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Introduction: Ice plugs acts as isolate maintenance sections during pipeline repairs in nuclear power plants can effectively reduce maintenance costs, which is formed by the cooling of liquid nitrogen. The single-jacket freezing method takes a long time for the formation of ice plugs with a certain load-bearing capacity, increasing the liquid nitrogen consumption.
Methods: In this study, a multiple-jacket method for the formation of ice plugs was proposed, and the numerical simulation using CFD (Computational Fluid Dynamics) was conducted. The effects of total jacket length and jacket number on freezing time and the consumption of liquid nitrogen were analyzed.
Results and Discussion: Research indicated that the multiple-jacket method obtained a 11%∼15% decrease in freezing time and a 18%∼26% decrease in liquid nitrogen consumption than the single-jacket method. For the multiple-jacket method, the gap between the jackets presented a certain influence on the freezing time and liquid nitrogen consumption. As the gap between the jackets increases, there exist a small increase in the freezing time, but the liquid nitrogen consumption will be reduced by 2% to 5%.
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1 INTRODUCTION
With the progress of science and technology and the needs of people’s lives, the demand for energy is rising. It is becoming crucial to search for alternative, environmentally friendly new energy sources. Nuclear energy, as an efficient and clean energy source, has become an important direction for the future development of power companies. However, the use of nuclear energy can also be dangerous and the best way to avoid this is to keep the equipment running safely and stably. Regular inspection and maintenance of equipment is therefore a fundamental requirement. During maintenance, pipelines upstream and downstream of the maintenance section need to be isolated in order to carry out equipment replacement and maintenance. However, as no valves in the vicinity of the maintenance section, isolation becomes a problem. The ice plug isolation technique has come into the picture as a solution to this problem.
Ice plug isolation technology was firstly used in the oil and gas sector as a way of locating leaks in pipelines for detection (Howard et al., 1983). It was then widely used for pipeline modifications, repairs and isolation of leaking sections (Delong et al., 1989). The main method is using refrigerant to locally cool the upstream of the maintenance section, so that the liquid in the pipeline freezes and forms an ice plug with a certain load-bearing capacity (Wang, 2006). This method enables maintenance and servicing to be carried out without downtime, significantly reducing maintenance costs. At the same time, its simple method of operation, high safety and economy enhance the maintenance capacity of the plant (Carnus and Detraz, 2014). Currently, it is used in various power generation areas, such as nuclear and thermal power. Lannoy and Flaix (1985) conducted seven liquid nitrogen freezing tests on nuclear power plant piping, through which the rate of temperature drop and thermal gradient were analyzed. The tests showed that ice plugs can withstand very high pressures and can be used in the nuclear power sector. Ning and Chen (2015) presented six application stages and application risks of using ice plug technology in power plants, and suggested how to deal with ice plug failure. Xu et al. (2015) analyzed the method of detecting ice plug formation when used in the nuclear power industry, and proposed that the technology has great prospects for application in nuclear power. Du and Xie (2018) analyzed the precautions to be taken in the practical application of the ice plug technology with the example of overhauling a 600 MW thermal power unit. Similarly, the technology has a long and extensive history of application in small diameter pipelines (Liang et al., 2010; Lv and Zhao, 2017). As early as 1977, DN100 pipes were successfully plugged (Zhao and Zhang, 1985). In addition, the technology has also been used in nanoscale pipes (Gui and Liu, 2004).
The temperature of the pipe wall and the size of the pipe diameter are important conditions affecting the formation of ice plugs. It was found that the initial temperature of the liquid in the pipe and the flow rate of the liquid had an important influence on the formation of ice plugs (Kitanin É et al., 2016). Bowen et al. (1990) studied the freezing of ice plugs in vertical pipes from 100 mm to 250 mm at different initial liquid temperatures. As the water temperature approached 0°C, the freezing time tended to be more proportional to the cross-sectional area of the pipe. The freezing time becomes longer with the increasing initial water temperature. Keary and Bowen (1998) found in their numerical calculations that complex temperature changes in the pipe wall can produce natural convection at pipe diameters less than 100 mm, which affects the formation of ice plugs. In addition, the formation of ice plugs at an initial temperature satisfies the formation of ice plugs causes the local cross-sectional area to decrease, resulting in an increasing in flow velocity. Excessive fluid velocities can scour the ice surface and affect the formation of ice plugs (Maintenance Division and Qin Shan Third Nuclear Power Co, 2003). On the other hand, the flow velocity in the pipe affects the temperature difference between the pipe wall and the fluid, which indirectly affects the freezing time. It has been found that higher flow rates tend to require lower pipe wall temperatures to form ice plugs Jain et al. (2018), Bak et al. (2001) conducted a series of tests using a 600-mm-long, 168-mm-diameter jacket. The results showed that when the fluid in the pipe was at rest, the ice plug finally closed radially not at the center of the pipe, but about 50 mm from the center of the pipe due to natural convection; when the flow rate of the fluid in the pipe was 0.0025 m3/min, the closing point was 20 mm from the center of the pipe. Liu (2019) found that it is feasible to perform ice plugging in a flowing pipe, but there is a maximum limit to the flow rate for different pipe diameters and the maximum value is related to the pipe diameter. When dry ice was used to freeze the pipes, the upper flow limits for ice plug formation in DN50, DN80 and DN100 pipes were between 200 and 205 mL/min, 300–310 mL/min and 342–350 mL/min, respectively. In addition, the ice plug formed needs to have a certain pressure-bearing capacity. Martin et al. (2004) found that ice plugs were able to withstand pressures of at least 10 bar in a series of experiments with polymer pipes of different sizes. It was found that the adhesion strength of ice to stainless steel increases linearly with decreasing temperature (Jellinek, 1959). After freezing temperatures below −20°C, the ice-substrate interface stabilizes and the ice adhesion strength remains almost constant (Dong et al., 2014).
However, due to the expansion of the ice and the cold contraction of the pipe during freezing, the pressure-bearing capacity of the ice plug depends on more than just the adhesion strength. Different pipe diameters and ice plug lengths have an influence on the load-bearing capacity of the ice plug. Fang and Li (2009) summarized the relationship between different liquid media and ice plug length to diameter ratio. For a DN100 pipe, the internal medium is heavy oil, the pressure is 1.06 MPa, and considering a 50% safety factor, the ice plug length needs to be 375 mm. For the freezing of a large diameter long pipe, it requires a large amount of refrigerant and a long freezing time (Liu, 2012). In the experiments with different freezing lengths, Takefuja and Okubo (2018) found that the double ice plug freezing method provided better performance. Experiments have shown that the double ice plug freezing method can increase the pressure carrying capacity by four times compared to the single ice plug freezing method, while reducing refrigerant consumption. Xie et al. (2020) found that the vicinity of the jacketed liquid nitrogen inlet creates a greater temperature gradient in the pipe wall and that the refrigerant inlet should be placed in the variable pressure section of the pipe in order to reduce the pressure on the pipe. Burton (Burton, 1986) studied the formation of ice plugs in a DN100 vertical pipe and found that the neck of the ice plug sloped downward under the influence of gravity at the beginning of the experiment and grew upward after completely blocking the pipe. Richardson et al. (2003) found that there is a limit to the size of circular pipes that can be plugged using the ice plug technique. By using non-circular cross-section pipes were able to speed up the freezing time. Experiments showed that the freezing time for non-circular cross-sections was significantly shorter than for 50 or 35 mm round pipes. Stone et al. (2004) performed finite element modeling of non-circular cross-section pipes and their results showed that the freezing time predicted by the simulations could be well equated with the experimental freezing time for a range of conditions. It was noted that the thermal resistance of the pipe in forming ice plugs depends mainly on the minor axis length, so for large diameters, high temperature environments, etc., ice plugs may not form. Corbescu et al. (2021) simulated the freezing of a 200 mm pipe diameter water-containing pipe at 15°C by means of FLUENT simulation. Their model of VOF (Volume of Fluid) multiphase flow was used, simulated using the energy equation and the melting and solidification model and simultaneously set up the same experiment for verification. It was found that there is a time difference of about 28% between the simulated and experimental ice plug formation, which is caused by two factors: the experiment requires extra time to fill the freezing unit with liquid nitrogen; and the CFD model ignores the heat loss from the freezing unit and the outer pipe wall.
As can be seen from the above literature, the formation and pressure-bearing capacity of ice plug isolation technology has been studied worldwide. However, a large number of its studies have used the single jacketed form. The only literature (Takefuja and Okubo, 2018) that uses multiple jackets does not provide a comparative analysis of the application scenarios under different circumstances. This paper aims to investigate the effects of the number of jackets, total jacket length and jacket gap on freezing time and liquid nitrogen consumption by means of numerical simulations. Theoretical support is provided for practical plant applications.
2 MODEL BUILDING AND PARAMETER SETTING
ANSYS Workbench platform integrates geometric modeling, meshing, fluid, thermal analysis, thermos-solid coupling analysis and post-processing modules into one, which realizes accurate transfer of simulation information between different modules, therefore, this paper is based on ANSYS platform for numerical simulation work.
2.1 Geometric modeling
The pipe is considered as an axisymmetric rotating body without considering the presence of fixed structures on the pipe, etc. The temperature loaded on the pipe is treated as axisymmetric loading and the temperature varies along the axial direction. With the above assumptions, the test can be simplified to a spatial axisymmetric problem. The problem is actually a two-dimensional problem, and simplifying the three-dimensional to two-dimensional can significantly reduce the calculation time. Therefore, this paper simplifies the ice plugging problem to model and simulate the 1/2 pipe with the pipe axis as the boundary line. At the same time, considering that the focus of this paper is on the time of ice plug formation, the wall thickness is ignored.
In summary, this paper takes a cast iron pipe with a diameter of 130 mm and a length of 2,000 mm as the research object, and uses ANSYS for CFD simulation and selects 1/2 profile for modeling. The geometric model is shown in Figure 1. Where the A1 surface is water or ice inside the pipe, and the A2 surface is the pipe wall. Neglecting the pipe wall thickness, the temperature loads are loaded at the lower edge of the A2 surface according to the actual distribution.
[image: Figure 1]FIGURE 1 | Two-dimensional geometric model of the pipe.
2.2 Mesh classification method and mesh irrelevance verification
As described in the previous subsection, a two-dimensional model is used in this paper to simulate the actual pipeline situation using an axisymmetric approach. Since the two-dimensional surface of the pipe is a regular plane, a smaller structured mesh is used to partition the fluid region with high solution accuracy. In order to make the model better reflect the computational situation, the mesh is divided using all quadrilaterals. Figure 2 shows the division of the mesh.
[image: Figure 2]FIGURE 2 | The division of the mesh.
In order to eliminate the influence of the divided grid size and the set step size on the calculation results, the grid independence and step independence need to be verified. To avoid the influence of the sparsity degree on the experimental results, five numerical simulations with different mesh quantities were performed on the axial surface under the same conditions. Since the focus of this paper is on the time of ice plug formation, the calculation results are indexed by the freezing time variation. The working conditions under five different grid quantities are given in Table 1, including the distribution of pipe wall temperature load, pipe length, pipe diameter length, and total jacket length.
TABLE 1 | Working conditions with different mesh division.
[image: Table 1]For the axial surface, the longitudinal mesh is selected to be divided into five groups of 25 mesh numbers, and the axial mesh numbers are set to 200, 250, 300, 350 and 400 mesh numbers for the same numerical calculations, and the results of the calculations are shown in Figure 3. Taking the numerical simulation results with 200 grid numbers as the comparison standard, the relative errors generated by the freezing time in the other four grid cases are −1.3%, 1.4%, 2.8%, and 2.8%, respectively. It can be seen that the relative errors of all five grids are less than 3%, which indicates the validity of the simulation. To ensure the efficient and accurate calculation, the number of 300 meshes is selected for axial division. In order to better show the effect of temperature load on the lower surface, the boundary layer is divided at the lower surface. The boundary layer is added to the longitudinal mesh in a deviated manner. To avoid the influence of the sparsity of the longitudinal mesh on the experimental results, the division of the longitudinal mesh was numerically simulated under the same conditions.
[image: Figure 3]FIGURE 3 | Verification of horizontal grid irrelevance.
The working condition is the same as that of the axial grid, and the axial grid is selected to be divided into five groups of 300 meshes, and the longitudinal grid is set to be 15, 20, 25, 30, and 35 meshes for numerical calculations, and the results of the calculations are shown in Figure 4. Taking the numerical simulation results with 15 grid numbers as the comparison standard, the relative errors generated by the freezing time for the other four grid cases are −2.4%, −1.4%, −0.3% and −2.4%, respectively. It can be seen that the relative errors of all five grids are less than 3%, which indicates the validity of the simulation. To ensure the efficient and accurate calculation, the number of longitudinal division 25 grids is chosen.
[image: Figure 4]FIGURE 4 | Verification of vertical grid independence.
2.3 Setting of physical parameters and models
The freezing process of the ice plug has a phase change process of water and ice. Therefore, the accurate definition of the physical parameters of ice and water becomes the focus of the numerical simulation process. The physical parameters of water can be called and selected by refprop software, and the selected physical parameters are shown in Table 2. In contrast, the physical parameters of ice are relatively difficult to find. In some literature (Corbescui et al., 2021; Seyed et al., 2023), the physical parameters of ice at some temperatures are given, and after comparison and selection with the book (Zhang and Zhao, 1987), the selected physical parameters are shown in Table 2.
TABLE 2 | The physical parameters of water/ice.
[image: Table 2]where T denotes the temperature, λ is the thermal conductivity of the material, ρ is the density, Cp is the constant pressure specific heat capacity, and α is the coefficient of expansion.
Models: Turn on the energy model; Select laminar flow for the turbulence model; Turn on the solidification and melting model.
2.4 Setting of boundary conditions
The formation of ice plug in the pipe is mainly related to the temperature change of the pipe wall, and there is no change in its import and export. In fluent, the inlet boundary conditions are usually set as follows: pressure inlet, velocity inlet, mass flow inlet, etc. The outlet boundary conditions are usually set as follows: pressure outlet, velocity outlet, mass flow outlet, etc. This model assumes that the water in the pipe does not flow, so the inlet selects the velocity inlet, and the outlet selects the pressure outlet. The pipe wall material is selected from all the steels in the fluent database, and the pipe wall temperature is loaded using the UDF program. The complete UDF example program is shown in Figure 5, and the UDF for different jacket form examples of the same jacket total length is shown in Table 3.
[image: Figure 5]FIGURE 5 | Example of pipe wall temperature distribution.
TABLE 3 | UDF for different jacket cases.
[image: Table 3]Since liquid nitrogen diffuses inside the jacket in different forms in different ways and at different rates along the axial direction, a consistent diffusion of liquid nitrogen inside the jacket was used in all of the present numerical simulations. In several literatures (Wang, 2006; Corbescui et al., 2021; Shen, 2021), the temperature distribution of the pipe wall is usually derived experimentally and loaded onto the pipe surface by fitting the pipe temperature distribution at different times with different load steps. In order to simplify the calculations, the wall temperature was chosen to remain a constant low temperature at all times. Figure 6 demonstrates the temperature change of each temperature measurement point in the upper, middle and lower 15 during the preliminary test. The overall trend of each layer, as can be seen from the figure, is close to a parabolic form, with the lowest temperature at the point closest to the point of direct liquid nitrogen injection. Therefore, this diffusion approach is translated into a temperature distribution loaded on the corresponding positions of the model by an empirical formula for preliminary experiments. This empirical formula is not universal and is only used as a control for wall temperature conditions for different numbers of jackets in this paper.
[image: Figure 6]FIGURE 6 | Temperature profiles for preliminary experimentation.
2.5 Jacket position and liquid nitrogen inlet setting
For the setting of liquid nitrogen inlets in different quantities and with different gaps, it is stated in the literature 26 that the liquid nitrogen inlet should be placed at the pressure change of the pipeline. Considering this point, the liquid nitrogen inlets in this paper are all set at the jacket gap, and for single jacket, the liquid nitrogen inlet is set at the back side of the jacket.
For the different number of jackets and different gaps, in order to ensure that the position of each group of jackets is basically the same, in this paper, we choose to distribute all the jackets symmetrically in the center of the pipe. That is, the center of the total length of the jacket coincides with the center of the pipe, and then symmetrically distribute the jacket.
3 RESULTS AND DISCUSSION
3.1 Numerical simulation results and analysis
The empirical equation for the diffusion of liquid nitrogen in the jacket is used to determine the temperature distribution of the tube wall inside the plus jacket for different situations. In combination with the empirical equation for temperature diffusion in the tube wall, the temperature load on the tube wall is set accordingly. The temperature loads for some of these cases are shown in Figure 5. In order to better monitor the effect of different conditions on the freezing characteristics of the ice plugs, the calculations in this paper use a single jacket 66% closed. Since the pipe diameters are the same, the pressure-bearing capacity of the ice plug depends mainly on the length of the complete ice plug formed. This monitoring method allows the jackets to reach an identical pressure-bearing capacity under different conditions.
3.1.1 Accuracy evaluation of model training
Figures 7, 8 show the results of temperature and icing field calculations for different numbers of jackets when the total jacket length is 600 mm, respectively. As can be seen in Figure 7, at 66% of the jacket closure length, there is a higher temperature part (red part in the figure) in both double-jacket and triple-jacket, which occurs at the gap. This can also be seen in Figure 8, where lighter colored pits appear in both (b) and (c). The presence of this phenomenon indicates that the presence of the gap affects the overall complete molding of the ice plug, but due to its central position in the whole pipe, the volume expansion of the liquid during freezing instead increases the pressure-bearing capacity of the ice plug. In addition, in both figures, it can be found that at a total jacket length of 600 mm, the use of a single jacket is not only more time-consuming than the use of a larger number of jackets, but also less effective in closure, which indicates that the use of a single jacket at this time is not appropriate.
[image: Figure 7]FIGURE 7 | Temperature field with different number of jackets in the total jacket length of 600 mm. (A) Single jacket (5,600s), (B) double-jacket (4,940s), (C) triple-jacket (4,800s).
[image: Figure 8]FIGURE 8 | Icing field with different number of jackets in the total jacket length of 600 mm. (A) Single jacket (5,600s), (B) double-jacket (4,940s), (C) triple-jacket (4,800s).
Figure 9 shows the trend of freeze time reduction of double and triple-jacket as compared to single jacket with respect to the total length of the jacket. It can be seen from the figure that the percentage of freeze time reduction for both double and triple-jacket increases as the total length of the jacket increases. This also indicates that the use of a single jacket is no longer appropriate for jacket lengths greater than 600 mm. At a total jacket length of 1,000 mm, the use of multiple jackets already reduces the freezing time by 21.88%. In addition, it can be seen from the graph that the triple-jacket is able to shorten the freezing time more than the double-jacket, but the difference between the two is decreasing, especially at 1,000 mm, where the two are almost the same, which is partly due to the poor effect of the single jacket, which makes the denominator too large, and partly due to the influence of the liquid nitrogen inlet and the distribution of the gaps in the triple-jacket.
[image: Figure 9]FIGURE 9 | Trend in the percentage reduction in freezing time for different number of jackets.
3.1.2 Analysis of results with different jacket gaps
Figure 10 and Figure 11 show the results of temperature and icing field calculations when different gaps are used in the double-jacket when the total jacket length is 600 mm, respectively. Combining the two figures, it can be seen that when the monitoring method is the same, the difference in the gap only affects the length of the unfrozen water portion at the gap, and the freezing time only changes by 0.81%.
[image: Figure 10]FIGURE 10 | Temperature field for different jacket gaps for the total length of the 600 mm jacket. (A) Double-jacket 40 gap (4,940s), (B) Double-jacket 80 gap (4,980s).
[image: Figure 11]FIGURE 11 | Ice field for different jacket gaps for the total length of the 600 mm jacket. (A) Double-jacket 40 gap (4,940s), (B) Double-jacket 80 gap (4,980s).
Figure 12 shows the trend of freezing time for double-jacket with different gaps at different overall jacket lengths. It can be seen from the figure that as the total length of the jacket increases, the freezing time increases for both gaps, but to a lesser extent. This increase can be regarded as the change brought about by the increase in the required freezing length with the increase in the total jacket length. In addition, comparing the two gaps, it can be seen that the trends are similar and the differences are the same. This is partly due to the fact that the trend of the effect of the different gaps on the overall freezing time is a similar one with the total length of the jacket, and partly due to the fact that the selection time step is larger, resulting in less obvious details.
[image: Figure 12]FIGURE 12 | Trend of freezing time for different jacket gaps.
3.1.3 Analysis of results for different overall jacket lengths
Figure 13 illustrates the variation of freezing time for a single jacket as the total length of the jacket varies. From the figure, it can be seen that the trend of freezing time variation of single jacket with increasing total jacket length is a linear variation. The average change value is 2 s/mm. Except, in conjunction with the graphs of single jacket icing field calculations for different total jacket lengths shown in Figure 14, it can be seen that an increasing number of pipes fail to achieve 50% closure at the unfrozen 34% jacket length. This phenomenon further indicates that when the total jacket length is long, it is more difficult to meet the actual needs of the single jacket. The equation for single jacket freezing time versus total jacket length is shown below: Figure 13 illustrates the variation of freezing time for a single jacket as the total length of the jacket varies. From the figure, it can be seen that the trend of freezing time variation of single jacket with increasing total jacket length is a linear variation. The average change value is 2 s/mm. Except, in conjunction with the graphs of single jacket icing field calculations for different total jacket lengths shown in Figure 14, it can be seen that an increasing number of pipes fail to achieve 50% closure at the unfrozen 34% jacket length. This phenomenon further indicates that when the total jacket length is long, it is more difficult to meet the actual needs of the single jacket. The equation for single jacket freezing time versus total jacket length is shown in Eq. (1):
[image: image]
versus total jacket length is shown below:
[image: Figure 13]FIGURE 13 | Trend of freezing time for different total jacket lengths in a single jacket.
[image: Figure 14]FIGURE 14 | Single jacket icing field for different jacket lengths. (A) 600 mm (5,600s), (B) 700 mm (5,800s), (C) 800 mm (6,000s), (D) 900 mm (6,240s), (E) 1,000 mm (6,400s).
Figure 15 illustrates the trend in freezing time for the double-jacket 40 clearance as a function of the total jacket length. As shown, the freezing time maintains an increasing trend with increasing total jacket length, but when the total jacket length increases by 400 mm, the freezing time changes by only 60 s. This occurrence indicates that the change in total jacket length has a small effect on the freezing time for the monitoring case using 66% single jacket closure. Even though the required freezing length was increased, the enhanced freezing effect of multiple jackets resulted in a lower average wall temperature, which shortened the effect of the increase in freezing length on the freezing time.
[image: Figure 15]FIGURE 15 | Trend of freezing time for different total jacket lengths between double-jacket 40 gap.
Figure 16 shows the trend in freezing time for the double-jacket 80 gap as a function of the total jacket length. The trend is similar to that of Figure 15, in that the freezing time tends to increase with the overall length of the jacket. Again the increase in freezing time is small, about 0.4%, with an average increase of 0.15 s/mm.
[image: Figure 16]FIGURE 16 | Trend of freezing time for different total jacket lengths between double-jacket 80 gap.
Figure 17 shows the results of the triple-jacket temperature field calculations for different overall jacket lengths. As can be seen from the figure, the presence of only one liquid nitrogen inlet at one gap makes the temperature distribution in the two gaps not the same. One of the gaps has a relatively low temperature distribution while the other has a relatively high temperature distribution. This situation shows that with the increase of the number of jackets, the rational arrangement of liquid nitrogen inlet distribution and gap length is a direction that needs more consideration.
[image: Figure 17]FIGURE 17 | Temperature field of the total length of the triple-jackets with different jackets. (A) 600 mm (4,800s), (B) 700 mm (4,840s), (C) 800 mm (4,860s), (D) 900 mm (4,900s), (E) 1,000 mm (5,000s).
Figure 18 illustrates the trend in freezing time for triple-jacket as a function of total jacket length. Unlike the single and double-jacket, the trend in freezing time for the triple-jacket is essentially close to a quadratic curve. At lower total jacket lengths, the change in freezing time with increasing total jacket length is small, and the increase becomes more pronounced at larger total lengths. This suggests that the effect of a poor-quality gap with only one liquid nitrogen inlet on the freezing time becomes more pronounced as the total jacket length increases. As shown in the figure, when the total jacket length increases from 800 to 100 mm, the rate of change increases from 0.82% to 2.04%, which is an increase of about 2.5 times. This shows that the effect of poor quality of jacket clearance on freezing time cannot be ignored.
[image: Figure 18]FIGURE 18 | Trend of freezing time for different jacket lengths with triple-jacket.
Figure 19 shows the trend of freezing time for different number of jackets and different jacket gaps for different total jacket lengths. Overall, the freezing time in each case increases with the increase in total jacket length, which occurs due to the increase in the required freezing length, but its effect varies for different cases. For single jackets, the increase in total jacket length makes it necessary to vary while maintaining a large rate of change, while for multiple jackets the effect is smaller. This situation indicates that the freezing performance of the multiple jackets has not reached its limit at this point, while the freezing performance of the single jacket is already poor. In comparison, the double-jacket reduces the freezing time by 16.67% on average and the triple-jacket reduces the freezing time by 18.64% on average. This indicates that the freezing time can be effectively shortened by using the multi-jacket method. Compared with the double-jacket, the triple-jacket is more affected by the increase of freezing length, and the freezing time is basically the same as that of the double-jacket with 40 gaps when the total length of the jacket is increased to 1,000 mm. This suggests that for odd-numbered jackets, more consideration needs to be given to the length of the inferior gap when using them.
[image: Figure 19]FIGURE 19 | Freezing time for different jacket numbers and different jacket gaps for different total lengths of jackets.
3.2 Analysis of liquid nitrogen consumption based on numerical simulation
At present, there are many factors affecting liquid nitrogen consumption, and there is no specific formula that can be used directly. Changing the internal flow path of the jacket, the injection flow rate of liquid nitrogen, and the contact method between the jacket and the pipe wall all have an effect on it. In order to compare the effect of the change in the number of jackets on the liquid nitrogen consumption, the empirical formulas are set up in this paper, combining the experimental results of double-jackets and single jackets in the literature (Takefuja and Okubo, 2018). The most important variation factor in the empirical formula is the freezing time, and all other factors are used as adjustments to the parameters under a certain jacket structure. It is worth noting that when different jacket structures and liquid nitrogen flow rates are used may make the formula no longer applicable. The specific formula is shown in Eq. (2):
[image: image]
where [image: image] denotes the consumption of liquid nitrogen, the ROUND function is used as a rounding up of the calculated results, [image: image] denotes the freezing time, [image: image] denotes the length of a single jacket, and the RAND function is used as a random number from 0 to 3 along with −1.5 as a correction for experimental error, [image: image] denotes the number of jackets.
Based on the freezing time calculations shown in Section 3.1, the liquid nitrogen consumption for different cases was calculated and the results are shown in Figure 20. From the figure, it can be seen that the liquid nitrogen consumption in all triple-jacket cases increases with the total length of the jacket, and the trend of liquid nitrogen consumption is basically proportional to the total length. The creation of this situation indicates that the increase in the required freezing length still has a more pronounced effect on the liquid nitrogen. In order for the ice plug to maintain sufficient pressure capacity, the increase in the required freezing length increases the amount of time that liquid nitrogen needs to be introduced. Except, for a given total jacket length, the liquid nitrogen consumption decreased with the increase in the number of jackets. There was an average reduction of 21.57% for double-jacket and 25.5% for triple-jacket. This shows that the use of multiple jackets is effective in reducing the liquid nitrogen consumption. This is due to the fact that the increase in the number of jackets reduces the required freezing length of each jacket, and the average temperature distribution inside the jacket is reduced, accelerating the formation of ice plugs. For double-jacket, the increase in clearance results in some increase in freezing time, but also some decrease in liquid nitrogen consumption. The average increase in freezing time is 1% and the average decrease in liquid nitrogen consumption is 3.72%. Same as the change of freezing time, the triple-jacket is more affected by the change of total jacket length, and the effect of inferior gap in the triple-jacket is still not negligible.
[image: Figure 20]FIGURE 20 | Liquid nitrogen consumption for different jacket numbers and different jacket gaps for different total lengths of jackets.
4 CONCLUSION
In this study, simulations based on a CFD model are carried out for a formation of ice plugs from liquid in nuclear power pipes cooled by several jackets. The effects on the freezing time of the ice plugs are analyzed and compared for the different cases. In addition, the liquid nitrogen consumption for the different cases was compared and analyzed based on the empirical formula for liquid nitrogen consumption. The following conclusions were obtained.
Compared with the single-jacket freezing method, the multi-jacket method can make the freezing time reduced by 11%–22% and the liquid nitrogen consumption reduced by 18%–26%.
In the double-jacketed model, the freezing time increased by about 1% with the increase of the jacket gap, but the liquid nitrogen consumption decreased by 2%–5%.
In the double-jacketed model, there was an increase in freezing time of about 0.4% with the increase in total jacket length. This indicates that the freezing capacity of the double-jacket is not at the limit in the experimental range of 400–1,000 mm total jacket length. Each jacket length is in the optimal range, and the average temperature distribution inside the jacket remains low, still in the optimal range of jacket use.
For the triple-jacket, the freezing time and liquid nitrogen consumption produced large fluctuations in variation when the total length of the jacket was larger. This situation arises to show that the defect of poor-quality gap in the triple-jacket will have a more obvious effect on the triple-jacket when the jacket length is longer.
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