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学位论文中文摘要：
光滑粒子流体动力学（Smoothed Particle Hydrodynamics, 缩写为SPH）是实现流体仿真的主要技术之一。相比其它的流体仿真方法，SPH法具有许多优点，包括：仿真过程严格地保证质量守恒、易于划分材料边界、易于实现不同材料之间的耦合等。但是SPH法存在着数值计算不稳定问题，限制了其对粘性不可压缩流体的仿真应用。具体地，有以下几方面的不足：(1)由于粘性求解与不可压缩性求解之间存在冲突，SPH法在模拟大粘性流体时稳定性较差；(2)当流体处于拉伸状态时，SPH法会使粒子产生积块，导致其模拟的流体溅射、细丝、薄层等小尺度运动细节稳定性很差；(3)由于流体的物理场与微分都在同一组粒子进行相关计算，会引入零能问题（Zero Energy Mode），加剧了SPH法数值计算的不稳定；(4)SPH法的相关计算精确性很容易受到粒子分布不均匀情况的影响。本论文针对SPH法数值计算稳定性方面的不足开展了研究，取得了如下的进展：
（1）针对SPH法中流体粘性计算与不可压缩性计算之间的冲突问题，本文将SIMPLE（Semi-Implicit Method For Pressure Linked Equation）迭代算法引入到了SPH法中，并改进以抑制不可压缩性计算与粘性计算之间的干扰。测试表明改进后的方法能够稳定地收敛，而且只需要若干次迭代即可生成视觉真实感很高的大粘性流体仿真结果，并能够产生更锐利、更丰富的表面细节，更稳定地保持流体的形态。
（2）对于SPH流体的拉伸不稳定的问题，本文在SPH法中引入对偶粒子，将标准的SPH粒子划分为带有速度属性的实粒子和作为压强采样点的虚粒子，并首次基于对偶粒子构建了流体的不可压缩性投影求解算法。由于引入的虚粒子可缩小SPH法压强梯度计算的拉伸不稳定区域，并抑制粒子扰动对于流体压强的影响，同时可避免零能问题的产生，因此该方法增强了SPH流体的拉伸稳定性，改善了流体小尺度细节仿真的质量。在此，本文研究发现均匀分布的虚粒子对于流体稳定性改善至关重要，因此提出了基于GPU的空间自适应虚粒子快速生成方法，以高效高质量地实现稳定的流体仿真。
（3）本文提出的对偶粒子仿真框架包含的虚粒子，不仅可作为拉格朗日视角的粒子，也可作为欧拉视角的空间网格。因此本文提出的对偶粒子框架能够兼容标准SPH法、对偶粒子法、粒子网格混合法等各种粒子仿真方法。由此，本文构建了一个通用的流体仿真引擎。在使用该引擎进行的对比研究中发现，粒子网格混合法中粒子分布非常不均匀。因此，本文提出了使用SPH粒子位置修正技术以均匀地分布粒子网格混合法中的粒子，改善了此类方法的仿真稳定性。
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学位论文英文摘要：
Smoothed Particle Hydrodynamics (SPH) is one of the main techniques to simulate fluids. Compared with other fluid simulation methods, the SPH method has many advantages: easy to guarantee the mass conservations, easy to capture the boundary, and easy to simulate the coupling of different materials, etc. Therefore, the method has important applications in visual-reality, computer games, animation, special-effect in film and so on. However, despite years of development, the SPH method still suffers from serious numerical instability, which limits its use in application: (1)The interference between pressure and viscosity solvers leads to the poor stability of the SPH method in simulating high viscous fluids; (2)The SPH method suffers from the tensile instability problem, in which the particles will tend to clump in pairs under tensions and result in a bad visual-quality of small-scaled features, including droplets, streamlines and sheets; (3)The physical fields and their differentiation of fluids are all defined on the same particles, which will introduce the zero-Energy mode and exacerbate the tensile instability further; (4) The accuracy of the SPH method is easily affected by the non-uniform distribution of particles, which leads to the poor stability of fluid simulations. In this thesis, relevant targeted research has been carried out to address the numerical instability of the SPH fluid, and the following progress has been achieved.

For the interference between the viscosity and incompressibility of the SPH fluids, we introduce the SIMPLE (Semi-Implicit Method for Pressure Linked Equation) iterative algorithm to the particle methods, which can effectively suppress the interferences. Tests show that our method converges stably and only requires a few iterations to generate high visual quality results for large viscous fluids. Our method is able to model remarkable viscous behaviors with a good property of preserving sharp surface details. 

For the stability issue of SPH fluid simulation, we propose a dual particle framework in the SPH method, which divides the standard SPH particles into real particles that carry velocity, and virtual particles that store the pressure property. Based on the dual particle framework, we devise the projection algorithm to enforce incompressibility. Since the introduced virtual particles can narrow down the unstable region for particles under a tensile stress state, avoid the zero-energy mode, and suppress the effect of particle perturbation on fluid pressures. Our method can weaken the tensile instability of the SPH fluid, and improve the visual quality of the small-scaled features of fluids. Besides, it is found that uniform virtual particles are essential for fluid stability improvement, so a GPU-based spatially adaptive virtual particle generation method is proposed to efficiently obtain well-distributed virtual particles. 

Since our dual particle framework contains virtual particles that can be used as Lagrangian particles or Eulerian grids in different simulation strategies. Therefore, our dual-particle framework is compatible with various particle simulation methods, such as the original SPH method, the dual particle method and the hybrid particle-grid method. As a result, a general fluid simulation engine is constructed in this paper. In a comparative study using this engine, it is found that the particle distribution is very uneven in the hybrid particle-grid method. Therefore, we propose to use the SPH particle shifting technique to uniformly distribute the particles in the hybrid particle-grid method to improve its simulation stability.
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