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Unstable flow within a reactor coolant pump (RCP)’s mechanical seal may cause the change of its sealing parameters, possibly threatening RCP’s safe operations. In this study, based on the moving grid technology, a 3D fluid–structure interaction analysis model is established, where the influence of parameters such as the inlet pressure fluctuation, closing force fluctuation, and speed fluctuation on mechanical seal performance characteristics within an RCP is numerically studied. Study results have shown that when pressure and closing force fluctuations are applied, the static ring displacement, the inlet-to-outlet temperature difference, and the leakage difference show similar variational rules. In addition, it is found that the sealing parameters are more sensitive to the step form of fluctuation. When the step change of 4% closing force was applied, the static ring displacement was more than 36.7%, the change of the temperature difference between inlet and outlet zones exceeded 53.5%, and the leakage difference was more than 127.2%. The change of speed has also been found to significantly affect the temperature difference between the RCP mechanical seal’s inlet and outlet, but the effect on the leakage and opening force was negligible.
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INTRODUCTION
The reactor coolant pump is one of the most critical equipment and the only rotating equipment in the primary circuit of the pressurized water reactor nuclear power plant, which transports and pressurizes the working fluid of the primary circuit (Liu et al., 2019). The reactor coolant pump works under high-temperature and high-pressure conditions, in a radioactive environment with high technical requirements. Nuclear material leakage is one of the biggest hidden dangers of nuclear power plants. Figure 1A schematically shows the main components of a reactor coolant pump. The shaft seal is composed of three similar mechanical seals in series. A single mechanical seal is mainly composed of a stationary ring and rotating ring, as shown in Figure 1B (Su et al., 2020). For the sake of addressing some of the operational problems such as wear, elastic deformation, and thermal deformation, the design of the sealing end face geometry involves some radial and circumferential deviations. The deviation from the plane in the radial direction is called taper, and the deviation from the plane in the circumferential direction is called waviness. The radial taper directly determines the load supported by hydrostatic pressure, which determines the thickness and performance of the film. Waviness has a great impact on hydrodynamic lubrication and can produce strong hydrodynamic pressure carrying capacity (Lebeck, 1991; Cochain, 2018), which makes the seal produce sufficient opening force and is used for the sealing of high-parameter machinery such as reactor coolant pump. Many scholars have conducted a large number of studies on the mechanical seal of reactor coolant pumps, including the influence of structural parameters on mechanical seal performance (Liu et al., 2011), the problem of work–heat conversion and heat conduction considering viscosity–temperature effect (Brunetière and Modolo, 2009; Ma et al., 2021), the multiphase flow caused by cavitation (Liu et al., 2015), the fluid–solid thermal coupling problem considering mechanical stress and thermal stress (Liao et al., 2011), and manufacture and experiment of mechanical seal (Feng et al., 2020; Guang and Ma, 2021). These studies mainly focus on the steady-state process of the flow field inside the mechanical seal of the reactor coolant pump. However, the reactor coolant pump presents strong unsteady characteristics during startup (Gao et al., 2013) and sliding (Lu et al., 2019), and the parameters such as speed, head, and temperature change drastically. Even under rated operating conditions, unstable vortex and vortex shedding inside the reactor coolant pump will also cause severe pressure pulsation and unit vibration (Ni et al., 2017; Ni et al., 2020; Zhou et al., 2021). The rotating speed of the reactor coolant pump, temperature of sealing medium, pressure pulsation, and vibration of unit will affect the mechanical seal.
[image: Figure 1]FIGURE 1 | Illustrations of (A) the typical reactor coolant pump and (B) the mechanical seal assembly structure (Su et al., 2020).
In recent years, unsteady flow field characteristics in reactor coolant pumps’ mechanical seals have increasingly attracted the attention of scholars. Liu et al. (2013) established a three-dimensional theoretical model to study the influence of the initial position and velocity of the static ring on the dynamic performance of the waveform end mechanical seal of the reactor coolant pump and found that the amplitude of the static ring was an important parameter affecting the performance of the rotating ring. Falaleev and Vinogradov (2015) established a dual-mass dynamic model applicable to the mechanical seal end face and analyzed the dynamic characteristics of seal theoretically and experimentally. Migout et al. (2015) studied the influence of rising inlet water temperature on mechanical seal through numerical simulation. Their results showed that the mechanical seal oscillated when the inlet water temperature was raised to 170°C, with a minimum film thickness change of 25% and a more significant flow rate change, but the liquid film temperature change was not significant. Chávez and De Santiago (2020) conducted an experimental study on the mechanical seal and obtained the pressure response function under 5–440 Hz excitation by pressure sensor measurement. In addition, the numerical predictions of the pressure response function were conducted at two different static supply pressures and two different dynamic pressures. These predictions indicate that the static supply pressure has no effect on the dynamic pressure response function and that the dynamic response is linear with respect to the dynamic input pressure. Luo et al. (2020) studied the relationship between fault degree and dynamic characteristics of a reactor coolant pump by theoretical analysis and numerical simulation. Their results showed that extrusion failure is more likely to occur when the liquid film thickness is too large or too small, and the opening force is both affected by the lubrication state of the liquid film and the degree of sealing extrusion failure. With the increase in rotating speed, leakage failure may occur in the seal, and the fluctuation of leakage growth reflects the severity of the failure. Blasiak and Zahorulko (2016) used numerical methods to solve the nonlinear Reynolds equation and the motion equation of the static ring and then comparatively studied the characteristics of four mechanical seals with different end faces. The results showed that for some specific conditions, the sharp increase in angular vibration amplitude leads to the contact of rotating and static rings, and the reasonable selection of parameters can significantly reduce the amplitude of stator angular vibration. Chen et al. (2017) used numerical methods to study the disturbance behavior of gas film thickness and pressure of mechanical seals with or without angular excitation, where it was found that the dynamic wedge clearance with a fixed angle between sealing surfaces would be formed under the action of angular excitation. Li et al. (2020) established a 3-DOF dynamic model considering the cavitation effect, extrusion effect, and end face contact, where the dynamic response of a spiral groove liquid film seal under three impacts (pressure change, shaft drift, and shaft bending) was studied. The results showed that the mechanical seal can keep the hydrodynamic lubrication state without surface contact when the pressure Gaussian pulse changes. But it will cause excessive leakage when the axial drift and bending impact conditions occur. Badykov et al. (2018) took the mechanical secret recipe with rotary grooves as the research object and introduced the fluid–structure coupling simulation method, where the Reynolds average Navier–Stokes equation and the rigid body motion dynamics equation were solved. They investigated the response of the stationary ring and the change of film thickness under different excitation signals applied by the rotating ring.
It can be seen from the aforementioned research status and associated analysis that although some scholars have carried out research on the dynamic characteristics of mechanical seals, there are few studies on mechanical seals that require higher safety performance and working ranges such as reactor coolant pumps. Moreover, many studies have only focused on the theoretical analysis of simplified models. Therefore, in this study, the dynamic characteristics of a waveform end face mechanical seal in a reactor coolant pump are numerically studied by unsteady computational fluid dynamics. The rigid body dynamic equations and Navier–Stokes equations were numerically solved by fluid–structure coupling method, and the dynamic grid technology was introduced to deal with the dynamic motion of the rotating ring. The inlet pressure fluctuation, closing force fluctuation, and mechanical seal dynamic characteristics of reactor coolant pump during the start–stop process were studied. This study and associated findings considerably contribute to an in-depth understanding of mechanical seal operating mechanism and associated design optimization within reactor coolant pumps.
First, based on the dynamic grid technology, the three-dimensional fluid–structure coupling model of the mechanical seal of the reactor coolant pump is established, and the grid independence is verified. Then, the effects of inlet pressure and closing force fluctuations on the mechanical seal’s performance characteristics and the internal flow field structure are analyzed. Finally, the influence of speed change on the mechanical seal performance of the reactor coolant pump is studied.
THEORETICAL MODEL
Geometry Model
The mechanical seal is composed of a rotating ring, a sealing cavity, and a fixed static ring. The end face of the rotating ring is processed into a flat plane, while the surface of the static ring is processed into a convergent end face with a taper or amplitude. Static and dynamic pressure effects occur when the sealing medium flows through the gap between dynamic and static rings.
Figure 2 shows a wave–tilt–dam mechanical seal structure diagram. The thickness of liquid film in the gap of the sealing ring can be expressed by the following formula:
[image: image]
where Ro and Ri are the outer and inner diameters of the sealing ring, respectively; Rd is the turning radius; r is the radius at any point; β is the taper of the stator face; the tangent of β can be expressed as [image: image], in which ht is the taper height of outer radius; k is the wavenumber; and the dimensionless parameter α = ha/ht is set to 0 when there is no wave on the face and to 1 when the wave amplitude is equal to the taper height of outer radius, in which ha is the wave amplitude. The basic geometric parameters are given in Table 1 and are taken from a previous work (Liu et al., 2011).
[image: Figure 2]FIGURE 2 | Illustrations of (A) the geometry of the wave-tilt-dam mechanical seal and (B) schematic of the mechanical seal (Liu et al., 2011).
TABLE 1 | Geometric parameters of hydrostatic seal (Liu et al., 2011).
[image: Table 1]Seal leakage is one of the key parameters that represent the mechanical seal’s performance. For the fluid mechanical seal, if the leakage is too small, the end faces of the seal ring may directly contact, thus causing the wear of the seal ring. If the leakage is too large, the seal fails. In numerical simulation, the leakage is calculated by monitoring the flux at the outlet, that is, r = Ri:
[image: image]
Sealing opening force represents the bearing capacity of the liquid film in the seal ring clearance, and it can be obtained by integrating the liquid film pressure along the end face of the seal:
[image: image]
The temperature of the sealing medium has a significant effect on the mechanical seal of a reactor coolant pump. Too high working medium temperature would cause vaporization of the liquid film, which leads to the vibration of the sealing surface during operation, and subsequent sealing failure. High working medium temperature would also cause thermal deformation of the sealing ring, thus increasing the friction, and further deterioration of the working environment. The temperature of the working medium increases gradually along the flow direction, so the maximum temperature usually occurs at the outlet. In this study, the average temperature difference between the seal’s outlet and the inlet zones is used as one of the parameters to measure the performance of mechanical seals, which is defined as follows:
[image: image]
Governing Equations
For the unsteady flow of incompressible Newtonian fluid, its governing equation includes the following:
Continuity equation:
[image: image]
where u is velocity vector.
Momentum equation:
[image: image]
where p is the pressure, ρ is density, t is time, and ν is kinematic viscosity.
Energy equation:
[image: image]
where cp is specific heat capacity, λ is the heat conduction coefficient of the sealing medium, and Φ is the dissipation function, or otherwise, the heat from end face viscous shear friction. The latter is expressed as follows:
[image: image]
The stator moves rigidly along the axial direction, and the equation of motion is as follows:
[image: image]
where m is the static sub-mass; Fopen is the opening force, which is positive along the positive direction of z-axis; and Fclose is the opening force, which is negative along the z axis.
Boundary Conditions
During the operation, the rotating ring rotates, and the static ring is fixed with the sealing cavity. Therefore, the static ring surface is set with no slip boundary condition, while the rotating ring is set with a rotating speed of 1,500 rpm. The inlet and outlet boundary conditions are set to pressure inlet and pressure outlet, respectively. When the inlet pressure fluctuation is not considered, the total inlet pressure is 5 MPa, and the outlet static pressure is set as 101325 Pa. The total inlet temperature is set to 323.15 K. Due to the fact that the geometric model of the investigated mechanical seal’s wavy end face has periodicity, a period is selected in the calculation, leading to a periodic boundary condition with a period of 40° (Su et al., 2020).
Numerical Method
In this study, numerical simulations are performed with Fluent software. The finite volume method is used to discretize the equations in time and space. The SIMPLE algorithm is used to decouple pressure and velocity. The second-order discrete scheme is used for the spatial discretization of pressure field, while the second-order upwind discrete scheme is applied to both the momentum and energy equations. Only the laminar flow calculation model is considered. The equation of motion is solved by using the Newmark-β method. For unsteady calculation, different time steps are selected to calculate the mechanical seal without disturbance. When the time step was 4 × 10−6 s, the Courant–Friedrichs–Lewy (CFL) number in most areas of the computational domain is less than 1, so the time step of unsteady calculation was set as 4 × 10−6 s, and the residual error of each time step was reduced to 10−4 or the calculation was completed at 50 iterations.
Ansys Fluent’s dynamic mesh method module provides three features, namely, smoothing, layering, and remeshing, which are respectively, applied to different situations. The core of the layering method is to split (or merge) after stretching (or compressing) to realize the motion of the boundary. There are two methods of updating the grid: one is based on the mesh height and the other based on the mesh ratio. The process involved in the height-based dynamic layer update method is as follows: First, it is assumed to exist at an ideal height li on the motion boundary that needs to be updated. The boundary movement eventually leads to the grid being stretched or compressed. As shown in Figure 3A, when the mesh height [image: image], the mesh is divided into two grids. On the other hand, when the border height [image: image], the grid merges with the next grid. The εs and εc are compression and separation factors, respectively. The ratio-based dynamic layer update method is suitable for situations where the same layer mesh is inconsistent because the motion boundary is irregular. Similar to the height-based dynamic layer grid update, this method follows the ratio between adjacent layer grids between different locations when updating the grid. In this study, the mesh was separated and merged based on the mesh height, and the maximum mesh height could not exceed 1.4 times the original height during the mesh update process.
[image: Figure 3]FIGURE 3 | Schematic diagram of grid (A) computational domain grid and (B) dynamic layer grid update method.
In the numerical simulation, the grid independence was verified by changing the number of axial, radial, and circumferential grids, as shown in Table 2. In this study, wave–tilt–dam mechanical seals with a base film thickness of 5 μm are selected for the grid independence verification. Figure 4 shows the evolution of both inlet-to-outlet temperature difference and leakage with the increasing grid number. It can be seen that for both cases as the grid number increases, both the inlet-to-outlet temperature difference and leakage go through a brief steep variation before stabilizing for a wider range of grid numbers. When the computational domain grid increases from 4 million to 7.5 million, inlet-to-outlet temperature and leakage change by 0.13 and 0.14%, respectively. Therefore, the grid of 4 million nodes has been selected for further numerical calculations under different working conditions.
TABLE 2 | Grid number in different examples.
[image: Table 2][image: Figure 4]FIGURE 4 | Variation of M and ∆T as the mesh increases.
RESULTS AND DISCUSSIONS
In this research, typical wave–tilt–dam mechanical seals are used to study the effect of three operating conditions, namely, the fluctuating inlet pressure, fluctuating closing force, and changing rotational speed on the mechanical seal’s operating characteristics under start–stop circumstances. Based on the steady-state calculation results of the wave–tilt–dam mechanical seal with a 5-μm-base film thickness, the unsteady state calculation was conducted. The dynamic characteristics of the mechanical seal were studied by deliberately inflicting different disturbances, and the influence laws were mainly explored through the selected parameters such as leakage, base film thickness, and inlet-to-outlet temperature difference. The disturbance modes mainly included the sinusoidal and step change modes of fluctuated parameters. The unfluctuated parameters remained unchanged. When a sinusoidal disturbance was applied, the calculation was conducted for seven cycles, with a 300-Hz fluctuation frequency. On the other hand, when a step disturbance was applied, the calculation was run until the stabilization of the main testing parameters (leakage, inlet-to-outlet temperature difference, and liquid film thickness) and then put to stop.
Influence of Inlet Pressure Fluctuation on Mechanical Seal Dynamic Characteristics
Two forms are adopted for inlet pressure fluctuation, where sinusoidal fluctuation is shown as follows:
[image: image]
where pin is the inlet pressure during unsteady calculation; p0 is the inlet pressure in steady-state calculation; a is the fluctuation amplitude, where 4, 6, 8, and 10% are selected for this study; and f is the fluctuation frequency, which is selected as 300 Hz for this study.
Step fluctuation is shown as follows:
[image: image]
where a is the fluctuation amplitude, and 4, 6, 8, and 10% are selected for this study.
Figure 5 shows the variation patterns of performance parameters such as static ring displacement, inlet-to-outlet temperature difference, and the outlet flow rate with time under sinusoidal fluctuations of different amplitudes. For the static ring displacement, the results show that when the inlet pressure fluctuation amplitude is 10%, the maximum static ring displacement appears at t = 1.504 ms, while the maximum displacement increases by 32.27% compared with the thickness of the base film. The displacement change from the fourth peak to the fifth peak is no more than 0.3%, so the fluctuation region can be considered stable, and the corresponding time is 11.580 ms. The average frequency between the fourth peak and the seventh peak is 300 Hz, which is equal to the pressure fluctuation frequency. The displacement fluctuation amplitude is 18.93% of the base film thickness, and the offset distance is 0.1417 μm. When the fluctuation amplitude of inlet pressure was 4%, it showed a similar pattern. However, its fluctuation amplitude decreased, while the maximum displacement increased by 10.78% compared with the initial test value. The fluctuation amplitude in stable fluctuation was 6.90%. When the amplitude of inlet pressure fluctuation was 6 and 8%, the displacement fluctuation was between the aforementioned two conditions.
[image: Figure 5]FIGURE 5 | Variation of parameters with time (A) static ring displacement, (B) inlet-to-outlet temperature difference, and (C) the leakage.
For the inlet-to-outlet temperature difference, when the inlet pressure fluctuation amplitude is 10%, the minimum inlet-to-outlet temperature difference appears at the moment t = 2.212 ms, which is 0.708 ms later than the maximum displacement moment. At this moment, the inlet-to-outlet temperature difference is 5.341 K, representing a 33.54% decrease as compared to the initial moment, and the displacement change from the fourth valley to the fifth valley is no more than 0.3%. It can be considered that the fluctuation region is stable, and the corresponding time is 12.262 ms. When the fluctuation is stable, the fluctuation amplitude is 14.63%, and the offset is 7.85 K, which is lower than the inlet-to-outlet temperature difference at the initial moment. When the inlet pressure fluctuation amplitude is 4%, the inlet-to-outlet temperature difference is 6.96 K, and the initial moment decreases by 13.33%. It is worth noting that the inlet-to-outlet temperature difference corresponding to low pressure fluctuation is always higher than that corresponding to high pressure fluctuation in the period from t = 0 to T = 6.700 ms, which is different from the variation law of static ring displacement.
For leakage, when the amplitude of inlet pressure fluctuation is 10%, the maximum leakage appears at t = 1.664 ms, which is 0.160 ms later than the maximum displacement moment. The maximum leakage increases by 122.10% as compared to the initial value. The displacement changes from the fourth peak value to the fifth peak value are no more than 0.3%. Therefore, the fluctuation region can be considered stable. The corresponding time, fluctuation amplitude, and deviation distance are 11.748 ms, 66.72%, and 65.07 kg/s, respectively. This deviation distance is higher than the initial leakage. When the fluctuation amplitude of inlet pressure was 4%, it showed a similar pattern, but its fluctuation amplitude decreased, the maximum leakage increased 34.74% compared with the initial test value, and the fluctuation amplitude in stable fluctuation was 22.31%. When the amplitude of inlet pressure fluctuation is 6 and 8%, the leakage fluctuation is between the previous two situations, and its fluctuation frequency is 300 Hz. It is worth noting that in the period from t = 0 to T = 0.468 ms, the leakage is lower than that at the initial test time, and the flow decreases with the increase in pressure fluctuation. The trough value appears at t = 0.240 ms, and the lowest value decreases by 4.25% compared with the initial time.
Through the analysis of the main performance parameters of the mechanical seal of the reactor coolant pump, it can be seen that when the sinusoidal pressure fluctuation is applied, the sealing performance parameters exhibit unstable fluctuations for a period of time, followed by stable fluctuations. The fluctuation intensity is much higher than the disturbance intensity, and they tend to deviate from the initial values. In addition, the fluctuation amplitude of leakage is not proportional to the fluctuation amplitude of static ring displacement. The fluctuation range of leakage is much larger than that of static ring displacement, indicating that the change of the static ring position changes not only the liquid film flow area but also the liquid film flow field distribution.
In order to further analyze the flow field of the sealing liquid film, the distribution law of physical quantity in section Z0 = 4 μm (as shown in Figure 2A) at typical time was analyzed. Figure 6 shows the pressure distribution variation of Z0 at different times when the pressure fluctuation amplitude is 4 and 10%. The results show that the high-pressure region appears in the static loop peak region at the initial moment, and the pressure changes greatly from the turning radius to the outlet, while the pressure change is not obvious near the entrance. In the region of the static ring trough however, the pressure changes drastically near the entrance. When t = 0.24 ms, the pressure near the turning radius of the static loop trough decreases compared with the initial moment, and the pressure decrease degree increases with the inlet pressure fluctuation range. At this moment, the leakage reaches the maximum value, and the pressure near the turning radius of the static ring trough increases, while the pressure gradient tends to be uniform. At t = 23.52 ms, representing the moment when the leakage fluctuates steadily, the leakage is at its lowest value, while pressure near the turning radius of the static ring trough decreases as compared to the initial moment. The low-pressure zone occupies most of the area, and the pressure gradient near the entrance rises. It can therefore be seen that inlet pressure fluctuations mainly affect the pressure distribution rule at the static ring trough, where with the increase in inlet pressure fluctuation amplitude, the pressure fluctuation at the static ring trough becomes larger. However, this has little influence on the pressure distribution at the crest.
[image: Figure 6]FIGURE 6 | Pressure distribution varies with time (A) a = 4% and (B) a = 10%.
Figure 7 shows the temperature distribution variation of Z0 at different times when the pressure fluctuation amplitude is 4 and 10%. It is shown that a low-temperature region appears in the static ring peak region, while the high-temperature region appears between the static ring peak and the trough near the exit. At t = 0.24 ms, the temperature drops slightly as compared to the initial time. At t = 1.68 ms however, it decreases significantly, with the increase in the inlet pressure fluctuation range. At t = 23.52 ms, although the leakage reached the trough value, the temperature did not reach the peak value, and the temperature distribution was similar to the initial time. This indicates that the increase in fluid flow does not immediately take away the heat generated; there is a delay effect, and the decrease in flow does not immediately “accumulate” the heat and cause the temperature to increase.
[image: Figure 7]FIGURE 7 | Temperature distribution varies with time (A) a = 4% and (B) a = 10%.
Figure 8 shows the velocity distribution change law on Z0 in different times for pressure fluctuation amplitudes of 4 and 10%. It can be seen that high-speed zones appear in the initial times on the static ring wave area, and the velocity gradient near the turning radius is bigger. Low-speed areas appear in the static ring trough area with the almost uniform distribution, leading to a smaller velocity gradient. At t = 0.24 ms, there is no significant difference in velocity distribution mode compared to the initial time. At t = 1.68 ms however, the velocity increases significantly compared with the initial moment and increases with the increase in the inlet pressure fluctuation range. At t = 23.52 ms, the velocity decreases significantly, leading to a corresponding increase in the velocity gradient near the turning radius of the static ring crest. A large velocity change occurs before and after the turning radius. When a = 10%, the flow rate is lower (smaller velocity), and the velocity gradient at the turning radius is larger.
[image: Figure 8]FIGURE 8 | Velocity distribution varies with time (A) a = 4% and (B) a = 10%.
In order to further study the relationship between the flow change, static ring displacement, and velocity change, Figure 9 has been used to show the radial velocity distribution contour diagram of different circumferential sections. In this figure, the S1 section is at α = 0°, corresponding to the static ring trough. The S3 section is at α = 20°, corresponding to the static ring peak. The S2 section is at α = 10°, thus being between the S1 and S3 (as shown in Figure 2A). It is shown that the radial velocity of the circumferential section increases gradually from the static ring trough to the static ring peak at the initial moment. For S1 and S2 sections, the velocity distribution is uniform, while it increases slightly in the exit section. For the S3 section, the velocity increases significantly in the exit section. This feature is more pronounced in the vicinities of the rotating ring. When t = 0.24 ms, the static ring moves up as a result of a slight increase in the base film thickness. The cross-sectional velocity in the S3 section is also found to increase, while that in the S1 section decreased. In addition, the velocity of the inlet section is higher than that of the outlet section, which is more obvious when a = 10%. This, in other words, implicates the existence of large pressure fluctuations. This situation can also be seen from Figure 4C. It indicates that the leakage does not increase with the increase in the thickness of the base film, mainly due to the decrease in the cross-sectional velocity at S1. When t = 1.68 ms, the static ring moves up further, the thickness of the foundation film increases further, and the velocity in S1, S2, and S3 sections increases significantly. This corresponds to Figure 4C, when t = 1.68 ms, the leakage is much higher than the initial moment, and when a = 10%, the leakage increases by 122.10%. However, the increase in base film thickness is only 30.96%, which indicates that the increase in leakage is the result of both the increase in base film thickness and radial velocity simultaneously. When t = 1.68 ms, the static ring moves down, the thickness of the base film decreases, and the radial velocity of each section decreases (the leakage decreases).
[image: Figure 9]FIGURE 9 | Radial velocity distribution varies with time (A) a = 4% and (B) a = 10%.
Figure 10 shows the evolution of main performance parameters with time, considering different inlet pressure’s step fluctuations. Study findings, as presented in this figure, show that the growth of static ring displacement and leakage in the early stage is rapid, followed by a slowly ascending trend. But there has been a brief leakage decrease at the beginning of time (close to t = 0.1 ms), followed by a steep ascent. As for the inlet-to-outlet temperature difference, a rapid descent is recorded within the time interval from 0.2 to 2.8 ms, although there have been slight differences in evolutional trends for different step fluctuations. For the 10% step disturbance, static ring displacement exceeded 99.57%, the change of inlet-to-outlet temperature difference exceeded 75.94%, and leakage change was as high as 572.06%. For the 4% step disturbance, static ring displacement exceeded 34.56%, the change of inlet-to-outlet temperature difference exceeded 52.35%, and leakage change exceeded 126.55%. It therefore can be seen that even a small step disturbance would inflict a great impact on the sealing performance.
[image: Figure 10]FIGURE 10 | Variation of parameters with time (A) static ring displacement, (B) inlet-to-outlet temperature difference, and (C) the leakage.
Influence of Closing Force Fluctuation on Dynamic Characteristics of Mechanical Seals
For the fluctuation of closing force, two pressure fluctuation forms are adopted, whose sinusoidal fluctuation is shown as follows:
[image: image]
where Fclose is the closing force in unsteady calculation; F0 is the closing force in steady calculation; a is the fluctuation amplitude where 4, 6, 8, and 10% are selected fluctuation amplitudes in this study; and f is the fluctuation frequency, which is selected as 300 Hz.
Step fluctuation is shown as follows:
[image: image]
where a is the fluctuation amplitude, and 4, 6, 8 and 10% are selected for this study.
Figure 11 shows the change law of main performance parameters with time, under different closing force fluctuation amplitudes. The results show that for the static ring, when a 10% closing force fluctuation is applied, the static ring’s maximal displacement is recorded at t = 1.500 ms. The maximum displacement increased by more than 33.66% compared with the initial film thickness, which was very similar to the peak time when the inlet pressure fluctuated, but the static ring displacement was slightly larger than the inlet pressure fluctuation displacement (32.27%). Similarly, the variation of static ring displacement from the fourth peak to the fifth peak is no more than 0.3%, and the corresponding time is 11.576 ms. The subsequent static ring displacement fluctuation amplitude is 19.54% of the initial film thickness, and the offset is 0.1591 μm, which are larger than the amplitude and offset of inlet pressure fluctuation. When the amplitude of closing force fluctuation decreases from 8% to 6–4%, the intensity of displacement fluctuation decreases accordingly.
[image: Figure 11]FIGURE 11 | Variation of parameters with time (A) static ring displacement, (B) inlet-to-outlet temperature difference, and (C) the leakage.
For the inlet-to-outlet temperature difference, when the inlet pressure fluctuation amplitude is 10%, the minimum temperature difference appears at the moment t = 2.252 ms, 0.752 ms later than the maximum displacement moment, and the temperature difference at this moment decreases 33.21% compared with the initial moment. In the stable fluctuation, the fluctuation amplitude is 13.95%, and the deviation distance is 7.86 K. The temperature fluctuation range is smaller, and the deviation distance is closer to the initial temperature. When the amplitude of closing force fluctuation is 4%, the minimum temperature difference is 6.99 K, which is 13.06% lower than the initial time. It is noteworthy that the temperature difference corresponding to the fluctuation of low closing force is always higher than that corresponding to the fluctuation of high closing force in the period from t = 0 to t = 6.780 ms, which is different from the variation law of static ring displacement.
For leakage, when the fluctuation amplitude of closing force is 10%, the maximum leakage appears at t = 1.760 ms, 0.260 ms later than the maximum displacement moment. The maximum leakage increases 129.05% compared with the initial value, and the displacement change from the fourth to the fifth peak is no more than 0.3%. So the fluctuation region can be considered stable. The corresponding time is 11.824 ms, the fluctuation amplitude is 72.63%, and the deviation distance is 65.59 kg/s, which is higher than the initial leakage. When the amplitude of closing force fluctuation is 4%, it shows a similar pattern, but its fluctuation amplitude decreases. The maximum leakage increases by 36.36% compared with the initial test value, and the fluctuation amplitude in stable fluctuation is 24.12%. When the amplitude of inlet pressure fluctuation is 6 and 8%, the leakage fluctuation is between the aforementioned two situations. It is worth noting that in the period from t = 0 to t = 0.680 ms, the leakage is lower than that at the initial test time, and the flow decreases with the increase in closing force fluctuation. The trough value appears at t = 0.400 ms, and the lowest value decreases by 10.06% compared with the initial time.
Through the analysis of the main performance parameters of the reactor coolant pump’s mechanical seal, it can be seen that when the sinusoidal closing force fluctuation is applied, the sealing performance parameters have distribution rules similar to that when the sinusoidal inlet pressure fluctuation is applied. But the fluctuation degree of both the static ring displacement and leakage are more severe, while the fluctuation degree of the inlet-to-outlet temperature difference is reduced. The time delay of maximum leakage and minimum inlet-to-outlet temperature difference is more obvious than that of the maximum static ring displacement. In addition, compared with sinusoidal inlet pressure fluctuation, the time of phenomenon of flow increases in a very short time after applying closure force disturbance, and the valley flow decreases significantly.
In order to further analyze the flow field of the sealing liquid film, the distribution law of physical quantities in section Z0 = 4 μm (as shown in Figure 2A) at typical times was analyzed. Figure 12 shows the pressure distribution variation rule of Z0 at different times when the fluctuation range of closing force is 4 and 10%. The distribution rule is similar to that when the inlet pressure fluctuation is applied. At the initial moment, a high-pressure region appears in the static loop peak region, and the pressure change from the turning radius to the outlet is quite large, while it is not obvious near the entrance. In the region of the static ring trough however, the pressure is found to drastically change, especially near the entrance. When t = 0.40 ms, the pressure near the turning radius of the static loop trough decreases as compared to the initial moment, where the decreasing pace increases with the inlet pressure fluctuation range. This goes hand in hand with the leakage characteristics at t = 0.40 ms, as presented in Figure 10C. When t = 0.40 ms, the leakage reaches the maximum value, and the pressure near the turning radius of the static ring trough increases, while the pressure gradient tends to be uniform. At t = 23.68 ms, corresponding to the trough moment when the leakage fluctuates steadily, the leakage is the lowest at this moment, and the pressure near the turning radius of the static ring trough decreases compared with the initial moment. The low-pressure area occupies most of the area, and the pressure gradient near the entrance rises. It can be seen that the fluctuation of the closing force mainly affects the pressure distribution law at the static ring trough, where the same pressure fluctuation at the static ring trough increases with the inlet pressure fluctuation amplitude, and has little influence on the pressure distribution at the peak.
[image: Figure 12]FIGURE 12 | Pressure distribution varies with time (A) a = 4% and (B) a = 10%.
Figure 13 shows the temperature distribution variation of Z0 at different times when the applied fluctuation amplitude of closing force is 4 and 10%. The low-temperature region appears in the static ring peak region, while high-temperature region appears between the static ring peak and the trough near the exit. At t = 0.40 ms, the temperature drops slightly compared with the initial time. At t = 1.76 ms, the temperature decreased significantly with the increase in the inlet pressure fluctuation range. At t = 23.68 ms, although the leakage had reached the trough value, the temperature did not reach the peak value. The temperature distribution was similar compared with the initial time, and the value was the same. This indicates that the increase in fluid flow does not immediately take away the heat generated, and there is a delay effect. Moreover, the decrease in flow does not immediately “accumulate” the heat and cause the temperature to increase.
[image: Figure 13]FIGURE 13 | Temperature distribution varies with time (A) a = 4% and (B) a = 10%.
Figure 14 shows the velocity distribution change law at Z0 in different times, for the closing force fluctuation amplitudes of 4 and 10%. Study results show that high-speed zones appear at the initial time in the static ring wave area, and the velocity gradient near the turning radius is bigger. The low-speed zone, on the other hand, appear in the static ring trough area with a somewhat uniform distribution (velocity gradient is smaller). At t = 0.40 ms, there is no significant difference in the velocity distribution mode as compared to the initial time. At t = 1.76 ms, the velocity obviously increases with the closing force fluctuation range. At t = 23.68 ms, the velocity decreases significantly compared with the initial moment, leading to a subsequently large velocity gradient near the turning radius of the static ring crest. Large velocity change is found occur before and after the turning radius. When a = 10%, the flow rate is lower, corresponding velocity is also smaller, and the velocity gradient at the turning radius is larger.
[image: Figure 14]FIGURE 14 | Velocity distribution varies with time (A) a = 4% and (B) a = 10%.
The relationship between flow change, static ring displacement, and velocity change is further studies using the radial velocity distribution cloud diagram of different circumferential sections, as shown in Figure 15. The results show that the radial velocity at the circumferential section increases gradually from the static ring trough to the static ring peak at the initial moment. For S1 and S2 sections, the velocity distribution is uniform, while it slightly increases in the exit section. For the S3 section, the velocity increases quickly, especially in the exit section, where high-velocity zones are predominantly located in the vicinal area to the rotating ring region. When t = 0.40 ms, the static ring moves up, the thickness of the base film slightly increases and the cross-sectional velocity of S3 increases; while the velocity in the S1 cross section decreases. In addition, the velocity of the inlet section is higher than that of the outlet section, which is more obvious when a = 10%., implicating that the pressure fluctuation is large. This corresponds to Figure 10C where when t = 0.240 ms, the leakage is lower than the initial moment, indicating that the leakage does not increase with the increase in foundation film thickness, mainly due to the velocity decrease in the S1 cross section. When t = 1.76 ms, the static ring moves up further, the thickness of the base film increases further, and the velocity of S1, S2, and S3 sections all increase significantly, which corresponds to Figure 10C; when t = 1.76 ms, the leakage is much higher than the initial moment. When a = 10%, the leakage increases as high as 129.05%. The increase in base film thickness is only 33.66%, which indicates that the increase in leakage is the result of a simultaneous increase in both the base film thickness and radial velocity. When t = 1.76 ms, the static ring moves down, the thickness of the base film decreases, the radial velocity of each section decreases, and the leakage consequently decreases.
[image: Figure 15]FIGURE 15 | Radial velocity distribution varies with time (A) a = 4% and (B) a = 10%.
In general, when the closing force and inlet pressure fluctuations are applied, the distribution law of the liquid film flow field is similar for both cases, but there is a slight difference in terms of numerical values.
Figure 16 shows the variation rules of main performance parameters under different step fluctuations of closing force. It is shown that at t = 6.0 ms, the performance parameters are all stable. On the other hand, from t = 0 ms, both the static ring displacement and leakage are found to increase rapidly in the early stage, while they tend to slow down in the later stage. But the leakage decreases in a very short period of time at the beginning. The rapid change of the inlet-to-outlet temperature difference mainly occurs in the middle stage, and the change is slow afterward. Under a 10% step disturbance, static ring displacement is more than 115.82%, the change of inlet-to-outlet temperature difference is more than 78.98%, and leakage change is as high as 649.19%. Even for a step disturbance as low as 4%, static ring displacement is more than 36.74%, the change of inlet-to-outlet temperature difference is more than 53.50%, and the leakage change is more than 127.22%. It can therefore be seen that even a small step disturbance will have a great impact on the sealing performance. In addition, the change caused by the closing force fluctuation, in terms of static ring displacement, inlet-to-outlet temperature difference, and leakage, is larger than that caused by the inlet pressure fluctuation.
[image: Figure 16]FIGURE 16 | Variation of parameters with time (A) static ring displacement, (B) inlet-to-outlet temperature difference, and (C) the leakage.
Influence of Speed Fluctuation on Dynamic Characteristics of Mechanical Seals
It is also necessary to study the influence of speed fluctuation on the mechanical seal performance of a reactor coolant pump. Table 3 shows the steady-state calculation results under different rotational speeds. With the increase in the rotational speed, the leakage decreases gradually, but the change range is very small. Even if the rotational speed reaches 133%, the leakage only decreases by 0.36%. Similarly, the opening force decreases gradually with the increase in the rotational speed. When the rotational speed reaches 133%, the opening force decreases by 0.23%. When the rotational speed is 1500 rpm, the inlet-to-outlet temperature difference is 8.036 K. With the rotational speed decreasing from 1500 to 0 rpm, the inlet-to-outlet temperature difference decreases by 85.28%. When the speed is 133% of the normal rated speed, the inlet-to-outlet temperature difference increases by 58.29% compared with that at the normal rated speed. When the moving ring is stationary, that is, the rotation speed is 0 rpm, the inlet-to-outlet temperature difference is 1.183 k, indicating that there is a shear force in the flow direction of the liquid film, but the shear force in the flow direction is small, and the temperature difference between the inlet and outlet is small. With the increase in rotational speed, the tangential shear force increases gradually. When the speed reaches the rated speed, the tangential shear force is much larger than the flow direction shear force, and the fluid temperature increases rapidly.
TABLE 3 | Performance of two kinds of speed.
[image: Table 3]In order to further study the temperature of the liquid membrane as the rotational speed change, Figure 17 shows the Z0 cross-sectional temperature distribution under different speeds. The results show that as the speed increases, the cross-sectional temperature is gradually increased, and the temperature distribution is uneven. When the rotational speed is 0 rpm, the temperature distribution of Z0 cross section is relatively uniform, and the temperature at the exit is slightly elevated. With the increase in the speed, the temperature of the inlet is gradually increased, and the temperature at the outlet is gradually increased, but the temperature rise at the peak is small, the temperature rise in the wave valley is large, and the inlet temperature distribution is unevenly distributed. This is due to the thickness of the liquid membrane at the imported peak, the fluid cutting shear is weak, and the temperature rise is not obvious.
[image: Figure 17]FIGURE 17 | Temperature distribution at different speeds (A) 0 rpm, (B) 500 rpm, (C) 1500 rpm, and (D) 2000 rpm.
CONCLUSION
In this study, the waveform end face mechanical seal of a reactor coolant pump is taken as the research object. A three-dimensional thermal fluid–structure coupling analysis model is established, and the dynamic grid technology is introduced. Then, the effect mechanism of three parameters, namely, the inlet pressure fluctuation, closing force fluctuation, and speed fluctuation on the seal performance characteristics, is numerically studied. This study’s main concluding remarks are drawn as follows:
1) When sinusoidal pressure fluctuation is applied, the sealing performance parameters appear unstable for a period of time then present almost stable fluctuations. The fluctuation intensity is much higher than the disturbance intensity, and the fluctuation deviates from the initial value. When a 10% fluctuation is applied, there are significant changes in static ring displacement, inlet-to-outlet temperature difference, and leakage, where their respective peak values change by 32.27, 33.54, and 122.10%, as compared to the initial test state. The change of the static ring position changes not only the liquid film flow area but also the liquid film flow field distribution. The peaks of inlet-to-outlet temperature difference and leakage were 0.708 and 0.160 ms later than that of the static ring displacement, respectively. In addition, seal parameters are more sensitive to step form fluctuations, where, for instance, an applied step fluctuation as small as 4% results in static ring displacement that exceeds 34.56%, temperature difference exceeding 52.35%, and leakage beyond 126.55%.
2) When the sinusoidal form of closing force fluctuation is applied, the static ring displacement, inlet-to-outlet temperature difference, and leakage change show similar distribution rules as when the sinusoidal form of inlet pressure fluctuation is applied. However, the static ring displacement and leakage fluctuation degree are more severe, and the fluctuation degree of inlet-to-outlet temperature difference decreases. The time delay of maximum leakage and minimum temperature difference is more obvious than that of maximum displacement. In addition, the change of static ring displacement, inlet-to-outlet temperature difference, and leakage caused by step fluctuation of the closing force is larger than that caused by the step fluctuation of inlet pressure. When a 4% step disturbance is applied, the static ring displacement is over 36.74%, the temperature difference is over 53.50%, and the leakage goes beyond 127.22%.
3) The effect of speed change on the reactor coolant pump mechanical seal’s inlet-to-outlet temperature difference is remarkable, whereas its impact on leakage and opening force is negligible. It is found that when the speed is decreased from 1500 to 0 rpm, the inlet-to-outlet temperature difference decreases by 85.28%; where, on the other hand, the leakage and opening force increase by 0.35 and 0.21%, respectively.
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