century, a series of unconventional oil and gas resources such as coalbed methane and shale gas have gradually replaced traditional energy [1], the recoverable resources of shale gas, tight gas, and tight (shale) oil, respectively, account for 4.8%, 5.7%, and 9.7% of the global recoverable resources [2]. At the forefront of the natural gas extraction industry, Malozyomov et al. [3] summarized methods for improving oil and gas recovery in conventional and unconventional reservoirs and introduced the advantages and disadvantages of EOR. Stratiev et al. [4] pioneered the production model for refinery fuel gas, liquefied petroleum gas, propylene, and other products. However, the newly proved unconventional oil and gas reserves are mostly low-permeability reserves, which require fracturing to bring them into production [5,6]. By establishing a two-dimensional hydraulic jet flow field physical model, Sheng et al. [7] concluded that nozzle pressure drop and inlet area ratio are the two main factors affecting jet pressurization in the perforation tunnel, while annulus confining pressure has no influence on jet pressurization in the perforation tunnel. Qu et al. [8] found that the sealing effect of the casing hole can greatly increase the pressure of the perforation tunnel, which has a great influence on the pressurization of the perforation tunnel. Through simulation calculations, it is concluded that there is strong independence between high-speed jets and that the spatial position and number of nozzles will not affect the pressure in the perforation tunnel [9]. The pressure generated by the hydraulic jet in different-shaped perforation tunnels is the same. Hydraulic fracturing technology is an important means of extracting unconventional oil and gas reservoirs worldwide [10], but it also faces many problems such as high consumption of water resources, environmental pollution, and clay expansion [11,12,13]. In the study of anhydrous fracturing, Cheng et al. [14] simulated the flow field in the perforation tunnel during supercritical CO2 jet fracturing and concluded that supercritical CO2 jet fracturing has a stronger perforation tunnel pressurization effect than hydraulic jet fracturing under the same conditions. Li et al. [15] established a thermal–fluid–solid coupling rock stress calculation model based on the synergistic rock breaking mechanism of supercritical CO2 jet pressure and temperature difference. They conducted a comparative study on the flow field and rock stress of supercritical CO2, water, and nitrogen jet rock breaking under different spray distances, revealing the thermal fluid–solid coupling mechanism of supercritical CO2 jet rock breaking.



Aiming at the fracturing characteristics of liquefied petroleum gas in shale reservoirs, Wang et al. [16] established a fracture network expansion model for liquefied petroleum gas fracturing and studied the fracture network expansion pattern of liquefied petroleum gas fracturing in shale reservoirs. Compared with anhydrous fracturing methods such as liquefied petroleum gas and CO2, nitrogen has stable performance, a wide source, and a higher construction safety factor. It is more suitable as an alternative fluid for water-based fracturing fluid and has been widely concerned and applied in the field of anhydrous fracturing [17].



Liquid nitrogen is a colorless, extremely low-temperature, highly inert liquid; its density and viscosity are lower than those of water. Under normal atmospheric pressure, the boiling point of nitrogen is −196.56 °C. The thermal stress caused by the impact of a liquid nitrogen jet significantly deteriorates the physical and mechanical properties of rocks, greatly reducing their critical crushing pressure. Wu et al. [18] found that under the same pressure conditions, the rock-breaking volume of a liquid nitrogen jet is 18.34 times that of a water jet on average. Zhang et al. [19] conducted numerical simulation research on the impact of a liquid nitrogen jet on rocks, focusing on the distribution characteristics of thermal stress in rocks under the impact of a liquid nitrogen jet. It was found that the thermal stress formed by a liquid nitrogen jet was mainly in the form of tensile stress, and the maximum tensile stress scale could be tens of MPa, which was much higher than the tensile strength of rock. The thermal fluid solid multi-field coupling model of liquid nitrogen jet impacting high-temperature rocks was established by Wu et al. [20], further analyzing the coupling effect of jet impact and thermal stress and comparing the mechanical response differences of rock under water jet and liquid nitrogen jet impact. The research results indicate that under the impact of a liquid nitrogen jet, the rock exhibits a tensile shear mixed failure mode, and the tensile and shear stresses on the rock surface are significantly higher than those of the water jet. As the initial temperature of the rock increases, the stress amplitude on the rock surface under liquid nitrogen impact is higher.



Cai et al. [21] evaluated the flow field structure of liquid nitrogen jet by establishing a two-dimensional CFD model. In order to evaluate the flow field structure of a liquid nitrogen jet, Cai Chengzheng et al. established a two-dimensional CFD model [22]. They established a computational fluid dynamics model by coupling the physical characteristic equations of nitrogen and simulated the flow field of a liquid nitrogen jet. The CFD method was used to simulate the flow field in the cavity at different times, and then the pressure distribution and transient temperature were analyzed. Based on the cavity pressure distribution, the pressurization effect of a liquid nitrogen jet in the cavity was evaluated, and the pressurization ability of liquid nitrogen jet was determined [23]. Through CFD simulation and laboratory experimental research, it concluded that under the same nozzle pressure drop conditions, a liquid nitrogen jet has better abrasive particle acceleration performance and intra-cavity pressurization performance than a water jet. Liquid nitrogen jets and water jets have a considerable impact effect. Liquid nitrogen, due to low-temperature cooling, water freezing, and nitrogen evaporation, can have additional fracturing effects on rocks [24].



Liquid nitrogen fracturing is an efficient anhydrous fracturing method. On the one hand, low-temperature fracturing of liquid nitrogen can significantly degrade the mechanical strength of rock and reduce the initiation pressure of reservoirs. On the other hand, liquid nitrogen can induce thermal fractures in rocks, which expand under the combined action of high pressure in the geological environment and the low temperature of liquid nitrogen, increasing the connectivity and complexity of reservoirs. The experimental results show that liquid nitrogen can significantly reduce the fracture pressure of rock [25,26], and the maximum fracture pressure of rock is reduced by 40%. According to the numerical modeling results, the thermal stress formed by liquid nitrogen fracturing changes the stress distribution around the well and induces primary cracks around the well, which is the main reason for liquid nitrogen to reduce reservoir fracture pressure [17].



In order to explore the decisive factors of the pressurization effect in the liquid nitrogen jet channel, the computational fluid dynamics method is used to simulate the flow field in the perforation tunnel during the liquid nitrogen fracturing process. The simulation results of the velocity field, pressure field, density, and viscosity of the liquid nitrogen jet in the perforation tunnel are obtained, and the key reasons for the pressurization are analyzed. This paper reveals the influence of various parameters on the pressurization effect of liquid nitrogen jet fracturing, obtains the pressurization contribution of different conditions to liquid nitrogen jet, makes a comparative analysis of different effects, and obtains the main influencing conditions, which provides a theoretical basis for the subsequent research and application of liquid nitrogen fracturing reservoirs.




2. Numerical Model and Solution Method


2.1. Geometric Model and Spatial Discretization


According to the liquid nitrogen jet injection process, a three-dimensional schematic diagram of the liquid nitrogen jet flow field in the wellbore-formation perforation tunnel is established, as shown in Figure 1. This model includes a jet tool, a wellbore, and the internal space of the formation perforation tunnel. The jet tool can be installed with nozzles of different diameters according to the actual needs. The formation perforation tunnel is the common spindle shape in hydraulic perforation [27]. The formation pores are distributed symmetrically; that is, the pores are distributed symmetrically along the wellbore axis, and the pore axis is perpendicular to the wellbore axis. In the model, the number of perforation tunnels is four, and the inlet of the perforation tunnel is arranged at the center of the end of the wellbore. The inlet of the perforation tunnel is connected with the wellbore. During the process of liquid nitrogen jet injection, the perforation tunnel and the fluid in the wellbore can produce mass exchange.



The geometric model is spatially discretized, as shown in Figure 2. A structured tetrahedral mesh is used to enhance the calculation accuracy and convergence. Considering the complexity of the flow field formed by the jet fluid at the entrance of the perforation tunnel, the local refinement of the inlet diameter shrinkage of the perforation tunnel is carried out to better present the flow field characteristics.



When designing the geometric model, the wellbore has casing completion, and the jet tool is simplified. Because the main focus of research is the motion state of the fluid flow field in the formation perforation tunnel and its nearby wellbore, the three-dimensional geometric model of the liquid nitrogen jet flow field around the formation perforation tunnel is mainly established. The specific size of the model is shown in Table 1.




2.2. Control Equations


The main medium of a high pressure jet is liquid nitrogen. In the high-temperature and high-pressure environment at the bottom of the well, liquid nitrogen is very susceptible to temperature and pressure and cannot be considered an incompressible fluid. For bottom-hole compressible flow, the continuity equation can be expressed as


    ∂ ( ρ  u i  )   ∂  x i    = 0  



(1)




where ρ (kg/m3) is the fluid density;    u i    (m/s) is the velocity tensor. Liquid nitrogen is not an ideal fluid, and in this study, the influence of gravity is not considered. The momentum equation is described by the Navier-Stokes equation, namely


    ∂ ρ  u i   u j    ∂  x j    = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j    + ρ  g i  +  F i   



(2)




where p (Pa) is the pressure;    g i    (m/s2) is the acceleration of gravity (gi = 0);    F i    (N/m3) is the physical strength;    τ  i j     is the deviatoric stress tensor. It is difficult to solve the Navier-Stokes equations directly. The time-averaged Navier-Stokes equations are usually used to solve the Navier-Stokes equations, namely [28,29]


     ∂ ( ρ  u i   u j  )   ∂  x j    = −   ∂ p   ∂  x i    +  ∂  ∂  x j      μ     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3    ∂  u k    ∂  x k     δ  i j          +  ∂  ∂  x j    ( − ρ    u i '   u j '   ¯  ) + ρ  g i  +  F i    



(3)




where  μ  (  Pa ⋅ s  ) is the dynamic viscosity;   − ρ    u i '   u j '   ¯    is the Reynolds stress, which is solved by the following equation:


  − ρ    u i '   u j '   ¯  =  μ T      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i      −  2 3     (  ρ k +  μ T    ∂  u k    ∂  x k    )  δ  i j    



(4)






   μ T  = ρ  C μ     k 2   ε   



(5)




where k is the turbulent kinetic energy;    δ  i j     is the Kronecker symbol;    C μ    is the empirical constant;   ε  ( J /    kg ⋅ s   )   is the turbulent dissipation rate. In the simulation of a liquid nitrogen jet, the standard k-ε model is used in this study.


    ∂  ∂ t     ρ k   +  ∂  ∂  x i      ρ k  u i    =     ∂  ∂  x j        μ +    μ t     σ k        ∂ k   ∂  x j      +  G k  +  G b  − ρ ε −  Y M  +  S k    



(6)






    ∂  ∂ t     ρ ε   +  ∂  ∂  x i      ρ ε  u i    =     ∂  ∂  x j        μ +    μ t     σ ε        ∂ ε   ∂  x j      +  C  1 ε    ε k     G k  +  C  3 ε    G b    −  C  2 ε   ρ    ε 2   k  +  S ε    



(7)







Among them,    C  1 ε    ,    C  2 ε    , and    C  3 ε     are model constants;    σ k    and    σ ε    are the turbulent Prandtl numbers of k and ε, respectively;    G k   ,    G b   , and    Y M    are the velocity gradient turbulent kinetic energy term, the buoyancy turbulent kinetic energy term, and the pulsation expansion term, respectively.    G k   ,    G b   , and    Y M    can be obtained by the following equation


   G k  = − ρ    u i '   u j '   ¯    ∂  u i    ∂  x i     



(8)






   G b  = −  1 ρ        ∂ ρ   ∂ T      p   g i     μ T    Pr     ∂ T   ∂  x i     



(9)






   Y M  = 2 ρ ε  k   a 2     



(10)




where Pr ( - ) is the Prandtl number; T (K) is temperature;  a  (m/s) is the sound velocity. The energy equation is described by the following equations


   ∂  ∂  x i       u i    ρ E + p     =  ∂  ∂  x j       k  e f f     ∂ T   ∂  x j    +  u i   τ  i j     + Q  



(11)




where E (J/kg) is the total energy of the fluid micromass;  Q  (W/m3) is the heat source term in the fluid micromass;    k  e f f     is the effective thermal conductivity, which can be obtained by the following equation


   k  e f f   = λ +    c p   μ T    Pr    



(12)




where  λ  (W/(  m ⋅ K  )) is the thermal conductivity;    c p    (J/(  kg ⋅ K  )) is the specific heat capacity at constant pressure.



For the NIST real gas model, the density and isobaric heat capacity of nitrogen can be represented by the model of Span et al. [30], which is clear in the reduced Helmholtz energy. Helmholtz energy is a function of density (ρ) and temperature (T), and the reduced Helmholtz energy is a function of density (δ) and temperature (τ), namely


  a   δ , τ   =  a   ρ , T    /    R T   =  a 0    δ , τ   +  a r     δ , τ    



(13)




where α (ρ, T) and α (δ, τ) are Helmholtz energy and reduced Helmholtz energy; α0(δ, τ) is the ideal gas component, and αr(δ, τ) is the residual part. R is a gas constant equal to 0.2968 kJ/(kg∙K); δ = ρ/ρc, τ = Tc/T; ρ and ρc are density and critical density, respectively; T and Tc are temperature and critical temperature, respectively. The critical temperature of liquid nitrogen is 126.492 K, and its critical density is 313.30 kg/m3.



According to the Helmholtz energy theory, the expressions of density and isobaric heat:


  p   δ , τ   = ρ R T   1 + δ       ∂  a r    ∂ δ      τ     



(14)






     C p    δ , τ    R  = −  τ 2     a  τ τ  0  +  a  τ τ  r    +       1 + δ  a δ r  − δ τ  a  δ τ  r     2    1 + 2 δ  a δ r  +  δ 2   a  δ δ  r     



(15)







In addition, the pure fluid viscosity and thermal conductivity models of Lemmon and Jacobsen are used to evaluate the viscosity and thermal conductivity [31]. The viscosity equation is as follows:


  μ   ρ , T   =  μ 0   T  +  μ R    τ , δ    



(16)




where μ0 (T) is the viscosity of the dilute gas, which depends on the temperature (T), μR (τ, δ) is the residual part.



According to Lemmon and Jacobsen’s model, the thermal conductivity of nitrogen is a function of temperature and density:


  λ   ρ , T   =  λ 0   T  +  λ R    τ , δ   +  λ c    τ , δ    



(17)




where λ0 (T) is the thermal conductivity of dilute gas; λR (τ, δ) is the residual part; λc (τ, δ) is the critical enhancement of thermal conductivity.




2.3. Boundary Conditions and Calculation Process


Liquid nitrogen is sprayed by the nozzle through the jet tool, and a high-pressure and high-speed jet is formed at the nozzle outlet to enter the formation perforation tunnel through the annulus between the jet tool and the wellbore. The jet fluid in the perforation tunnel is squeezed and then forms a backflow into the annulus between the jet tool and the wellbore. Therefore, setting the fluid inside the jet tool as the boundary condition for the pressure inlet, the pressure value is determined by the injection pressure of liquid nitrogen. The pressure outlet is set as the annulus area between the jet tool and the wellbore, with a pressure value equal to the annulus pressure.



The computational fluid dynamics solver ANSYS FLUENT, based on the finite volume method, was used to simulate the liquid nitrogen jet. The initial and boundary condition parameters of the fluid domain are shown in Table 2. The liquid nitrogen jet temperature is set to 100 K, the inlet of the liquid nitrogen jet is 40 MPa, and the annular pressure is 20 MPa. Due to the strong compressibility of liquid nitrogen itself, the physical properties of liquid nitrogen undergo drastic changes with temperature and pressure during the impact heat transfer process. In this paper, the NIST real gas model is used to calculate the transport properties of nitrogen, and the thermal properties of liquid nitrogen in the fluid domain are updated in real time according to different temperature and pressure conditions.



The numerical-model-solving process is shown in Figure 3. First, the parameters are initialized. Secondly, the pressure and velocity values are obtained by solving the mass equation and the momentum equation simultaneously. The solution to the momentum equation is to solve the Navier-Stokes equation. In this article, the Navier-Stokes equations are simplified by using the standard k-ε turbulence equation. Then, the temperature data are obtained by solving the energy equation. The physical parameters of liquid nitrogen were calculated using the new temperature data, including density, viscosity, specific heat capacity at constant pressure, and thermal conductivity. The mass equation, momentum equation, and energy equation are solved repeatedly by using the new liquid nitrogen physical parameters to check the convergence of the calculation results of each parameter. When the calculation error is less than the set error, the calculation ends.





3. Perforation Tunnel Pressurization Phenomenon and Reason Analysis


3.1. Flow Law of Nozzle-Annulus-Perforation Tunnel


3.1.1. Velocity Field


Velocity, as one of the key parameters to characterize the jet flow field, is also an important indicator for evaluating the energy of the jet fluid. In general, the higher the jet velocity, the higher the energy it carries and the higher the pressure formed in the perforation tunnel. At the same time, the stronger the ability to block the reverse flow of fluid inside the perforation tunnel, the more the fluid inside the perforation tunnel can form a higher pressurization effect, which makes it easier to achieve the purpose of rock breaking and fracturing. Figure 4 is the liquid nitrogen jet velocity nephogram generated by the nozzle with a diameter of 6 mm. The liquid nitrogen jet is ejected from the nozzle outlet to form a high-pressure jet, and the maximum velocity can reach 217 m/s. The high-pressure jet enters the perforation tunnel through the annulus, then decelerates gradually, and finally stagnates inside the perforation tunnel. The high-pressure jet from the nozzle continuously impacts the fluid that previously entered the perforation tunnel, and the internal fluid is gradually pressurized, causing backflow, which flows from the perforation tunnel inlet into the annulus area and finally forms a dynamic balance of pressurization inside the perforation tunnel.



During the flow of the jet in the nozzle, its velocity increases rapidly over a very short distance and then decreases slowly. The velocity remains relatively stable in the area near the nozzle outlet. The velocity of the jet will decay rapidly after leaving the nozzle, and it will stagnate at about 0.03 m inside the perforation tunnel, as shown in Figure 5. After 0.03 m from the inlet of the perforation tunnel to the inside of the perforation tunnel, the fluid velocity will maintain a small range below the zero line to reach the dynamic balance of the flow field.



The velocity distribution from the inlet of the perforation tunnel to the internal horizontal radial direction was observed at different distances along the axis direction. As shown in Figure 6, the jet velocity gradually decreases along the axis direction, and the axial velocity after the jet enters the perforation tunnel presents a symmetrical distribution of positive values in the middle and negative values on both sides. This is the phenomenon in which the jet enters the perforation tunnel and the fluid in the perforation tunnel returns out of the perforation tunnel. It can be seen that the fluid enters and exits the perforation tunnel to form a dynamic balance. As the jet gradually penetrates into the perforation tunnel, the radial velocity distribution curve gradually becomes gentle. For example, the observation line 20 mm away from the perforation tunnel inlet in the axial direction is inside the perforation tunnel, where the inlet and outlet velocities of the jet are much lower than those at the perforation tunnel entrance (0 mm observation line).




3.1.2. Pressure Field


As the most direct evaluation parameter of the reaction pressurization effect, the fluid pressure in the perforation tunnel is an indispensable observation index. Figure 7 is a pressure nephogram with an ambient pressure of 20 MPa and a pressure drop of 20 MPa. It can be seen that the high-pressure fluid enters the nozzle from the spray gun, the pressure decreases, the pressure in the annular area is relatively stable, and the internal pressure of the perforation tunnel is stable at 25.06 MPa, which is higher than the ambient pressure as a whole. The net pressurization value is 5.06 MPa. The pressurization effect is obvious, and the purpose of pressurization is achieved.



The high-pressure jet enters the nozzle from the inside of the jet tool. During the flow in the nozzle, the static pressure first decreases rapidly, and then changes into dynamic pressure. The velocity increases rapidly and the kinetic energy carried by the jet increases, as shown in Figure 8. Then, the fluid velocity in the nozzle decreases slowly, and the static pressure increases. After the jet fluid leaves the nozzle, the static pressure decreases again, the dynamic pressure increases, and the jet flows into the perforation tunnel. After the high-pressure fluid enters the perforation tunnel, the velocity decreases, and the static pressure begins to increase rapidly. It is relatively stagnant at about 0.03 m inside the perforation tunnel, and the static pressure inside the perforation tunnel remains relatively stable.



The static pressure distribution from the inlet to the internal horizontal radial direction was observed at different distances along the axis direction. As shown in Figure 9, the static pressure gradually increases along the axis direction, and the increasing speed gradually slows down. With the deepening of the jet into the perforation tunnel, the increase rate of the static pressure value slows down until stagnation and finally stabilizes at 25.06 MPa, which is 5.06 MPa higher than the ambient pressure.




3.1.3. Physical Property Changes (Density and Viscosity)


As shown in Figure 10, the density of the jet fluid in the nozzle is the highest. After the jet is ejected, the density gradually decreases during the process of entering the perforation tunnel, and the density of the jet fluid in the perforation tunnel gradually increases from the perforation tunnel inlet to the inside of the perforation tunnel until it reaches its maximum and then remains relatively stable. This is due to the continuous entry of jet fluid into the perforation tunnel to squeeze the internal fluid; the fluid is compressed, and the pressure is increased. After the extruded fluid enters the annulus, the volume expands and the density decreases.



Through the observation of the viscosity of the perforation tunnel and the annulus area, as shown in Figure 11, the fluid viscosity at the entrance of the perforation tunnel is much higher than that inside the perforation tunnel and the annulus area, and the maximum viscosity is thousands of times higher than the minimum viscosity. The high viscosity zone is concentrated at the inlet of the perforation tunnel, blocking the backflow of liquid nitrogen inside the perforation tunnel, playing a sealing role, enhancing the squeezing of the fluid inside the perforation tunnel, and enhancing the pressurization effect.



Density is one of the important physical properties of liquid nitrogen, which increases with increasing pressure. As shown in Figure 12, the liquid nitrogen fluid inside the nozzle is in a high-density state, with a maximum of 809.97 kg/m3. After entering the annulus area, the density decreases, and the minimum is only 751.07 kg/m3. After entering the formation perforation tunnel, the density increased to 779.5 kg/m3. It can also be seen from Figure 12 that on the axis of the perforation tunnel, as the axis distance increases, the density of the liquid nitrogen fluid decreases first and then increases. This is because the pressure on the pore axis decreases first and then increases, so that the density change trend corresponds to the pressure change trend.



Viscosity, as another important property of liquid nitrogen, increases with the increase in velocity, showing a high viscosity state at the entrance of the perforation tunnel, up to 10.24 kg/ms; the viscosity decreases after entering the perforation tunnel, and the lowest is only 0.0034 kg/ms. From Figure 12, combined with Figure 5, it can be seen that on the perforation tunnel axis, as the axis distance increases, the viscosity of the liquid nitrogen fluid increases first and then decreases. This is because the velocity of the jet fluid on the axis of the perforation tunnel first increases and then decreases, and the change in viscosity lags behind the velocity change trajectory and presents a positive correlation trend with it. When the velocity decreases close to 0, the viscosity decreases to the minimum.





3.2. Mechanism Analysis of Jet Pressurization in Perforation Tunnel


3.2.1. Hole Sealing Effect Analysis


After the nozzles with different diameters are matched with the casings with different diameters, the pressurization effect is very different. As shown in Figure 13, the velocity nephogram of the nozzle jets with diameters of 2 mm and 10 mm at the entrance of the perforation tunnel under the same casing hole diameter (14 mm) are shown, respectively. From the graph, it can be observed that when a nozzle with a diameter of 2 mm flows, the proportion of the inlet area to the inlet and outlet area of the perforation tunnel is much smaller than that of the backflow area, and the maximum backflow velocity is 44.2 m/s. Under the nozzle condition with a diameter of 10 mm, the area proportion of the backflow area is much smaller than that under the nozzle condition of 2 mm, and the maximum backflow velocity reaches 112 m/s. Due to the larger diameter of the nozzle, the more fluid the jet carries and the higher the energy it carries, the fluid backflow in the perforation tunnel is greatly affected by the boundary conditions of the wellbore fluid outlet, and the backflow is concentrated on the side near the wellbore outlet. According to the law of conservation of mass, the smaller the backflow area, the greater the backflow velocity will be. In order to make the backflow fluid overcome the inflow and the hole diameter shrinkage and flow out smoothly, the internal pressure of the perforation tunnel must be greater so that the internal pressurization effect of the perforation tunnel is better.



Similarly, it can be seen from Figure 14 that for the same diameter nozzle conditions, the smaller the diameter of the casing, the smaller the area proportion of the backflow area at the inlet of the perforation tunnel is, and the greater the maximum velocity of the backflow is, so that the sealing effect of the fluid inside the perforation tunnel is stronger and the fluid backflow inside the perforation tunnel is more difficult. The internal pressure of the perforation tunnel will be greatly improved, and a better pressurization effect will also be obtained.




3.2.2. Analysis of Jet Extrusion Effect


The jet produces an impact and compression effect on the fluid inside the channel near the inlet, leading to an increase in fluid pressure inside the perforation tunnel. The more difficult it is for the fluid in the channel to flow, the easier it is for the fluid in the channel to be squeezed. Therefore, the hole sealing effect helps to reduce the fluid flow in the perforation tunnel and enhance the jet extrusion effect. In addition, increasing the jet energy also helps to improve the extrusion effect and increase the overall pressure in the perforation tunnel. As shown in Figure 15, under the condition of the same diameter nozzle and casing hole diameter and the ambient pressure of 20 MPa, the higher the pressure drop of the nozzle, the smaller the proportion of the backflow area to the inlet and outlet area of the hole, and the greater the backflow speed. This is due to the higher jet velocity and energy under the condition of high pressure drop, the stronger the mutual squeezing effect of the fluid inside the perforation tunnel, thereby inhibiting the backflow and increasing the internal pressure of the perforation tunnel.



According to the above analysis, the mechanism of pressure increase in the perforation tunnel is mainly caused by two factors: the sealing effect of the jet on the inlet of the perforation tunnel and the squeezing effect of the jet on the perforation tunnel fluid; both lead to the increase in fluid pressure in the perforation tunnel. Among them, the greater the energy carried by the jet, the better the extrusion effect; the stronger the sealing effect of the perforation tunnel, the easier the jet is to produce the squeezing effect.





3.3. Comparison of Pressurization Effects of Liquid Nitrogen Jet and Water Jet


In order to explore the effect of jet pressurization in the liquid nitrogen injection hole, hydraulic injection and liquid nitrogen injection were numerically simulated under the same parameters, and the pressurization effects of the two were compared. As shown in Figure 16, the pressure values on the fluid axis in the channel were compared between the water jet and the liquid nitrogen jet under five nozzle pressure drop conditions (10, 15, 20, 25, and 30 MPa). Research shows that under the same pressure drop conditions, the pressurization values of hydraulic injection and liquid nitrogen injection in the channel are similar. Among them, when the pressure drop is 10 MPa and 20 MPa, the pressurization value of hydraulic injection and liquid nitrogen injection is the same; when the pressure drop is 25 MPa, the pressurization value of hydraulic injection is 8.7 MPa, the pressurization value of liquid nitrogen injection is 8.3 MPa, and the maximum difference between the two pressurization effects is not more than 0.4 MPa. It can be seen that under the same conditions, liquid nitrogen injection has a similar pressurization effect as hydraulic injection.





4. Analysis of Parameter Influence Law


4.1. Nozzle Pressure Drop


The pressure drop of the nozzle is 10 MPa, 15 MPa, 20 MPa, 25 MPa, and 30 MPa, respectively. The radial center line velocity of the inlet of the perforation tunnel is shown in Figure 17. Under certain conditions of other parameters, the proportion of the backflow area to the inlet section of the perforation tunnel will not change with the change in the pressure drop of the nozzle. The greater the pressure drop of the nozzle, the greater the maximum velocity of the jet entering the perforation tunnel. At the same time, the shrinking part of the perforation tunnel plays a sealing role in the jet inside the perforation tunnel. The greater the maximum velocity of the backflow, the greater the stagnation pressure inside the perforation tunnel. As shown in Figure 18, the relationship between the pressurization value and the nozzle pressure drop is roughly linearly increasing, and the fitting degree of the first-order equation R2 is close to 1. This is because the pressure drop of the nozzle determines the kinetic energy of the jet fluid. The fluid is squeezed inside the perforation tunnel, and the kinetic energy of the fluid is converted into pressure energy inside the perforation tunnel, thereby increasing the stagnation pressure in the perforation tunnel.




4.2. Nozzle Diameter


The nozzle is set to 2, 4, 6, 8, and 10 mm, respectively. Under certain other conditions, we investigated the effect of different nozzle diameters on the internal pressurization of the channel. From Figure 13, it can be seen that the smaller the nozzle diameter is, the larger the cross-sectional area of the backflow area in the inlet of the perforation tunnel is. This is because the smaller the nozzle diameter is, the smaller the jet flow per unit time is, the smaller the jet structure is, the weaker the squeezing effect of the subsequent jet on the jet entering the perforation tunnel is, and the less obvious the pressurization effect is. As shown in Figure 19, the larger the nozzle diameter, the larger the jet structure of the liquid nitrogen jet, the larger the jet velocity peak, the greater the kinetic energy of the fluid, the stronger the squeezing effect on the fluid in the perforation tunnel, and the greater the pressurization value in the perforation tunnel. As shown in Figure 20, the nozzle diameter is positively correlated with the pressurization value. The relationship between the two is fitted by a quadratic curve, and the fitting degree R2 is close to 1. However, it is not true that the larger nozzle is better. The choice of nozzle diameter should be matched with the casing hole diameter. In this study, we set the casing hole diameter at 14 mm. When the nozzle diameter is 10 mm, the pressurization effect is lower than that of the 8 mm diameter nozzle. This is because the nozzle diameter is too large. When it is matched with the 14 mm casing hole diameter, the jet structure of the 10 mm diameter nozzle is too large, resulting in a considerable part of the jet being blocked outside the inlet of the perforation tunnel, resulting in the jet being unable to enter the perforation tunnel completely, and thus there is a part of the energy loss, resulting in the phenomenon that the pressurization effect is not as good as that of the 8 mm diameter nozzle. In addition, when the nozzle diameter of 8 mm is matched with the casing hole diameter of 14 mm, the peak velocity is distributed on both sides of the axis, as shown in Figure 19. The nozzle diameter of 8 mm is also affected by the casing hole diameter of 14 mm, which shows that the size of the casing hole diameter will restrict the pressurization capacity of the large-diameter nozzle.




4.3. Casing Hole Diameter


The casing hole diameter is set to 10, 12, 14, 16, 18, and 20 mm, respectively, to study the influence of the size of the casing hole diameter on the perforation tunnel pressurization. Under the condition of other parameters, as shown in Figure 21, the larger the diameter of the selected casing, the larger the area of the jet inlet and reflux areas during operation. The sealing effect of the fluid in the channel is weaker, and the squeezing effect between the fluids will also be weakened, thereby reducing the pressure boosting effect in the channel. As shown in Figure 22, the pressurization value is negatively correlated with the diameter of the casing hole, and the quadratic curve fitting degree R2 is close to 1. This is because the size of the casing hole diameter plays a decisive role in the sealing and blocking effect of the jet backflow. From this, it can be seen that the smaller the diameter of the casing, the stronger its sealing effect on the internal fluid of the channel and the better the pressurization effect.




4.4. Ambient Pressure


The ambient pressures were set to 10, 15, 20, 25, and 30 MPa for simulation. Under other unified conditions, the effect of ambient pressure on the fluid pressurization effect in the perforation tunnel was studied. As the ambient pressure increased, the final pressure in the perforation tunnel would increase, but there would be no significant change in the pressurization value. As shown in Figure 23, under different ambient pressure conditions, the flow field velocity will not change; that is, the size of the ambient pressure will not change the migration state of the flow field. As shown in Figure 24, the pressurization value under different ambient pressures does not exceed 0.2 MPa, and the pressurization effect does not change with the change of ambient pressure. At the same time, it can be seen that the ambient pressure is the guarantee of a stable pressurization effect. When the ambient pressure is stable, the pressurization effect is also stable, which plays a role in maintaining the pressurization stability.




4.5. Fluid Temperature


The effect of temperature on the pressurization effect is studied by setting different jet fluid temperatures. When other conditions remain unchanged, the change in fluid temperature will not have much effect on the ability of the jet to enter and exit the perforation tunnel. As shown in Figure 25, under different temperature conditions, the flow state of the fluid in and out of the perforation tunnel is different, but the proportion of the inflow area and the backflow area will not be affected by the change in temperature. At the same time, the influence of different temperatures on the pressurization effect is not obvious. As shown in Figure 26, the maximum difference of pressurization value under different temperature conditions does not exceed 0.4 MPa, so the fluid temperature is not the influencing factor of the pressurization effect.




4.6. Wellbore Diameter


According to the on-site construction standards, wellbores with different diameters are selected to study the influence of wellbore diameter on the pressurization effect of the perforation tunnel. In this study, wellbore diameters of three actual engineering sizes of 124, 159, and 174 mm are set. It is calculated that the change in wellbore diameter has a great influence on the jet velocity field. As shown in Figure 27, under different wellbore diameters, the proportion of the jet backflow area to the inlet section of the perforation tunnel is different. This is because the different wellbore diameters will cause different annular areas. The distance from the jet to the hole after the jet is ejected from the nozzle is long and short. The jet structure in the annular area and the jet core reaching the inlet of the perforation tunnel are different due to the different range of the annular area, but this does not affect the pressurization effect too much. As shown in Figure 28, the pressurization values in the pores of different wellbore diameters are similar, and the maximum difference does not exceed 0.3 MPa. It can be seen that the wellbore diameter has little effect on the pressurization effect.




4.7. Analysis of Parameter Sensitivity


The parameters affecting the pressurization effect are compared, as shown in Figure 29. In contrast, the change in ambient pressure has the least influence on the pressurization effect, and the influence of wellbore diameter and fluid temperature is less. The change in nozzle pressure drop will have a great influence on pressurization. When the nozzle diameter and casing hole diameter parameters change, the pressurization effect changes very significantly, which is far more sensitive to the pressurization effect than other parameters.





5. Comparison of Perforation Tunnel Sealing and Extrusion Effect


5.1. Comparison of the Influence of Casing Hole Diameter and Nozzle Pressure Drop


The size of the casing hole diameter directly determines the sealing effect of the fluid in the perforation tunnel. By comparing the effect of the nozzle diameter, as shown in Figure 30, when the parameter variable gradient increases or decreases, the casing hole diameter has a greater effect on the pressurization. It can be concluded that the sealing effect has a higher effect on the pressurization of the fluid inside the perforation tunnel than the nozzle pressure drop; that is, selecting the appropriate casing hole diameter can directly improve the pressurization level rather than increasing the nozzle pressure drop.




5.2. Comparison of the Influence of Casing Hole Diameter and Nozzle Diameter


As mentioned above, when other conditions remain unchanged, the larger the nozzle diameter, the more jets will be injected into the perforation tunnel, the greater the energy it carries, and the greater the inflow range at the inlet of the casing. Under the condition that the diameter of the casing hole is constant, the larger the diameter of the nozzle, the stronger the sealing effect at the shrinkage of the inlet of the perforation tunnel; the stronger the squeezing effect of the fluid in the perforation tunnel, the higher the pressure required for the backflow fluid to be squeezed out of the perforation tunnel, so the stronger the pressurization effect inside the perforation tunnel. When the nozzle diameter is constant, the larger the casing diameter, the larger the jet backflow area, the worse the sealing effect at the inlet of the perforation tunnel, and the worse the squeezing effect of the fluid in the perforation tunnel, so the pressurization effect is worse. As shown in Figure 31, these two parameters have a significant impact on the pressurization effect. It can be concluded that if we want to achieve a better boosting effect, the combination of a large-diameter nozzle and a small casing hole diameter should be selected as much as possible to improve the pressurization. However, it is not necessarily true that the larger the diameter of the nozzle, the better, and the smaller the aperture of the casing, the better. In this study, the combination of a 10 mm diameter nozzle and a 14 mm casing hole diameter is not the largest pressurization combination. Therefore, the combination of large diameter nozzle and small casing hole diameter should be reasonably matched. Generally, a casing hole diameter/nozzle diameter index of about 2 is best to obtain pressurization level.




5.3. Comparison of the Influence of Nozzle Diameter and Nozzle Pressure Drop


Similar to the change in casing hole diameter, the change in nozzle diameter will also directly determine the sealing and squeezing effects of the perforation tunnel. As shown in Figure 32, the change in nozzle diameter has a greater influence on the pressurization value than the change in nozzle pressure drop. The larger the nozzle diameter and the larger the inflow area, the stronger the squeezing effect on the fluid in the perforation tunnel, and the smaller the backflow area, limiting the outflow of the backflow fluid, thus playing a key role in the pressurization ability. Increasing the nozzle pressure drop only unilaterally increases the jet flow energy, only enhances the squeezing effect of the fluid in the perforation tunnel, and cannot change the sealing effect of the perforation tunnel diameter shrinkage. The pressurization effect is naturally less than the influence of the nozzle diameter change.



It can be seen from the above research that the pressurization effect of the liquid nitrogen jet inside the perforation tunnel is affected by many aspects, and the sealing effect of the perforation tunnel is stronger than the extrusion effect. During the construction, under the condition of meeting other conditions, it is recommended to use a small diameter nozzle for sand blasting perforation (to enhance the sealing effect), then drag the string and use a large diameter nozzle for fracturing (while improving the sealing and squeezing effects); under the condition of low nozzle pressure drop, the pressurization value in the perforation tunnel is improved.





6. Result and Discussion


In the numerical simulation of the fluid flow of the liquid nitrogen jet in the perforation tunnel, through the cloud diagram of the velocity field, pressure field, and physical parameters of the obtained results, we found that the structure of the perforation tunnel has a great influence on the pressurization effect, which mainly comes from the sealing of the jet inside the perforation tunnel by the inlet of the perforation tunnel and the squeezing of the fluid in the perforation tunnel by the high-pressure jet. When the casing hole diameter is 10 mm, the pressurization value in the perforation tunnel is more than 4 times higher than when the casing hole diameter is 20 mm. When the nozzle diameter is 10 mm, the pressurization value in the perforation tunnel is more than 3 times higher than when the nozzle diameter is 6 mm. When the nozzle diameter is 2 mm, no obvious pressurization value is obtained in the perforation tunnel.



By setting in addition to the nozzle pressure drop change and parameters under the condition of the same, the pressure effect of liquid nitrogen jet and water jet simulation were compared. The results show that when the nozzle pressure drop is 20 MPa, the pressure effect of liquid nitrogen jet and water jet is the same, also increased by 5.06 MPa. Under the condition of different nozzle pressure drops, the difference between the pressure value of the nitrogen jet and water jet in the perforation tunnel is not more than 0.4 MPa. This shows that when the liquid nitrogen jet does not consider the influence of its own ultra-low temperature properties, its simple fluid pressurization ability is similar to the effect of water jets.




7. Conclusions


Under the same nozzle structure, nozzle pressure drop, and ambient pressure, a liquid nitrogen jet has the same pressurization capacity as a water jet. Taking the 6 mm nozzle as an example, when the nozzle pressure drop is 20 MPa and the ambient pressure is 20 MPa, the fluid pressure of the liquid nitrogen jet in the perforation tunnel can reach 25.06 MPa, and the pressure inside the perforation tunnel increases by 5.06 Mpa. As with the water jet pressurization effect, it is proved that the liquid nitrogen jet has a pressurization ability that is not weaker than that of the water jet.



The pressurization ability of a liquid nitrogen jet increases with an increase in nozzle pressure drop and nozzle diameter. Increasing the pressure drop of the nozzle can significantly increase the radial shear velocity, axial impact velocity, and impact pressure of the liquid nitrogen jet. The utilization of large-diameter nozzles is beneficial for improving the radial shear velocity and impact pressure of liquid nitrogen jets. Large-diameter nozzles output more liquid nitrogen per unit time, have greater kinetic energy, and form a stronger impact and extrusion on the liquid nitrogen that first enters the perforation tunnel. In this study, when the nozzle diameter is 10 mm, the pressurization value in the perforation tunnel can reach 18 MPa, which is more than 3 times larger than the pressurization value under the condition of a 6 mm nozzle diameter. The inhibition of liquid nitrogen backflow is stronger, which can improve the fluid pressure in the perforation tunnel.



The pressurization ability of a liquid nitrogen jet increases with a decrease in casing hole diameter. In this study, when the casing hole diameter is 10 mm, the pressurization value in the perforation tunnel can reach about 12 MPa, while when the casing hole diameter is 20 mm, the pressurization value is only about 2 MPa. It can be seen that the smaller the hole diameter of the casing, the stronger the sealing effect of the perforation tunnel, the better the pressurization effect, and the smaller casing hole diameter can be selected as far as possible under other conditions.



The ambient pressure has no significant impact on the radial velocity, axial velocity, and impact pressure of the liquid nitrogen jet, which makes the liquid nitrogen jet more widely applicable.



The main purpose of this paper is to explore the flow mechanism of liquid nitrogen jets in the perforation tunnel, and the pressurization effect. Therefore, the modeling is simplified, ignoring the influence of gravity. In order to improve the efficiency of calculation and the pertinence of research objectives, only the local grid is densified at the entrance of the perforation tunnel with dramatic changes in the fluid domain. The setting of boundary conditions and the selection of parameter indicators need to be further refined.
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Figure 1. Liquid nitrogen jet injection diagram. 
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Figure 2. Geometric model diagram. 
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Figure 3. Flow chart of numerical model solution. 
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Figure 4. Axial velocity nephogram of liquid nitrogen jet: (a) Overall speed nephogram; (b) Annulus speed nephogram; (c) Velocity nephogram in the perforation tunnel. 
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Figure 5. Axial velocity curve of jet. 
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Figure 6. Velocity distribution curve of jet along radial direction. 
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Figure 7. Axial pressure nephogram of liquid nitrogen jet: (a) Overall pressure nephogram; (b) Annulus pressure nephogram; (c) Pressure nephogram in the perforation tunnel. 
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Figure 8. Axial pressure distribution curve of jet. 
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Figure 9. Pressure distribution curve of jet along radial direction. 
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Figure 10. Axial density nephogram of liquid nitrogen jet: (a) Overall density nephogram; (b) Annulus density nephogram; (c) Density nephogram of longitudinal section in perforation tunnel; (d) Density nephogram of transverse section in perforation tunnel. 
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Figure 11. Axial viscosity nephogram of liquid nitrogen jet: (a) Overall viscosity nephogram; (b) Annulus viscosity nephogram; (c) Viscosity nephogram of longitudinal section in perforation tunnel; (d) Viscosity nephogram of transverse section in perforation tunnel. 
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Figure 12. Axial density and viscosity distribution of liquid nitrogen jet. 
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Figure 13. The velocity nephogram of the inlet of different nozzle diameters: (a) Nozzle with diameter of 2 mm; (b) Nozzle with diameter of 10 mm. 
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Figure 14. The velocity nephogram of the inlet of different casing hole diameter: (a) The transverse section of the casing with a diameter of 10 mm; (b) The transverse section of the casing with a diameter of 20 mm; (c) The longitudinal section of the casing with a diameter of 10 mm; (d) The longitudinal section of the casing with a diameter of 20 mm. 
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Figure 15. The velocity nephogram of the inlet of different nozzle pressure drop: (a) The inlet section of nozzle with pressure drop of 10 MPa; (b) The inlet section of nozzle with pressure drop of 30 MPa; (c) The transverse section in the perforation tunnel with nozzle pressure drop of 10 MPa; (d). The transverse section in the perforation tunnel with nozzle pressure drop of 30 MPa; (e) The longitudinal section in the perforation tunnel with nozzle pressure drop of 10 MPa; (f) The longitudinal section in the perforation tunnel with nozzle pressure drop of 30 MPa. 
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Figure 16. Comparison of pressurization in the perforation tunnel between liquid nitrogen jet and water jet. 
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Figure 17. The radial velocity curve of the perforation tunnel inlet with different nozzle pressure drop. 
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Figure 18. Effect of nozzle pressure drop on perforation tunnel pressurization. 






Figure 18. Effect of nozzle pressure drop on perforation tunnel pressurization.



[image: Processes 11 02878 g018]







[image: Processes 11 02878 g019] 





Figure 19. The radial velocity curve of the perforation tunnel inlet with different nozzle diameter. 
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Figure 20. Effect of nozzle diameter on perforation tunnel pressurization. 
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Figure 21. The radial velocity curve of the perforation tunnel inlet with different casing hole diameter. 
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Figure 22. Effect of casing hole diameter on perforation tunnel pressurization. 
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Figure 23. The radial velocity curve of the perforation tunnel inlet with different ambient pressure. 






Figure 23. The radial velocity curve of the perforation tunnel inlet with different ambient pressure.



[image: Processes 11 02878 g023]







[image: Processes 11 02878 g024] 





Figure 24. Effect of ambient pressure on perforation tunnel pressurization. 
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Figure 25. The radial velocity curve of the perforation tunnel inlet with different fluid temperature. 
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Figure 26. Effect of fluid temperature on perforation tunnel pressurization. 
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Figure 27. The radial velocity curve of the perforation tunnel inlet with different wellbore diameter. 






Figure 27. The radial velocity curve of the perforation tunnel inlet with different wellbore diameter.
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Figure 28. Effect of wellbore diameter on perforation tunnel pressurization. 
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Figure 29. Comparison of parameter sensitivity. 
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Figure 30. Comparison of casing hole diameter and nozzle pressure drop on pressurization effect. 
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Figure 31. Comparison of casing hole diameter and nozzle diameter on pressurization effect. 
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Figure 32. Comparison of nozzle diameter and nozzle pressure drop on pressurization effect. 






Figure 32. Comparison of nozzle diameter and nozzle pressure drop on pressurization effect.
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Table 1. Main dimensions of geometric model.






Table 1. Main dimensions of geometric model.





	Model Length (mm)
	Inner

Diameter of Wellbore (mm)
	Orifice Throat Length (mm)
	Perforation Tunnel Inlet

Diameter (mm)
	Maximum Diameter of

Perforation Tunnel (mm)
	Outer Diameter of Jet Tool

(mm)
	Nozzle Diameter (mm)
	Number of Nozzle





	450
	108
	700
	20
	60
	45
	2~10
	4










 





Table 2. Fluid domain setting under liquid nitrogen jet impact.






Table 2. Fluid domain setting under liquid nitrogen jet impact.





	Parameter Setting
	Liquid Nitrogen Jet





	Annulus pressure (MPa)
	20



	Inlet pressure (MPa)
	40



	Fluid temperature (K)
	100



	Viscosity (kg/m s)
	NIST real gas model



	Density (kg/m3)
	NIST real gas model



	Specific heat at constant pressure (k J/kg·K)
	NIST real gas model



	Thermal conductivity (W/m·K)
	NIST real gas model
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