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Abstract

:

In this paper, the fluid–solid interaction problem involving structural movement and deformation is considered, and an SPH (smoothed particle hydrodynamics) interaction method is proposed to establish a numerical fluid–solid model and to correct the particle velocities in the momentum conservation equations. It is found that, when the smoothing coefficient is equal to 0.93, the similarity of the free surface curves reaches up to 91.9%, and calculations are more accurate. Under the same working conditions, the classical model of elastic sluice discharge is established based on the SPH method and the finite element method, and the validity and accuracy of the model based on the SPH method are verified by analyzing the flow pattern of the sluice discharge, the opening of the elastic gate, and the change trend in the free liquid surface curve. On this basis, a number of characteristic points on the sluice gate are selected based on the SPH model to investigate the change rule of pressure at the fluid–solid interface, and the results are as follows: (1) based on the numerical model established by the SPH method, the flow pattern of the water, the opening of the elastic gate, and the change in the free liquid level curve are all in better agreement with the experimental results in the literature than those of the finite element method, and the computational results are also better; (2) the pressure of the solid on the fluid at each characteristic point is equal to the pressure of the fluid on the solid, which satisfies the principle of action–reaction and laterally verifies the nature of the dynamic boundary between the fluid and the solid, further verifying the validity of the program; and (3) in the process of sluice discharge, the elastic sluice presents a large force at both ends and a small force in the middle, meaning that the related research in this paper can act as a reference for flow–solid interaction problems related to sluice discharge.
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1. Introduction


Fluid–structure interactions (FSIs) are a mechanical problem in which a fluid and a structure interact and depend on each other [1]. Coupled fluid–solid interactions are widely used in many engineering fields such as hydraulic engineering, mechanical engineering, ocean engineering, and aerospace engineering [2,3,4,5,6,7,8,9,10]. With the advancement and development of numerical computing, a variety of fluid–solid computational methods, such as the finite difference method (FDM) and finite element method (FEM), have been widely used in the study of computational fluid dynamics (CFD) and computational solid mechanics (CSM) [11]. However, the computation of both the FDM and FEM methods is based on an Eulerian mesh, which makes it extremely difficult to accurately determine free surfaces, track deformation boundaries, and multiply positional transformations between inhomogeneous substances. Aiming at the drawbacks of the Eulerian method, pure Lagrangian, Eulerian–Lagrangian (CEL), Lagrangian–Eulerian (ALE), and other methods have been used for calculation since they make tracking the fluid–solid interface simple, without the need for complex mesh regeneration and conversion, and greatly increase the computational efficiency. Therefore, the Lagrangian method, CEL, ALE, etc., are ideal methods for solving FSI problems involving a large deformation of fluids and complex solid boundaries [12,13].



For the modeling of fluid–solid interaction (FSI) problems, a combination of ALE and CEL methods is usually used, where the ALE method employs both Lagrangian and Eulerian methods in different regions of the problem domain, generally discretizing the fluid in the Lagrangian coordinate system and discretizing the solid in the Eulerian coordinate system. The CEL method, on the other hand, discretizes solids in the Lagrangian coordinate system and fluids in the Eulerian coordinate system. Zhang et al. [14] proposed the SPHS-BEM (Symmetric Positive Definite-Based Element Mesh) interaction method to solve the transient fluid–solid interaction problem, which identifies the interaction conditions between the coupled surface and the MLS (moving least squares) method and improves the accuracy and stability of the numerical model. Wu et al. [15] studied and proposed a two-dimensional SPH-DEM (smoothed particle hydrodynamics–discrete element method) fluid–structure interaction model to solve the problems related to large deformation and fracturing of the structure in FSI problems. Raymond et al. [16] proposed a numerical simulation method combining the material particle method MPM (Mixed and Partial Method) and SPH, which solves the problems related to the change in resolution in the large deformation region that occurs due to FSI. Liu [17] proposed the FSI numerical method that combines SPH with the finite particle method (FPM) to solve the problems of fluid–solid modeling such as solid contact, damage, and nonlinear deformation, improve the contact force based on the Displayed Contact Algorithm DENA (Differential Evolution with Noise), and optimize the neighboring particle search method. Yao Xuehao et al. [18] proposed the interaction method of virtual and repulsive particles PD-SPH (Particle-Driven SPH) to solve the FSI problem, which accounted for the phenomenon of mutual penetration between particles and corrected the boundary defects of the particles using virtual particles. He Tao et al. [19] proposed a partitioned strong interaction method using the Lagrangian–Eulerian (ALE) finite element technique for different FSI problems, and solved the related control equations by using a semi-implicit CBS (semi-implicit Conjugate Gradient Squared) algorithm, where the results revealed typical flow-induced vibration phenomena. Boscheri et al. [20] proposed a new series of higher-order exact arbitrary Lagrangian–Eulerian (ALE) one-step ADER-WENO finite-volume schemes for solving nonlinear systems of conservative and nonconservative hyperbolic partial differential equations with rigid source terms on three-dimensional moving tetrahedral meshes. Although the CEL and ALE algorithms have been developed very rapidly and are widely used for large deformation and FSI problems, the generation of meshes is still highly distorted when modeling with CEL and ALE, and serious errors can occur, leading to inaccurate calculation results.



Currently, most of the existing fluid solvers and solid solvers are based on grid methods where the grid is predefined. There are special difficulties with traditional grids, and these difficulties limit their application and development in FSI problems. When solving solid problems in the Lagrangian coordinate system, such as with the FEM method, the motion and deformation of the object under the impact of the water flow is dependent on the mesh. Due to the mesh deformation problem, it is extremely difficult for the FEM to deal with large deformation problems. In addition, mesh division is necessary in the FEM, and when dealing with mesh problems it often requires a large amount of time to produce a solution and reduce the efficiency of the calculation, which may even lead to inaccurate calculation results [21,22]. In the past few decades, with the advancement of various numerical simulation methods, numerical research methods using computer technology have developed rapidly [23,24,25]. In order to make the FSI calculation results more accurate, people are committed to developing the next generation of calculation methods, i.e., meshless methods. For example, the SPH method has been adopted to discretize the fluid domain and solid domain in a pure Lagrangian coordinate system, and the model has the advantage of easily defining the fluid–solid interface; even if there is a large structural displacement, it does not require any special treatment of the free surface or the fluid [26,27]. Therefore, the fluid–solid coupling model using the SPH method can greatly improve the computational accuracy and computational efficiency on the basis of dealing with problems such as high-speed impact and large deformation.



The above studies show that there are relatively few studies using the SPH method that can establish a numerical model of fluid–solid interactions. This paper establishes a classical model of sluice discharge with the ability to simulate a strong FSI problem based on the SPH method, and corrects the particle velocity in the momentum equation to improve the computational accuracy and stability. Based on this, by analyzing the change in the flow pattern of the water, the change trend of the gate, the evolution of the free liquid level and the related experiments in the literature, and the numerical model based on the finite element method under equal working conditions, as well as analyzing the change in the dynamic boundary force between the flow and solid of the SPH method, we can further validate the accuracy and superiority of the SPH program.




2. Numerical Model


2.1. Governing Equations


Under isothermal conditions, there is no need to consider the law of conservation of energy, so the motion of fluids and solids under gravity can be described by the equations of the conservation of mass and conservation of momentum [28,29].



The mass conservation equation is


    d ρ   dt   + ρ   ∂  ν i    ∂  χ i    = 0  



(1)







The equation for conservation of momentum is


  ρ   d  ν i    d t   = ρ  g i  +   ∂  σ  ij     ∂  χ j     



(2)




where t is the time;  ν  is the velocity;  ρ  is the density;  χ  is the position;  g  is gravity; and    σ  ij     is the stress tensor.



The stress tensor can be decomposed into its isotropic and deviatoric parts:


   σ  ij   = − P  δ  ij   +  S  ij    



(3)







Of these,


  P =  C 0 2  ( ρ −  ρ 0  )  



(4)




where P is the pressure;    δ  ij     is the Kronecker tensor; and    S  ij     is the bias stress tensor. For fluids,    C 0  =    ε   ρ 0       ; for solids,    C 0  =    k   ρ 0       .  ε  is the compressible modulus of the fluid and  k  is the bulk modulus of the solid.



For fluids, the viscosity effect is negligible if the fluid motion is dominated by inertial forces; that is, assuming that this is true for the fluid, the linear elastic relationship between the stress and deformation tensor for solids can be derived accurately and in a timely manner. This leads to the evolution equation of    S  ij    , which uses the rotation time derivative, also known as the Jaumann time derivative, as detailed in [30,31,32]. This formulation is a solid (elastic) eigenstructure model proposed in the context of SPH, which relates the stress velocity to the deformation rate, but its disadvantage is that the law of energy conservation is not satisfied in the case of large deformations; so, in this paper, we study the case of a fluid–solid interaction in an isothermal state, and there is no need to consider the conservation of energy. The advantage of this is that it is possible to discretize the fluid and the solid at the same time in terms of both pressure and velocity [33].


    d  S  ij     dt   = 2 μ    d  ij   −  1 3   δ  ij    d  ij     +  S  ik    Ω  jk   +  S  kj    Ω  ik    



(5)







Among them,


   d  ij   =  1 2      ∂  ν i    ∂  χ j    +   ∂  ν j    ∂  χ i       



(6)






   Ω  ij   =  1 2      ∂  ν i    ∂  χ j    −   ∂  ν j    ∂  χ i       



(7)




where    d  ij     is the deformation rate tensor;    Ω  ij     is the rotation tensor;  μ  is the shear modulus;  g  is gravity; and    σ  ij     is the stress tensor.




2.2. SPH Methodology


The SPH method is a purely Lagrangian meshless method, and in this paper, both fluids and solids are described by SPH particles, all of which move according to the laws of the governing equations. In the SPH method, the kernel approximation and particle approximation are performed based on the selection of suitable kernel functions according to Monaghan [34]. The density and velocity of the particles are constantly updated by solving the equations of the conservation of mass and conservation of momentum, where the derivative of the velocity can be obtained by the calculation of the momentum equation, and then integration is performed to calculate the trajectory of the particles.



According to the mass conservation equation (continuity equation), the derivative of the density of particle a (fluid or solid) can be expressed by SPH interpolation as


    d  ρ a    dt   =   ∑ b     m b         ν a   →  −    ν b   →    ⋅  ∇ a   W  ab    



(8)




where m is the mass of the particle; W is the smooth kernel function; and        ν a   →  −    ν b   →      is the difference in velocity between particles a and b.



The smooth kernel function adopts the quintic spline function, and in order to verify its smoothness, the first- and second-order derivative function images of this function are plotted, as shown in Figure 1.


  W   R , h   =  α d  ×        3 − R   5  − 6    2 − R   5  + 15    1 − R   5    0 ≤ R ≤ 1        3 − R   5  − 6    2 − R   5    1 ≤ R < 2        3 − R   5    2 ≤ R < 3     0   R ≥ 3      



(9)




where    α d   , taken in one, two, and three dimensions, is    1   120 h    ,  7  478 π  h 2    ,  3  359 π  h 3    ,   respectively, and h is the smooth length.   R =      x →     h   , where      x →      is the distance between the two particles.



According to the momentum conservation equation, the SPH format approximation of the fluid particle a can be expressed as follows, without considering the viscous stress:


    d  ν i    a    dt   = −   ∑ b     m b    (    p a     ρ a 2    +    p b     ρ b 2    )       δ i    j    ∂  W  ab      ∂ a   χ j    +  g i   



(10)







The SPH format approximation for solid particle a can be expressed as


    d  ν i    a    dt   =   ∑ b     m b      − (    p a     ρ a 2    +    p b     ρ b 2    )  δ i    j  +    S    ij  a       ρ a 2    +    S    ij  b       ρ b 2    +  Π  ab    δ  ij   +  R    ij   ab      f q           ∂  W  ab      ∂ a   χ j    +  g i   



(11)







Equation (11) introduces an artificial viscosity term    Π  ab    . Its purpose is to prevent the SPH algorithm from generating unphysical oscillations as it proceeds, and also to effectively prevent particles from penetrating each other as they approach.


   Π  ab         − α  c  ab    μ  ab      ρ  ab            ν ⇀   a  −    ν →   b    ⋅      χ →   a  −    χ →   b    < 0     0        ν ⇀   a  −    ν →   b    ⋅      χ →   a  −    χ →   b    > 0      



(12)







Among them,


   c  ab   =  1 2     c a  +  c b     



(13)






   ρ  ab   =  1 2     ρ a  +  ρ b     



(14)






   μ  ab   =   h      ν →   a  −    ν →   b    ⋅      χ →   a  −    χ →   b             χ →   a  −    χ →   b     2  +     0.1 h    2     



(15)




where    c  ab     is the average of the sound velocities of particles a and b;    ρ  ab     is the average of the densities of particles a and b; h is the smooth length from particle b to particle a; and  α  is the control parameter of the viscosity, which generally takes a value of about 1.0.



In Equation (11), the “artificial stress” term    R    ij   ab      f q    is included. In the simulation of the tensile state of the solid, the SPH particles are extremely easy to gather together, thus causing an unphysical fracture, and the introduction of the “artificial stress” plays a very good role in repulsion, which is helpful to keep the volume of the fluid constant. The introduction of “artificial stresses” plays a good role in repulsion and helps to keep the volume of the fluid constant. When calculations involve the fluid flow, the results may be unstable for various reasons (e.g., uneven meshing or changes in fluid density). The introduction of an artificial stress term helps to adjust the stress distribution within the fluid, thus counteracting these instabilities to some extent and preventing particle aggregation [31].


   R    ij   ab      f q  =    R  ij     a  +  R  ij     b          W        χ →   a  −    χ →   b        W  d       q   



(16)







Among them,


   R  ia   = − e    σ  ia      ρ a 2     



(17)




where q and e are conventional parameters;  d  is the initial distance between particles; and    σ  ij     is the stress tensor. Gray et al. [35] derived the optimal solutions of 4 and 0.3.



The bias stress tensor    S  ij     is obtained by time integrating the bias stress rate into this constitutive relation. The SPH approximation of the velocity gradient of particle a is required for the calculation of the spin and deformation rates, and the first-order Taylor expansion formula to determine the velocity of particle a is first introduced to obtain the following formula that identifies the components of its velocity gradient tensor:


    ∑ b       m b     ρ b       ν   i b      ∂  W  ab      ∂ a   χ j    =  ν   i a      ∑ b       m b     ρ b        ∂  W  ab      ∂ a   χ j    +       ∂  ν i    ∂  x k       a    ∑ b       m b     ρ b        ∂  W  ab      ∂ a   χ j       χ   k b    −  χ   k a       



(18)







Equation (18) needs to be solved each time the velocity gradient is computed, and the computational efficiency will be reduced, but this formula takes into account the inhomogeneity of the particle distribution, so it is better than applying a direct SPH computational treatment to determine the velocity gradient.




2.3. Particle Velocity Correction


In order to make the particle velocity more reasonable and improve the accuracy and stability of the simulation, the particle velocity is corrected based on the magnitude and direction of the force applied to the particles. This article weights and corrects the particle velocity    ν →    obtained with the time integration of the momentum conservation equation:


       ν →   ˜   a  =    ν →   a  +   1 − λ      ∑    b     m b       ρ ¯    ab          ν →   b  −    ν →   a     W  ab        ∑    b     m b       ρ ¯    ab      W  ab        



(19)




where      ρ ¯    ab   =  1 2     ρ a  +  ρ b      is the average density of particles a and b;  λ  is the smoothing coefficient.



For solid particles, the corrected values are used in Equations (8) and (18) to constantly update the position of the particles according to the XSPH format proposed by Monaghan, while the uncorrected velocity particles are time-integrated using Equation (11); for fluids, the corrected velocities are also used in Equation (10) for time integration.



The classical dam failure problem is utilized to verify the sensitivity of the particle velocity correction formula. The SPH program is written in the Fortran language to establish the classical dam failure model with a length of 0.3 m and a height of 0.1 m. The relevant parameters in the program are consistent with those presented in [36]. The choice of the smoothing coefficient in the velocity correction directly affects the stability of the calculation. Setting  λ  = 0.97, 0.93, and 0.88 when the dam failure is carried out for 0.36 s, the numerical simulation results are compared and analyzed for similarity with the experimental results from [36,37] by using the method of relative error, and it is found that the free-surface height curve is closer to the experimental value when  λ  = 0.93. As shown in Table 1 and Figure 2.




2.4. Flow–Solid Interface Treatment


Two different SPH particles are used for fluids and solids, and when the particles are more than 2 h away from the fluid–solid interface, all of the particles interact only with the same kind of particles, but when the particles close to the interface are interpolated for SPH, both fluid and solid particles are involved. For viscous fluids, the XSPH [38] method and the introduction of no-slip boundary conditions can be used to define the coupled interface, but for the viscous fluids used in this paper, this method is not applicable; so, dynamic interface conditions and kinematic interface conditions must be introduced to deal with the coupled flow–solid interface. As shown in Figure 3.



2.4.1. Dynamic Interface Conditions


In order to make the flow–solid interface more recognizable without fragmentation, the line closest to the fluid particles and solid particles d/2 is defined as the flow–solid boundary. As shown in Figure 4. Dynamic boundaries essentially guarantee the principle of action–reaction by applying pressure, where the force of a fluid acting on a solid is equivalent to the force of a solid acting on a fluid of the same magnitude and in the opposite direction [35]. To obtain the SPH value of the force acting on the solid (fluid) by the fluid (solid), an approximation of the pressure gradient is made in the specified region:


    ∇ p    χ →      = p      χ ′   →    W    χ →  −    χ →   ′  , h      Γ Ω    +    ∫ Ω   p      χ ′   →        ∇   χ →    W    χ →  −    χ →   ′  , h   d  Ω ′   



(20)







It can be obtained after SPH discretization:


    ∇ p    χ →      =    ∫   Γ Ω     p      χ ′   →       W    χ →  −    χ →   ′  , h   d  Γ ′  +   ∑ b       m b     ρ b       p b   ∇ a   W  a b    



(21)







In fluid particles or solid particles in the domain of the nuclear function,  Ω  is defined in the same range as the domain of definition of the nuclear function      ∫ Ω   p      χ ′   →        ∇   χ →    W    χ →  −    χ →   ′  , h   d  Ω ′  = 0  ; the nuclear function W is equal to 0 when      χ →  −    χ →   ′    = 2 h  . In calculating the pressure gradient term for the solid boundary particle a, Equation (21) applies only to the solid domain and the particle associated with the solid boundary. At the same time, the fluid particle exerts a force per unit volume      F →    f → s    , a    on the solid particle a:


     F →    f → s    , a  =  p    int  a       ∫ Γ   W        χ →      int  a    −  χ →    , h      d  Γ ′   



(22)







Among them,


   p    int  a    = 2   ∑  b ∈  Ω f         m b     ρ b     p b  W        χ →    int        a    −    χ →   b    , h      



(23)






     χ →    int        a    =    χ →   a  +   r +  1 2    d    n ∧   a   



(24)






     n ∧   a  =   −  t  a y   ,  t  a x      



(25)






     t ∧   a  =    t  a x   ;  t  a y     =      χ  a + 1   −  χ  a − 1          χ →    a + 1   −    χ →    a − 1       ,    y  a + 1   −  y  a − 1          y →    a + 1   −    y →    a − 1          



(26)




where  Γ  is the flowchart interface;      t ∧   a    is the tangential unit vector;    χ  a + 1     and    χ  a − 1     are particles close to the front and back of particle a;      n ∧   a    is the normal unit vector;      χ →    int        a      is the location of the interface point closest to particle a;  r  is the number of rows between particle a and the interface;    Ω f    is the fluid domain; and    Ω s    is the solid domain.   ∇ p    χ →      is the pressure gradient;   W    χ →  −    χ →   ′  , h     is the five-degree spline function; and    Γ Ω    is the fluid–solid interface.



A correction is made for the introduction of a unit mass force for particles at the solid boundary in the momentum equation of Equation (11):


    d  ν i    a    dt   =   ∑  b ∈  Ω s       m b         σ    ij  a       ρ a 2    +    σ    ij  b       ρ b 2    +  Π  ab    δ  ij   +  R    ij   ab      f q           ∂  W  ab      ∂ a   χ j    +  g i  +    F   i  f →  s , a         ρ a     



(27)







When performing numerical simulations, in the vast majority of cases, the positions of the fluid and solid particles at the boundary do not satisfy the symmetry condition; so, to satisfy the continuity of the positive stresses as they pass through the interface, action–reaction forces need to be applied:


      F →    s → f    ,   a ′      = −    F →    f → s    , a    



(28)







Additionally, a correction is made for the introduction of a unit mass force for particles at the fluid boundary in the momentum equation of Equation (10):


    d  ν   ia ′      dt   = −   ∑  b ∈  Ω f       m b    (    p    a ′        ρ    a ′    2    +    p b     ρ b 2    )       δ i    j    ∂  W    a ′  b       ∂    a ′      χ j    +  g i  +    F   i  s → f  ,  a ′          ρ   a ′       



(29)








2.4.2. Motion Interface Conditions


Define the velocity of a particle on a moving interface as


   ν   i  inta     =     ∑        b ∈  Ω s       m b     ρ b     ν   i b    W        χ →      int  a    −    χ →   b     ,   h          ∑        b ∈  Ω s       m b     ρ b    W        χ →      int  a    −    χ →   b     ,   h         



(30)







The surface of the interface is actually a moving wall boundary for the fluid flow, and the velocity assignment of the fluid particles is carried out using the location of the solid particles. The normal vector of the required      ν →     i  inta       at the fluid–solid interface is calculated using SPH interpolation.






3. Model Validation


In order to verify the effectiveness of the program based on the physical model experiment’s related parameters outlined in [36], an elastic gate numerical model that combines the SPH method and finite element method is established. At the moment when the elastic gate constraints are lifted (time: 0 s), the dam-breaking water flow generated by the water pressure will cause the elastic gate’s continuous movement and deformation. In this paper, the numerical model of the fluid–solid interaction based on the SPH method and the finite element method and the experimental results from [36] will be compared and analyzed in terms of the flow regime of the water body, the gate opening, and the change in the free liquid level and the fluid–solid force. The initial arrangement of the model is shown in Figure 5, where a rectangular body of water with a length of 0.1 m and a height of 0.14 m is arranged in a rectangular tank measuring 0.3 m × 0.2 m. Rigid baffles and flexible gates control the flow of water, with gates measuring 0.079 m high and 0.005 m wide. In order to verify the force on the fluid–solid interface, five characteristic points of A, B, C, D, and E were selected along the gate with an equal spacing of 0.0158 m between them. The physical time selection is consistent with the experimental physical time presented in the literature, where the numerical simulation time is 0.4 s. The other calculation parameters related to the SPH model and finite element model are shown in Table 2.



3.1. Comparison of Water Flow Patterns


Based on the SPH method and FEM method, the elastic sluice gate opening was compared with the experimental data from [36], as shown in Figure 6. Before the sluice discharge water flow and elastic gate are in a static state, the sluice produces a discharge under the action of gravity. As the elastic gate is under the impact of a water flow that is constantly in motion, the gate is gradually opened, and a large deformation is produced. Analyzed from a qualitative and quantitative point of view, the degree of deformation of the gate at each moment during the numerical calculation of the SPH method and the finite element method is consistent with the trend of the opening of the gate in the experiment. The water flow is at a standstill at 0 s, when the velocity of the water flow is also zero; at 0.04 s, the elastic gate gradually opens, the maximum velocity of the water flow according to the SPH model is around 1.03 m/s, and the maximum flow velocity of the water flow according to the FEM model is around 1.09 m/s. At 0.08–0.12 s, the gate gradually opens, and the front end of the water flow reaches the maximum velocity and produces a certain amount of water jump; the maximum velocity of the water jump produced by the SPH method and the FEM method is 1.77 m/s and 1.83 m/s, respectively. At about 0.16 s, the gate opening reaches its maximum value, and the water velocity increases to 1.86 m/s and 1.92 m/s. In general, the water velocity under the FSI model based on the FEM method is slightly larger than that of the SPH model at all moments of the flow. After 0.2 s of the sluice gate discharging continuously, the water pressure behind the gate and the gate opening gradually decreased. At this time, the water flow velocity of the two numerical models reached the maximum value, and it was 3.56 m/s and 3.96 m/s. During the whole process from 0.24 s to 0.40 s, the gate opening and the water flow velocity were gradually reduced, in which the decay rate of the FEM model was larger than that of the SPH model. The water flow velocity of the SPH model decreased from 3.17 m/s to 1.63 m/s, with a decrease ratio of 51.4%, while the water flow velocity of the FEM model decreased from 3.31 m/s to 1.15 m/s, with a decrease ratio of 65.3%; the results from the two numerical methods coincided with the experimental results from the literature during the simulation process, which in turn indicates the effectiveness of the procedure. But the numerical model of fluid–solid coupling based on the finite element method (FEM) showed a more pronounced rate of change in the resilient gate recovery after 0.2 s, which is a deviation from the experimental results in the literature. This, in turn, indicates that the results of the numerical simulation based on the SPH method are closer to the experimental results.




3.2. Comparison of Gate Opening and Free Liquid Level


For the presentation of the simulation results of elastic sluice discharge, one of the important evaluation methods is comparing the displacement change curves of the gates under the action of water flow. In order to further investigate the difference between the SPH numerical simulation and finite element numerical simulation results and the experimental results, analyzing them from a quantitative point of view, the gate displacement change curves of these three methods are made by selecting the moment from 0 to 0.4 s, as shown in Figure 7.



In order to quantify the difference between the experimental results in the literature and the simulation results of the SPH method and the finite element method, the positional coordinates of the points were extracted from the transverse displacement curves and the longitudinal displacement curves of the elastomeric gate. The experimental data points were labeled as N1 and the numerical simulation data points as N2 using the similarity equation:


  ε =   1 −       ∑  i = 1    N 1      y  1 i     −   ∑  i = 1    N 2      y  2 i           ∑  i = 1    N 1      y  1 i         × 100 %  



(31)




where y1i is the experimental data vertical coordinate values, and y2i is the value of the vertical coordinate of the simulation results.



Calculating the similarity of these three methods, the data show that the SPH model simulation results are in good agreement with the experiment results, and the numerical model of SPH can better simulate the elastic sluice discharge characteristics. The accuracy of the fluid–solid interaction procedure is verified.



In order to further verify the validity and accuracy of the fluid–solid procedure, the two methods were compared with the experimental results from [34] with respect to the free surface profiles. Using the similarity formula, The calculation results are shown in Table 3. It was found that the SPH numerical simulation results are highly similar to the experimental results, with a 91.4% similarity, while the finite element calculation results are 85.7% similar to the experimental results; the three free liquid level curves are shown in Figure 8.




3.3. Fluid–Solid Pressure Comparison


This paper establishes a sluice discharge model based on the SPH method and the finite element method, and verifies the validity and accuracy of the SPH method in terms of the elastic gate displacement change characteristics and the free liquid surface height curve. Based on this, in order to verify that the fluid–solid dynamic boundary satisfies the action–reaction principle, five measurement points of A, B, C, D, and E are selected on the elastic plate to analyze the change rule of pressure of each measurement point and its surrounding water particles, to verify the validity of the nature of the dynamic boundary and the procedure, and to prepare for the subsequent study of the problems related to fluid–solid interactions.



By selecting different measurement points on the elastic gate, we investigated whether the pressure of the solid on the fluid and the pressure of the fluid on the solid are equal, and analyzed the change rule of pressure, as shown in Figure 9. At different moments within 0–0.4 s, the pressure of the solid on the fluid is equal to the pressure of the fluid on the solid, which satisfies the action–reaction principle and verifies the nature of the dynamic boundary. The pressures at the initial moments of the measurement points A–D are 1336.72 Pa, 1191.92 Pa, 1044.77 Pa, 897.62 Pa, and 750.47 Pa. The pressure under the action of the fixed fluid increases with the increase in the depth of the water in the case of the same force area. Throughout the simulation process, the force at each measurement point shows a trend of first increasing and then decreasing. In the measurement points A–D, the maximum force is produced in decreasing order of 0.22 s, 0.15 s, 0.095 s, 0.09 s, and 0.08 s, and the elastic plate shows that the two ends of the force are large while the middle of the force is small. The elastic plate free end of measurement point A is the largest force, the middle of measurement point C is the smallest force, the fixed end of the force at measurement point E increases again, and the average pressure decreases from 1537.57 Pa to 549.02 Pa and then increases again to 959.99 Pa.





4. Conclusions


For the fluid–solid coupling-related problems, the SPH method is used to establish a classical sluice discharge model, and the changes in the flow pattern, gate opening, and free liquid surface curve of the water under various moments were analyzed. The advantages and innovations of this paper include comparing and analyzing the results of the SPH calculations with the results of the sluice discharge model established by the FEM method under the same kind of working conditions, as well as with the experimental data results in the literature. On this basis, in order to further verify the accuracy of the program, the changing law of the flow–solid pressure was studied, and the following conclusions were obtained:



1. A numerical model of fluid–solid coupling is established based on the SPH method. The Lagrange method is used to discretize the fluid and solid domains, the dynamic interface condition and the kinematic interface condition are introduced to deal with the fluid–solid coupling interface, and the particle velocity in the momentum conservation equation is corrected to improve the computational accuracy and to eliminate problems such as numerical instability for the particle velocity.



2. The problems related to sluice discharge are simulated under hydrostatic pressure, and the deformation of the elastic structure and the fluid flow process obtained are compared with the FEM method and the existing experiments, which proves that the results from the numerical model based on the SPH method are closer to the experimental results.



3. In the SPH model, the measurement point is selected to analyze the change in pressure at the fluid–solid interface, which reverse proves the fluid–solid dynamic boundary to satisfy the principle of action–reaction, further verifying the effectiveness of the program. At the same time, the elastic structure of the change rule of force is explored, the initial moment of the elastic baffle force increases with the increase in water depth, and the water flow against the elastic structure results in the two ends of the force being large while the middle of the force is small.
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Figure 1. Quintic spline smooth kernel function and its derivatives. 
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Figure 2. Comparison between simulation results and experimental free liquid level height curves for different  λ  values at t = 0.36 s in a classical dam failure problem. 
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Figure 3. Fluid (blue) and solid (white) particles near the fluid–solid interface. 
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Figure 4. Dynamic boundary conditions and solid particle a (White color represents solid particles and Blue color represents water particles). 
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Figure 5. Schematic diagram of elastic gate discharge. 
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Figure 6. Comparison of gate opening and water body flow pattern at different moments and with experimental results from [36]. 
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Figure 7. Comparison of gate transverse/longitudinal displacement results with experimental results from [34]. 
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Figure 8. Comparison of free liquid level curves with experimental results from [34]. 
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Figure 9. Comparison of pressure at each measurement point. 
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Table 1. Comparison of similarity between numerical simulation results and experimental data.






Table 1. Comparison of similarity between numerical simulation results and experimental data.





	   λ   
	  λ   = 0.97
	  λ   = 0.93
	  λ   = 0.88





	Similarity
	84.1%
	91.9%
	88.3%










 





Table 2. Parameter conditions of SPH method of elastic gates in simulating the dam failure process.
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	Serial Number
	Calculation Condition
	Parameter Value





	1
	Particle spacing (m)
	0.001



	2
	Number of particles in the water column
	17,997



	3
	Number of elastomer particles
	1672



	4
	Sidewall particle count
	2757



	5
	Density of water (kg/m3)
	1000



	6
	Density of elastic gate (kg/m3)
	1100



	7
	Young’s modulus (N/m3)
	4.27 × 106



	8
	Artificial stress factor (e,q)
	0.3 and 4



	9
	Time step (s)
	5 × 10−6



	10
	Physical time (s)
	0.4










 





Table 3. Comparison of similarity of numerical simulation results between SPH and FEM methods.
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	Numerical Method
	SPH Method

X Displacement
	FEM Method

X Displacement
	SPH Method

Y Displacement
	FEM Method

X Displacement





	Similarity
	93.6%
	85.9%
	91.1%
	80.4%
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