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Marine reactors are subjected to additional motions due to ocean conditions. These additional motions will cause large fluctuation of flow rate and change the coolant flow field, making the system unstable. Therefore, in order to understand the effect of oscillating motion on the flow characteristics, a numerical simulation of fluid flow is carried out based on a full-scale three-dimensional oscillating marine reactor. In this study, the resistance coefficients of the lattice, rod buddle and steam generator are fitted, and the distribution of flow rate, velocity as well as pressure in different regions is investigated through the standard model. After additional oscillation is introduced, the flow field in an oscillating reactor is presented and the effect of oscillating angle and elevation on the flow rate is investigated. Results show that the oscillating motion can greatly change the flow field in the reactor; most of the coolant circulates in the downcommer and lower head with only a small amount of coolant entering the core; the flow fluctuation period is consistent with the oscillating period, and the flow variation patterns under different oscillating conditions are basically the same; since the flow amplitude is related to oscillating speed, the amplitude of flow rate rises when decreasing the maximum oscillating angle; the oscillating elevation has little effect on the flow rate.
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INTRODUCTION
With high energy density and efficiency, nuclear reactors are widely used, not only for land-based nuclear power plants and research reactors, but also as propulsion power sources for military nuclear power ships, icebreakers, floating platforms and deep-sea probes. However, unlike land-based nuclear reactors, marine reactors normally operate in a dramatically changing marine environment, where they are subjected to additional motions such as heeling, heaving, rolling and pitching generated by ocean waves (Beom et al., 2019). All the ocean motions may have a tendency of making the system more unstable, posing a potential threat to the operational safety of the reactor (Yun et al., 2008). Therefore, when evaluating the reliability and stability of the marine reactor systems, theses additional motions must be taken into account.
Oscillation motion is very common in various offshore platforms and has attracted extensive attention. It not only changes the position of the reactor but also introduces additional three-dimensional acceleration that differ in frequency, direction and amplitude (Yun et al., 2008; Tan et al., 2013). As a consequence, the flow rate and the pressure drop of the coolant system fluctuate, which leads to a significant change in flow field and natural circulation, and may even have deleterious effect on the reactor performance (Iyori et al., 1987; Pendyala et al., 2008; Zhang et al., 2009). Previous studies have shown that these additional motions will affect the flow and heat transfer characteristics of reactor coolant (Ishida et al., 1990; Du and Zhang, 2012; Jie, 2020). Overall, the effect of additional motion can be divided into two aspects: one is to change the natural circulation characteristics of the reactor system, resulting in large fluctuation of flow rate (Hiroyuki et al., 2002; Ishida and Yoritsune, 2002; Gong et al., 2014); the other is to change the coolant flow field in the core to form a coolant stagnation zone and a countercurrent zone in the core (Murata et al., 2012; Gong et al., 2013).
Su et al. (1996) studied the natural circulation flow of the ship reactor’s residual heat removal system under inclination and fluctuation. Gao et al. (1997) established a mathematical model of the primary loop coolant flow affected by marine conditions, and analyzed the influence of the coolant force and various additional inertial accelerations on the coolant flow fluctuation. Kim et al. (2001) reported the natural circulation characteristics of an integral type marine reactor under upright conditions and inclination. It was indicated that the flow rate varies with the angle of the inclination.
Murata et al. (1990, 2002) carried out a series of single-phase natural circulation tests in a model reactor to clarify the effect of rolling motion. The results indicated the loop flow rate in each leg changes periodically with the rolling angle due to the inertial force. Similary, Tan et al. (2009), Huang et al. (2012), Zhu et al. (2019) studied the flow and heat transfer charateristics under rolling motion experimentally. It was found that the flow rate fluctuates periodically due to the additional accelerations.
It is worth noting that under natural circulation or accident conditions, the coolant in the reactor will flow at a low speed. Due to its small inertia, the ability to maintain the original motion is relatively weak, and it is susceptible to additional motions such as tilting, rolling and undulating. Therefore, in the view of marine reactor safety, it is necessary to study the fluid flow in an oscillating reactor. Submarine nuclear reactors should be able to withstand certain lateral and longitudinal oscillation and acceleration movement, and can operate safely and reliably under the marine environment.
Compared with traditional reactors, marine reactors have more severe operation conditions, more compact reactor layout and higher requirements for reactor thermal hydraulic design. At present, pressurized water reactor (PWR) is commonly used in marine reactors. The primary and secondary circuits of the reactor need to be designed in a smaller space, with the reactor pressure vessel (RPV), main pumps, steam generator (SG) and other components all arranged in the containment. In addition, during the operation of a marine reactor, the reactor will fluctuate and oscillates with the hull under the action of wave on the ship. These conditions will affect the flow patterns inside the reactor, which in turn will affect the temperature field distribution in the reactor.
For all these considerations, this paper is aimed to explore the influence of oscillation on the flow field inside an integrated marine reactor by means of CFD simulation which has a great potential to predict the flow characteristics in nuclear reactors as demonstrated in many other works (Du Toit et al., 2006; Boyd, 2016; Wang et al., 2021). For comparison, the flow distribution, velocity profile and pressure distribution under standard condition are also explored. The numerical model is based on a full-scale reactor, including the lower head of pressure vessel, core barrel, lower core plate, fuel assembly, reactor main pump, core shroud, upper core plate, control rod guide tube, steam generator, downcomer and other components. In this paper, the flow characteristics in different regions are analyzed and the fluid flows under different oscillating angle and elevation are also compared.
THEORETICAL METHOD
Governing Equation
The flow in the reactor satisfies three conservation equations of fluid, namely mass continuity, momentum conservation and energy conservation.
The mass conservation is expressed as
[image: image]
The equation of energy conservation is
[image: image]
The equation of momentum conservation can be expressed as
[image: image]
where Si is the momentum source term introduced by the porous medium model, which can be denoted as
[image: image]
where 1/α and C2 are viscous resistance coefficient and inertia resistance coefficient, respectively, which need to be determined by fine mesh modeling of local structure.
Besides, when the reactor is subjected to ocean motions which can produce additional accelerations, those accelerations must be introduced into field equations, as discussed in Oscillating Motion.
Turbulence Model
Shear Stress Transport (SST) turbulence model is one of the [image: image] models, which is proposed and developed by Menter (1994), Menter and Esch (2001), Menter et al. (2003). It uses a blending function to realize a smooth transition between the standard [image: image] model near a wall and the [image: image] model in the free stream. The basic turbulent shear stress is considered in the SST model to correct the turbulent viscosity. Meanwhile, in order to ensure good prediction in the near-wall region and the far field, the cross diffusion term and the mixing function in the transport equation are also modified. The transport equation is as follows:
[image: image]
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where k and [image: image] are turbulent kinetic energy and specific turbulent dissipation rate (or turbulent characteristic frequency); [image: image] and [image: image] represent diffusion coefficients, and are expressed as [image: image], [image: image], respectively. The Prandtl number [image: image] and Turbulent viscosity [image: image] are formulated as follows:
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where the blending fuction F1 is defined by [image: image], with [image: image][image: image]
And the second blending function F2 is described as [image: image], with [image: image].
The turbulence generation terms [image: image] and [image: image] are expressed as [image: image] and [image: image], where [image: image], [image: image], [image: image].
The turbulent dissipation terms [image: image] and [image: image] are expressed as follows [image: image], [image: image]. Any constant [image: image] of the [image: image] SST turbulence model can be obtained from the constant [image: image] in the [image: image] turbulence model (Wilcox, 1988) and the constant [image: image] in the transformed [image: image] model (Mohammadi and Pironneau, 1993). The constants of the [image: image] SST turbulence model in this study are: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
Porous Media Model
In this study, porous media model is employed to help simulate the pressure drop and the flow resistance inside the reactor. And the areas where the porous media model is adopted mainly include the core fuel assembly area and the steam generator area.
For single-phase and multiphase media, porous media model can take the form of apparent velocity or physical velocity. Assuming that the fluid is single phase, the velocity of the fluid flowing through the area is called the apparent velocity, which can be described as the flow rate through unit cross-sectional area. The porous media model based on apparent velocity can better simulate the pressure loss in porous media. The resistance of fluid in porous materials is calculated by adding a source term to the Navier-Stokes equation, which determines the velocity and pressure field within a fluid domain. The source term mainly consists of inertia loss term and Darcy viscous resistance term, which can be expressed as:
[image: image]
here, Cij and Dij are the coefficient matrices of inertia loss and viscous loss, respectively. The pressure drop in the porous media unit is produced by this negative momentum source term.
For simple homogeneous porous media, the diagonal terms 1/α and C2 are introduced into the coefficient matrix Cij and Dij, respectively, while the other terms are zero, so Si is given as follows:
[image: image]
where 1/α and C2 are viscous resistance coefficient and inertia resistance coefficient, respectively.
When the flow in the porous medium is laminar, the pressure drop is proportional to the velocity, which means the porous medium model can be simplified as Darcy’s Law:
[image: image]
Thus, the pressure drop in the three coordinate directions is given as follows:
[image: image]
where Δni represents the thickness of the porous medium in three coordinate directions.
When the speed is relatively high, or when simulating porous plates and tube rows, the viscous loss term sometimes can be ignored, and only the inertial loss term is retained, hence the porous media equation can be simplified to:
[image: image]
or given as the pressure drop in three coordinate directions:
[image: image]
In a porous medium, when the permeability of the medium is large and the geometric scale of the medium does not interact with the scale of the turbulent vortex, it can be considered that the solid matrix has no effect on the generation and dissipation rate of turbulence.
With regard to resistance coefficient, it is generally defined based on the apparent velocity of fluid in porous media. In this study, the inertia resistance coefficient and viscous resistance coefficient are determined by the relationship between pressure drop Δp and velocity v in porous media. Suppose the second-order polynomial fitting relationship between pressure drop and velocity is:
[image: image]
where a1 and a2 are fitting coefficients. The source term in the N-S equation is the pressure drop per unit length, which is given as follows:
[image: image]
Then, the resistance coefficients can be obtained bycalculation, which are expressed as follows:
[image: image]
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NUMERICAL DESCRIPTION
Mesh Division and Sensitivity Analysis
In this simulation, the hybrid mesh method is adopted to mesh the established geometric model. As shown in Figures 1A,B, the area of the lower head and the upper chamber is divided by poly-hexa meshes. By contrast, full hexahedral meshes are used in the inlet section, the descending section of the downcommer, the core and the steam generator area, as shown in Figures 1C,D.
[image: Figure 1]FIGURE 1 | Mesh division of different regions. (A) Mesh division of lower head. (B) Mesh division of upper chamber. (C) Mesh division of steam generator. (D) Mesh division of the descending section of the downcommer.
Then, the mesh sensitivity is demonstrated by generating meshes of different scales. Under the same cold state condition, the comparison of pressure drop throughout the reactor with different mesh scales is obtained and the desirable mesh scheme for subsequent calculation can be determined.
Table 1 shows the number of meshes based on different meshing schemes. ICEM is employed to establish hexahedral grid for annulus, core and steam generator area, while Fluent Meshing is used for upper and lower head regions for the Poly-hexa Meshing. In order to get a reasonable computing mesh model, different number of meshes is generated in different regions. Then the whole model is verified under standard conditions to determine the computational mesh model needed for subsequent simulation.
TABLE 1 | Description of different mesh schemes.
[image: Table 1]Figure 2 compares the pressure drop in different regions of the reactor under different mesh schemes. It can be obtained that the average pressure of each area tends to be stable with the increase of grid number. The results of mesh scheme 3, 4, and 5 show little difference, so mesh scheme 3 is employed in subsequent calculation and analysis.
[image: Figure 2]FIGURE 2 | Pressure drop in different regions of reactor under different mesh schemes.
Oscillating Motion
As discussed before, the flow in the reactor satisfies three conservation equations of fluid, including mass continuity, momentum conservation and energy conservation. When the reactor system is subjected to additional motions, additional forces or accelerations are generated and must be taken into consideration in governing equations.
In this study, considering the effect of oscillating motion, a volume force is introduced into the momentum equation, which is expressed as:
[image: image]
where [image: image] is the gravitational acceleration. The oscillatin axis is 3 m above the bottom of the pressure vessel. During the oscillating process, the decomposition of the gravitational acceleration is required. The additional acceleration [image: image] is caused by the oscillating motion, which includes centrifugal force, tangential force, and Coriolis force, and can be described as:
[image: image]
where [image: image] represent the angular accerelation, angular velocity, fluid velocity and position vector, respectively.
The oscillating angle in the oscillating motion can be derived as (Gao, 1999):
[image: image]
where [image: image] is the maximum oscillating angle and [image: image] is the average angular velocity, which can be expressed as [image: image]. Here, T represents the period of oscillating motion.
And the angular velocity and accerelation can be derived as:
[image: image]
[image: image]
By decomposing the additional acceleration, the expression of the additional motion inertia force is obtained as follows:
[image: image]
Simulation Model and Conditions
Three dimensional simulation on the cold state flow field is conducted based on a full-scale marine reactor, considering the influence of gravity and oscillating inertia force. And the transient hydrodynamic analysis of the whole model is carried out. The temperature of water used as coolant is set at 230°C. The energy exchange between the core and steam generator is neglected.
In this research, porous media model is adopted in the core fuel assembly area and the steam generator area. In order to simulate the flow field, the resistance coefficient need to be determined according to the relationship between pressure drop and velocity.
The flow distribution plate and the lower head will directly affect the flow distribution into the core and further influence the local flow field, so it is necessary to perform refined solid modeling with the structure details considered. Through the standard model, the distribution of flow rate, velocity as well as pressure is investigated. Then, after introducing additional oscillation, the effect of oscillating angle and elevation on the flow field is studied.
The oscillating models are listed in Table 2 with different oscillating angles and elevations. The completed calculation conditions are consistent with the technical requirements. After the calculation, the flow field and pressure of the core, the lower head, the downcomer and the primary side of the steam generator are presented in the form of streamline and velocity contour. The aim is to explore the influence of oscillating angle and oscillating elevation on the cold hydrodynamics.
TABLE 2 | The oscillating models.
[image: Table 2]Resistance Coefficient Fitting
The resistance coefficient can be determined by the relationship between pressure drop and velocity in porous media as described previously in Porous Media Model. In the research, the pressure loss of fuel assembly with lattice is calculated without considering the effect of gravity. According to the pressure at the different selected cross-sections, the pressure loss and the flow resistance of the light rod and the lattice area can be obtained.
As shown in Figure 3, the Z1/Z2 cross-section is extracted to calculate the regional resistance coefficient of the lattice, and the pressure difference of Z3/Z4 cross-section is used to calculate the regional resistance coefficient of the light rod.
[image: Figure 3]FIGURE 3 | The selection of cross sections.
Axial Resistance Coefficient of Rod Bundle Region
The flow parameters in the rod bundle area are given in Table 3, the pressure loss could be acquired through analyzing the pressure of the upper and lower cross-sections of the light rod. Here, the equivalent velocity refers to the actual velocity in the porous medium model. Compared with the real model, the actual velocity in the porous medium is the actual velocity of the real model multiplied by the porosity.
TABLE 3 | Flow parameters in the rod bundle area.
[image: Table 3]And the change of pressure loss per unit height with velocity in the rod bundle area is shown in Figure 4. The relationship between pressure loss per unit length and the velocity can be expressed as follows:
[image: image]
According to Eq. 26, the inertial resistance coefficient [image: image] and viscous resistance coefficient [image: image] in the lattice region are:
[image: image]
[image: image]
where [image: image] and [image: image] represent the density and viscosity of the coolant, respectively.
[image: Figure 4]FIGURE 4 | Relationship between axial resistance and velocity in light rod area.
Lateral Resistance Coefficient of Rod Bundle Region
By analyzing the pressure of the front and rear cross-sections of the light rod area, the pressure loss could be acquired to show the variation of pressure loss per unit length with velocity in the rod bundle area, as presented in Figure 5. And the relationship between pressure loss per unit length and the velocity can be described as:
[image: image]
Through calculation, the inertial resistance coefficient [image: image] and viscous resistance coefficient [image: image] in the lattice region are:
[image: image]
[image: image]
[image: Figure 5]FIGURE 5 | Relationship between lateral resistance and velocity in light rod area.
Axial Resistance Coefficient of Lattice Area
Table 4 shows flow parameters in the lattice area. The pressure of the upper and lower cross-sections of the lattice and the equivalent velocity are presented.
TABLE 4 | Flow parameters in the lattice area.
[image: Table 4]By analyzing the pressure of the upper and lower cross-sections of the grid, the pressure loss could be acquired to show the variation of pressure loss with velocity in the grid area per unit height. Then, the relationship between pressure loss per unit length and the velocity is obtained by fitting velocity-pressure loss per unit height, and the expression can be derived as follows:
[image: image]
According to Eq. 32, the inertial resistance coefficient [image: image] and viscous resistance coefficient [image: image] in the lattice region can be derived as:
[image: image]
[image: image]
Porous Media Parameters of Steam Generator
Porous medium model is adopted to simulate the flow in the steam generator. Firstly, it’s assumed that overall resistance coefficient along the 1-D flow direction is uniform. According to the experimentally measured pressure loss of SG under specific flow rate, the relationship between pressure loss per unit length and the velocity can be expressed as follows:
[image: image]
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Boundary Condition
Both the reactors with and without additional movements are studied. For the standard model, no additional motion is imposed to the reactor in order to show the original flow field. The boundary conditions for the two types of model are explained in the following.
Standard Model
The boundary conditions for standard models are as follows:
1) Inlet boundary: the inlet flow rate is constant and set at 2,289 kg/s;
2) Outlet boundary conditions: the outlet pressure is fixed, the gauge pressure is 0Pa, the reference pressure is 15.0 Mpa;
3) Core: the porosity is 0.594, the porous media model is adopted, and the axial and lateral resistance coefficients are given;
4) Steam generator: the porosity is 0.55, the porous media model is adopted, and the axial and lateral resistance coefficients are given;
5) The interface is used to for mesh connection between each area.
Oscillating Model
The boundary conditions for oscillating models are as follows:
1) No inlet/outlet boundary conditions;
2) Core: the porosity is 0.594, porous media model is adopted, and the axial and lateral resistance coefficients are given;
3) Steam generator: the porosity is 0.55, porous media model is adopted, and the axial and lateral resistance coefficients are given;
4) The interface is used to for mesh connection between each area;
5) Oscillating motion: the momentum source terms related to oscillation are added to each region of the reactor, respectively. The momentum source term is in the form of UDF (User-Defined Function). The oscillating axis in this calculation is x-axis. Therefore, the momentum source terms to be added are momentum source terms in Y and Z directions. The expression can be seen in Oscillating Motion;
6) Gravity equation: the relationship between gravity direction and time should be considered in this calculation. Based on fluent expression, gravity is projected in Y/Z direction to realize real-time adjustment of gravity with oscillating motion.
RESULTS AND DISCUSSION
Standard Model
For comparison, the flow field in a static reactor is studied first in Standard Model. No additional motion is imposed to the reactor. The inlet flow distribution, velocity field, and pressure are discussed in this part.
Core Flow Distribution
Through the simulation of standard working condition, the distribution of flow rate at core inlet is obtained and presented in Figure 6A. The highest normalized mass flow at the core inlet is 1.034 and the lowest normalized flow is 0.979, indicating that the reactor core inlet flow distribution is fairly uniform with the maximum positive and negative deviation within 6%.
[image: Figure 6]FIGURE 6 | Flow distribution at core inlet. (A) Normalized flow distribution at core inlet. (B) The number of fuel assemblies with different inlet flow distribution factors.
Figure 6B shows the number of fuel assemblies arranged in areas with different inlet flow distribution factor. The horizontal coordinate is the flow distribution factor at core inlet, which is mainly distributed between 98 and 102%. And there are 52 groups of fuel assemblies in these regions. In addition, the distribution of inlet flow is generally uniform, with only five fuel assemblies arranged in the area where the deviation of flow distribution factor is greater than 2%.
Velocity
Figure 7A shows the velocity vector and velocity contour of Z4 cross-section in downcommer. It can be obtained that there is an evident transverse flow in the downcommer section at the inlet of the downcommer section due to the effect of the inlet. Figure 7B shows the velocity vector and velocity contour in the lower head area of cross-section sec45. Results show that in the lower head area, the velocity in the flow distribution pipe around the central area is higher than that in the upper side area. And the flow velocity near the lower tube seat is relatively uniform.
[image: Figure 7]FIGURE 7 | Velocity distribution in different regions. (A) Velocity distribution of Z4 cross-section in downcommer. (B) Velocity distribution of Sec45 cross-section in lower head. (C) Velocity distribution of Z7 cross-section in upper chamber. (D) Velocity distribution of Z10 cross-section in upper chamber.
Figures 7C,D present the velocity distribution in the upper chamber area of cross-section Z7 and Z10, respectively. It can be seen from Figure 7C that in the lower region of the guide tube, the fluid enters the upper chamber through the upper plate of the core, and mainly moves in the axial direction, and the transverse flow occurs at the opening of the guide tube. By contrast, the fluid near the Z10 cross-section in the upper chamber flows to the steam generator through the top opening, and the flow velocity is higher at the opening position.
Pressure Distribution
Table 5 shows the pressure at different positions of the reactor and compares the pressure loss in each area. The pressure loss from the inlet to the outlet is about 0.314 MPa under standard conditions, and the pressure loss in the core area is about 0.05 Mpa. It is worth noting that gravity loss is concluded in the pressure loss.
TABLE 5 | Pressure loss in each region of reactor.
[image: Table 5]The pressure distribution in the reactor is presented in Figure 8, which indicates that the maximum total pressure in the reactor from the inlet to outlet is about 0.39 MPa. Along the flow direction, the total pressure in the reactor gradually decreases.
[image: Figure 8]FIGURE 8 | Pressure contour in the reactor.
Oscillation Model
This part focuses on the flow characteristics under oscillating motion. The influene of the oscillating motion is presented by comparing the fluid flow under four different oscillation models, which are introduced in Simulation Model and Conditions. The results of flow field distribution, different oscillating angles and different elevations are analyzed as follows.
Flow Field Distribution
When the reactor is subjected to oscillating motion, the flow characteristics will be greatly changed. Here, the flow field in an oscillating reactor with an oscillating angle of 45° and an oscillating period of 25 s is presented. Figure 9 compares the velocity vector in different regions.
[image: Figure 9]FIGURE 9 | The comparison of velocity vector in an oscillating reactor. (A) The velocity of cross‐section X = 0 m of the downcommer and lower head at the time of max oscillating angle. (B) The velocity of cross‐section X = 0 m of the core at the time of max oscillating angle. (C) The velocity of cross‐section X = 0 m of the reactor loop.
Figure 9A shows the velocity vector of the cross-section X = 0 m of the downcommer and lower head at different moments. In an oscillating reactor, most of the coolant forms a circulating flow in the downcommer and the outer region of the distribution plate in the lower head. By contrast, only a small amount of coolant can enter the core through the rectification hole.
With regard to the flow field in the core, it can be seen form Figure 9B that during the oscillation motion, the coolant in the core region forms two obvious vortex flows, which are, respectively located in the upper part and the lower part of the core.
The velocity distribution in the reactor loop is shown in Figure 9C. It is noticed that the flow inside the upper and lower heads is more obvious than that inside the core. The flow direction is consistent with the oscillating direction of the reactor.
Figure 10A shows the streamline distribution in the reactor under oscillating motion. Due to the effect of oscillation, there are obvious vortex flows inside the descending annulus and the upper chamber, and the fluid forms its own circulating flow in these regions. On the contrary, the flow in the core and steam generator area is not apparent.
[image: Figure 10]FIGURE 10 | The overall flow and pressure distribution. (A) Streamline distribution in an oscillating reactor. (B) Pressure distribution in an oscillating reactor.
Figure 10B presents the pressure distribution of the reactor loop at different times. It can be obtained that the pressure in the reactor changes as the reactor oscillates. This is because the relative position changes during the oscillating process. Consequently, the pressure in an oscillating reactor presents an inclined distribution.
Oscillating Angle
To compare the influence of oscillating angle on the fluid flow, we explore the flow rate in the steam generators because they are intimately associated with a stable reactor operation. From the perspective of reactor safety, the automatic control system for the water level should be able to operate smoothly without any oscillation or hunching; however, in the marine environment, the acceleration and oscillation motion of the ship can easily affect the water level of SGs (Ishida et al., 1995).
The arrangement of SGs in the reactor can be seen in Figure 7A. Due to the symmetrical arrangement of the steam generators, subsequent analysis only focus on SG1-SG5. The oscillating axis is along the line between SG1 and SG9.
Figure 11 compares the flow rate in different steam generators under two oscillating angles (the oscillating elevation is 3 m). It can be found that the flow fluctuation period is consistent with the oscillating period, and the flow variation patterns under different oscillating angles are basically the same. For SG1 which is located on the oscillating axis, two peaks can be noticed in one cycle although the second peak is significantly smaller than the first. By contrast, the change of flow rate in other steam generators shows a cosine distribution.
[image: Figure 11]FIGURE 11 | The change of flow rate under different oscillating angles.
Besides, the SG flow rate under the oscillating angle of 30° is greater than that under the angle of 45°. This is because the relative rotation speed of the 30° working condition is higher than that of the 45° working condition, which makes the flow velocity in the SG during the oscillating process much higher. As a consequence, the mass flow amplitude rises when decreasing the maximum oscillating angle.
It can also be obtained that the amplitude of flow rate is related to oscillating speed. Due to the displacement of oscillating axis between SG1 and SG9, the mass flow amplitude of SG1-SG5 gradually increases. The amplitudes of flow rate in SG1-SG5 is shown in Figure 12. The horizontal coordinate represents the angle between the steam generator and the oscillating axis. SG5 is the farthest from the oscillating center with the maximum linear velocity, therefore its amplitude of the flow rate is the largest.
[image: Figure 12]FIGURE 12 | The amplitude of flow rate in SG1-SG5.
Oscillating Elevation
Figure 13 shows the comparison of flow rate under two different oscillating elevations (the oscillating angle is 30° and the period is 15 s). Results show that the oscillating elevation has little effect on the flow rate. The change patterns of flow rate in all steam generators under different elevations are basically consistent. The difference of flow amplitude is within 3 kg/s.
[image: Figure 13]FIGURE 13 | Comparison of flow rate under two different oscillating elevations (the oscillating angle is 30° and the period is 15 s).
CONCLUSION
This paper explores the effect of oscillating motion on the fluid flow in a full-scale reactor through numerical simulation. Shear Stress Transport (SST) turbulence model and Porous media model are adopted. In this study, the resistance coefficients of the lattice, rod buddle and steam generator are fitted according to the relationship between velocity and pressure loss.
Through the simulation of the standard model, the inlet flow distribution, the flow field and the pressure distribution in the reactor are presented. Results show that the distribution of core inlet flow is uniform overall. Transverse flows can be noticed in the downcommer and the opening of the guide tube in the upper chamber, and the total pressure in the reactor gradually decreases along the flow direction.
After additional oscillation is introduced, the flow field inside an oscillating reactor is presented and the influence of oscillating angle and elevation on the flow rate is studied. It is found that the oscillating motion can greatly change the flow characteristics: most of the coolant forms a circulating flow in the downcommer and lower head with only a small amount of coolant entering the core through the rectification hole of the lower head; during the oscillating motion, the coolant in the core region forms two obvious vortex flows; vortex flows can also be observed inside the descending annulus and the upper chamber where the fluid forms its own circulating flow in these area.
In addition, comparisons have been made on the flow rate under different oscillating angle and elevation. It can be concluded that the flow fluctuation period is consistent with the oscillating period, and the flow variation pattern under different oscillating conditions is basically consistent. The flow amplitude is related to oscillating speed, therefore the amplitude of mass flow of SG1-SG5 gradually increases, and it also rises when decreasing the maximum oscillating angle. Besides, the oscillating elevation has little effect on the flow rate.
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