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Abstract

This paper designs a new type of safety valve suitable for ultra-supercritical conditions and analyzes its flow field characteristics through numerical simulation. The safety valve features a valve seat design based on the Laval principle, ensuring that the steam velocity at the outlet reaches supersonic speeds, thereby enhancing discharge efficiency. Using CFX software, in conjunction with a turbulence model and steady-state simulation techniques, an in-depth analysis of the fluid characteristics within the valve was conducted. The results show that under different pressure levels and valve openings, fluid characteristics such as pressure distribution and Mach number exhibit consistency. At the valve outlet, a distinct supersonic flow region was observed, verifying the superior pressure relief capacity of this safety valve design.
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1 Introduction
Safety valves serve as overpressure protection barriers for pressure-bearing equipment, with their performance being directly linked to the safe operation of the equipment and the effective prevention and control of accidents [1].
Beune A et al. [2] developed a numerical model of high-pressure safety valves to analyze their opening characteristics, revealing that significant forces can arise from the non-directional flow of large fluid volumes. Hoseinzadeh S et al. [3] proposed and designed an environmentally friendly fluid safety valve, using finite element analysis to investigate potential failure under maximum allowable working pressure. Gwon Hyeokrok [4] conducted numerical simulations of safety valves used in pressure regulating stations to analyze flow rate, lift, and the required effective discharge area, defining the maximum effective discharge area for safety valves. Song Yin et al. [5] utilized simulation methods to study the opening process of safety valves under high pressure. Hu Mingsen [6] proposed a high-precision safety valve testing architecture with three test channels and developed an automated testing system. Brenner Lorenz et al. [7] investigated passive air explosion safety valves. Choi Ji-Won et al. [8] employed conventional safety valves to predict discharge by establishing a balance equation between opening force and spring force, considering backpressure effects. Ma Haodong [9] used the FMEDA analysis method to examine the impact of various valve components on overall safety performance and proposed an optimization design method for improving safety valve reliability.
In recent years, CFD and multi-physics simulations have been widely applied in the analysis of complex flow systems. Pourmahmoud et al. [10] conducted numerical simulations of the Ranque–Hilsch vortex tube, revealing the influence of geometric parameters on temperature separation. Achour et al. [11] employed entropy production theory to analyze the energy loss and size effects of centrifugal pumps handling non-Newtonian emulsions. Dong et al. [12] established a multi-field coupling model to investigate the interactions among components, demonstrating their impact on pressure pulsation and vibration characteristics of the pump. In addition, recent studies on nonlinear dynamic systems, such as light-driven pendulum models based on liquid crystal elastomer fibers [13], provide insights into modeling energy-driven, self-excited motion in complex systems, offering methodological inspiration for analyzing transient and nonlinear responses in safety valves. These studies provide methodological references for flow field simulation and performance optimization of safety valves operating under ultra-supercritical conditions.
Although current research has provided valuable insights and methodologies, studies on safety valves under ultra-supercritical conditions remain relatively scarce. This is a critical area that imposes higher demands on safety valve performance. Therefore, this paper focuses on the design and analysis of safety valves for ultra-supercritical units to gain a more comprehensive understanding of their performance characteristics and to provide practical guidance and support for engineering applications in related fields.
2 Design of ultra-supercritical safety valves
2.1 Structural improvements of safety valves
To meet the requirements of ultra-supercritical operating conditions, several structural modifications and optimizations were implemented, as illustrated in Figure 2.

	Valve Seat: Designed based on the Laval principle, as shown in Figure 1. This design enables the steam velocity at the outlet to reach supersonic levels.


	Valve Disc: A thermally-stressed compensation structure is employed, which produces minimal deformation when heated, improving the sealing condition of the valve disc and ensuring more stable and reliable performance in high-temperature environments.


	Upper and Lower Adjustment Rings: By adjusting the positions of both the upper and lower rings simultaneously, the valve’s opening accuracy and reseating pressure can be precisely controlled under different operating conditions.


	Cooler: The cooler separates the spring from the valve body, preventing performance degradation or damage caused by temperature fluctuations, thereby maintaining the spring's stiffness and the overall stability of the valve's performance.


	Adjustment Sleeve: The position of the adjustment sleeve can be altered to change the resistance encountered by the valve disc during closing, ensuring precise reseating pressure when the valve closes.


	Valve Stem: The head of the valve stem is clad with hard alloy, enhancing the stem's impact resistance.


	Opening Mechanism: A manual opening handle is used to actively open the safety valve for purging operations.


	Locking Mechanism: A locking device is employed to secure the valve, preventing loosening during operation.



	[image: thumbnail]	Fig. 1 Schematic diagram of the Rafael nozzle principle.



	[image: thumbnail]	Fig. 2 Improved safety valve structure: 1 - Valve seat, 2 - Valve body, 3 - Lower adjustment ring, 4 - Upper adjustment ring, 5 - Valve disc, 6 - Adjustment sleeve, 7 - Valve stem, 8 - Exhaust chamber, 9 - Cooler, 10 - Spring, 11 - Spring seat, 12 - Locking device.



2.2 Displacement calculation of safety valves
To determine the valve opening size and calculate the flow rate of the safety valve, refer to relevant technical manuals such as the Safety Technical Supervision Regulations for Steam Boilers and the ASME Boiler and Pressure Vessel Code. These will help to derive the discharge pressure, reseating pressure, and other key parameters of the safety valve. The rated flow rate of the safety valve is calculated using steam as the medium. The required set pressure Pset is 35.5 MPa, which is greater than 11 MPa. The formula for calculating the discharge capacity of the safety valve is given by (1).
[image: equation](1)
In the formula, W represents the discharge capacity; A represents the discharge area; Pset represents the set pressure; C represents the steam correction factor; ɑ represents the discharge coefficient. The formula for the discharge area of the safety valve is:
[image: equation](2)
The formula for calculating the discharge pressure is:
[image: equation](3)
In the formula, Ph represents the reseating pressure and ΔPb represents the opening and closing pressure differential.
The discharge coefficient of the safety valve in (1) is related to various factors such as the valve structure, opening size, and the shape and dimensions of the flow passage. According to ASME standards, the maximum value of the discharge coefficient for a safety valve is 0.975. The steam correction factor C is taken as 0.794. Based on the design requirements, the set pressure Pset = 35.5 MPa, and the throat diameter A = 1809nm2. Using these parameters, the discharge area of the safety valve is calculated, and by substituting into (1), the discharge capacity is obtained as W = 242579kg/h, and the discharge pressure is calculated as Pp = 36.67 MPa. The required opening and closing pressure differential should be between 4% and 7%. When the differential ΔPb = 7%, the reseating pressure Ph = 33.02MPa; when the differential ΔPb = 4%, the reseating pressure is calculated as Ph = 34.08MPa. This data supports the subsequent fluid simulation of the safety valve.
2.3 Emission reaction force calculation
When materials are released, the flow of liquid or gas generates a reaction force in the discharge pipeline, which is transmitted to the safety valve and forms a torque acting on the equipment nozzle.
[image: equation](4)
In the equation: F represents the discharge reaction force; ɑz represents the steam coefficient; A represents the discharge area; and b represents the flow area of the discharge pipe; Do represents the diameter of the discharge pipe.
The calculation formula for the acting moment is:
[image: equation](5)
In the equation: M represents the acting moment; L represents the distance from the center of the safety valve to the discharge pipe.
The distance from the center of the safety valve to the discharge pipe is:
[image: equation](6)
In the equation: Cs represents the distance from the center of the safety valve to the outlet flange surface.
The diameter of the discharge pipe Do is designed to be 15 cm, resulting in a flow area of the discharge pipe b = 176.7cm2. Substituting this into the reaction force calculation formula (4), the discharge reaction force is calculated as F = 8146.8kg. The distance from the center of the safety valve to the outlet flange surface Cs is designed to be 254 mm, leading to a final reaction force moment of M = 4920656kg·mm.
3 Establishment of a fluid simulation model
A numerical calculation model for a high-parameter spring-loaded direct-acting safety valve is established based on fluid mechanics methods and steady-state simulation techniques.
3.1 Establishment of the flow channel model
The 3D model in Figure 2 contains small gaps and complex structures due to design tolerances and assembly, which generally have minimal impact on fluid flow but may cause difficulties in mesh generation or overly dense local meshing. This increases analysis time and may even lead to failure. Therefore, the model must be simplified before extracting the computational domain. The simplified flow passage model is shown in Figure 3.
	[image: thumbnail]	Fig. 3 Geometric modelling of internal runners.



3.2 Simulation model selection
In this study, the Shear Stress Transport (SST) k − ω turbulence model is selected for the following fluid simulation analysis [14]. The main advantage of the SST model is that it accounts for turbulent shear stress, preventing excessive prediction of eddy viscosity [15,16]. Its transport behavior can be derived from the eddy viscosity equation containing a limiting number, as shown in (7):
[image: equation](7)
and
[image: equation](8)
In the equation: F2 is a blending function, similar in function to F1, and is used to constrain the limiting number in boundary layer regions for free shear flows where inappropriate assumptions may exist. S is an estimate of the strain rate.
The blending function F1 is:
[image: equation](9)
and
[image: equation](10)
In the equation: y represents the distance to the nearest wall, and v denotes the kinematic viscosity.
[image: equation](11)
[image: equation](12)
[image: equation](13)
3.3 Mesh generation
Compared to structured grids, unstructured grids require less effort and offer better adaptability. Therefore, in this study, unstructured grids are used for discretization. In the global mesh settings, the overall mesh count is adjusted by changing the maximum and minimum mesh sizes, resulting in mesh counts of 0.12 million, 0.57 million, 1.16 million, 1.88 million, and 2.77 million. An example of the mesh distribution is shown in Figure 4.
A sparse mesh may lead to inaccurate capture of flow details and unstable numerical solutions, while excessive meshing in non-sensitive regions not only fails to improve accuracy but also significantly increases computational cost [17]. Therefore, taking the full open case as an example, a mesh independence study is conducted based on the five mesh models established above, with mass flow rate as the evaluation criterion, as shown in Figure 5.
As shown in Figure 5, the mass flow rate difference between 1.87 million and 2.76 million mesh elements becomes smaller. Through calculations, the mass flow rate difference between 1.16 million and 1.87 million mesh elements is 0.37%, while the difference between 1.80 million and 2.70 million mesh elements is only 0.13%. Therefore, it can be concluded that when the mesh count reaches 1.87 million or more, the impact of mesh count on the results can be considered negligible. Consequently, approximately 1.87 million mesh elements are used for flow field analysis in the subsequent flow channel models.
	[image: thumbnail]	Fig. 4 Example of mesh division.



	[image: thumbnail]	Fig. 5 Grid-independent analysis.



4 Analysis of flow field characteristics in the valve chamber under different pressures
According to the design requirements of the safety valve, with a set pressure of 35.5 MPa, the discharge pressure is calculated to be 36.67 MPa. At an opening and closing pressure differential of 4%, the reseating pressure is 34.08 MPa, and at a pressure differential of 7%, the reseating pressure is 33.02 MPa. This subsection will perform a steady-state simulation of the internal flow field of the safety valve based on these four pressure values. Three valve openings of 2 mm, 6 mm, and 11 mm will be examined to thoroughly demonstrate the variations in static pressure and velocity under different operating conditions of the safety valve, including when the valve disc is slightly opened, during the lifting or descending process, and when fully opened.
4.1 Static pressure analysis
The static pressure contour plot illustrates the pressure distribution within the flow field.
Figure 6 shows that as the inlet pressure decreases, the maximum static pressure of the safety valve at various openings gradually decreases. At small openings, the high-pressure gas at the inlet cannot flow sufficiently, and the minimum pressure remains balanced with the atmospheric pressure at the outlet pipe. As the opening increases to the critical value, the minimum static pressure also decreases with the reduction in inlet pressure. Overall, the pressure distribution in the flow field under different pressure conditions is relatively consistent.
At smaller openings, the pressure relief effect is insufficient, with the pressure differential concentrated below the valve disc. As the opening increases, fluid flow intensifies, and the pressure within the valve chamber gradually stabilizes. When the opening is at its maximum, the inlet flow passage exhibits a distinct pressure gradient, with pressure decreasing and stabilizing with the flow. This phenomenon can be explained by the variable cross-section flow characteristics in high-speed fluid dynamics. The maximum pressure is concentrated on the sealing surface of the valve disc. Figure 7 analyzes the maximum pressure under different pressure conditions.
Figure 7 illustrates the variation of maximum static pressure at different openings. Up to a valve opening of 4 mm, the maximum static pressure increases with the opening size. Between 4 mm and 6 mm, the pressure remains stable. When the opening exceeds 6 mm, the valve disc obstructs the flow, causing the maximum static pressure to increase again until the valve is fully open, at which point the system resistance disappears and the static pressure drops to the level of the inlet pressure. The trend of maximum static pressure variation at different pressures is similar.
	[image: thumbnail]	Fig. 6 Pressure cloud.



	[image: thumbnail]	Fig. 7 Maximum pressure change curve.



4.2 Mach number analysis
The study of Mach number distribution provides further insights into the critical flow occurring within the safety valve.
Figure 8 shows that the variation of Mach number in the safety valve is similar under different pressures, with the maximum Mach number occurring at the outlet of the curtain passage, significantly influenced by the throttling effect. At small openings, the narrowing of the passage enhances the throttling effect, resulting in an increase in the maximum Mach number as the inlet pressure decreases. As the opening size increases, the throttling effect weakens, causing the maximum Mach number to decrease, although the sensitivity to pressure also diminishes. Regardless of the opening size, the maximum Mach number exceeds 1, indicating supersonic flow. In addition to the supersonic region at the curtain outlet, significant changes are also observed in the inlet flow passage, particularly at the throat. Taking the set pressure of 35.5 MPa as an example, five equidistant paths are established at the throat location of the safety valve, as shown in Figure 9, to analyze the variation of Mach number in different throat cross-sections under different openings.
As shown in Figures 10a and 10b, at opening sizes of 2 mm and 4 mm, there is no fluid flow in the paths L1 and L2 due to the proximity of the valve disc to the valve seat; therefore, it is unnecessary to extract Mach numbers for these paths. Overall, the variation trend of Mach numbers at the throat is consistent across different openings. Paths L1, L2, and L3 are located at the chamfer of the throat outlet, where the Mach number gradually increases from the center of the pipe toward the sides. Paths L4 and L5 are near the wall surface of the flow passage; due to the viscous effects of the wall, the Mach number decreases in the near-wall region, while it shows an increasing trend in the central section, resulting in a significant gradient change. The variation of the Mach number in path L1 is the most pronounced, becoming increasingly gradual as it moves further from the throat outlet. When the opening reaches 10 mm, the velocities at both ends of L1 approach the speed of sound. At full valve opening, the Mach numbers in parts of paths L1 and L2 exceed 1, indicating the presence of a supersonic region at the throat outlet. Figure 11 illustrates the distribution of the supersonic flow region where Ma ≥ 1.
Figure 11 shows that the supersonic flow region is primarily located within the curtain passage and between the upper and lower adjustment rings of the valve body, gradually extending toward the outlet. In the lower right corner of each opening size, the supersonic region appears at the corner of the outlet pipe. As the opening increases, after the valve stroke reaches 6 mm, supersonic flow is also observed in the outlet pipe, indicating that the Laval principle seat enhances the steam discharge velocity and discharge coefficient, thereby improving the pressure relief capacity. At the throat, only a small supersonic region is present at the outlet chamfer under the fully open condition, while most of the throat remains in a subsonic state due to the significant flow resistance below the valve disc, resulting in higher pressure. In the outlet pipe, the medium accelerates after making a sharp turn, and as the discharge and opening size increase, the pressure decreases, satisfying the conditions for supersonic flow.
	[image: thumbnail]	Fig. 8 Mach number cloud.



	[image: thumbnail]	Fig. 9 Laryngeal path setting.



	[image: thumbnail]	Fig. 10 Mach number variation curves over 5 paths in the larynx.



	[image: thumbnail]	Fig. 11 Supersonic basin distribution.



5 Experimental study
Experiments are a crucial step to validate the design and simulation results of the safety valve. The valve under study is intended for ultra-supercritical conditions, with a working medium temperature of 610 ℃ and a pressure of 35.5 MPa. However, currently available domestic high-temperature test facilities for safety valves can typically provide steam conditions of only about 10 MPa and 370 ℃, making it difficult to fully reproduce the actual operating conditions. Considering resource and safety constraints, this study conducts experiments under relatively lower parameter conditions, focusing on verifying the valve's pressure-relief capability and the reasonableness of the simulation model. Since direct comparison of flow velocity and temperature is challenging, the valve lift is selected as the primary metric for comparison.
5.1 Experimental setup
As shown in Figure 12, the experimental system consists of a DC boiler, a pressure vessel, control valves, a bypass valve, a drain valve, isolation valves, and the safety valve under test. The DC boiler provides superheated steam, which enters the pressure vessel after regulation by the control valve. When the pressure exceeds the design limit of the vessel, the pressure relief device is activated. The bypass valve can adjust both flow and pressure and facilitates maintenance of the safety valve during operation. The drain valve is used for rapid discharge of condensate and excess steam. The isolation valves are large-diameter gate valves without necking, which minimize additional pressure losses.
Pressure sensors are installed at the valve inlet to monitor the internal pressure in real time. Displacement and acceleration sensors are arranged at the top of the valve stem to capture the motion of the stem. All signals are recorded and analyzed through a data processor, ensuring that the experiments are conducted safely within the specified pressure and temperature ranges.
	[image: thumbnail]	Fig. 12 Experimental setup diagram.



5.2 Test data analysis
The displacement sensor recorded the opening and closing process of the safety valve, as shown in Figure 13. The results indicate that the valve lifted at 8.12 s, reaching a maximum opening height of 11 mm within approximately 22.3 ms, and reseated at 11.48 s. The pressure–time curve upstream of the valve shows a set pressure of 10.34 MPa and a reseating pressure of 9.17 MPa. The calculated opening–closing pressure difference is 11.3%, demonstrating that the valve responds quickly and operates stably.
Based on the measured displacement and acceleration data, the flap lift under different opening heights was calculated, and the average values of five tests are presented in Table 1. The corresponding lift data were further obtained by inputting the same conditions into the simulation model (Tab. 2). The comparison curve between experimental and simulated lift is shown in Figure 14. Experimental and simulated lift comparison curve.. The results indicate a consistent trend: the lift gradually increases at small openings, shows slight fluctuations in the 3–6 mm range, and then continues to rise. The simulation results are generally slightly higher than the experimental values, with the discrepancy increasing as the opening height increases.
The error analysis is shown in Figure 15, with the maximum relative error of 5.06%, which is within a reasonable range. The possible sources of error are as follows: (1) the friction coefficient in the simulation deviates from the actual value; (2) the back pressure effect on the valve disc is not fully considered; (3) the accuracy of the experimental equipment and environmental factors. Overall, the experimental results agree well with the simulation results, verifying the reliability of the established numerical model.
	[image: thumbnail]	Fig. 13 Experimental result curves.



	[image: thumbnail]	Fig. 14 Experimental and simulated lift comparison curve.



Table 1 
Safety valve opening height and flap lift test data.

Table 2 
Safety valve opening height and flap lift simulation data.

	[image: thumbnail]	Fig. 15 Simulation error at different openings.



6 Conclusion
This study designs a novel safety valve suitable for ultra-supercritical conditions based on the Laval principle, and investigates its performance through numerical simulation and experimental validation. The main conclusions are as follows:

	Simulation results indicate that the flow field distribution of the safety valve is generally consistent under different pressures, with the maximum static pressure proportional to the inlet pressure and the maximum flow velocity inversely proportional.


	The valve opening has a significant influence on the flow field; as the opening increases, fluid flow is enhanced and the cavity pressure gradually stabilizes.


	Supersonic flow occurs in the curtain passage and at the valve outlet, verifying that the Laval-based seat design effectively increases steam discharge velocity and enhances the pressure relief capability.


	Experimental results are consistent with the simulation trend, with a maximum error of 5.06%, within a reasonable range, indicating that the established simulation model is highly accurate and can provide a reference for safety valve design and optimization. The flow field distribution of the safety valve remains relatively consistent under different pressure conditions, with the maximum static pressure being directly proportional to the inlet pressure and the maximum flow velocity being inversely proportional to it.
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