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ABSTRACT 

In marine and ocean engineering, fluid-structure interaction (FSI) phenomenon 

exists widely, which presents really complicated mechanism. Firstly, the coupling of 

multiple physical fields during the intense interaction between the structure and the 

waves are involved. Then, strong nonlinear phenomenon of free surface, such as large 

deformation, rolling, splashing, jet, bubble involvement and broken, can be observed. 

Due to the wave induced loads, the structure will move with six degrees of freedom, 

with strong three-dimensional deformation characteristics at the same time. The above 

characteristics further increase the complexity of the FSI problems and bring the huge 

challenges to the numerical simulation. In order to accurately capture the FSI 

phenomenon of ships and offshore structures in complex ocean environments, it is 

important for us to study the interactions between elastic structures and free surface 

flow. As a newly developed meshless method, Moving Particle semi-implicit (MPS) 

method describes the fluid motion based on Lagrangian model. It has its characteristic 

advantages in dealing with large deformation of free surface, without tracking the 

interface. Finite Element Method (FEM) is one of the widely used numerical method, 

which is relatively mature in solving the structural dynamic response. In this thesis, 

the respective advantages of MPS method and FEM method are combined to form an 

effective three-dimensional numerical method, aiming to provide an effective means 

of computational analysis for the interaction between wave flow and elastic structure, 

and further analyzing the mechanism in the FSI problems. 

In the first part of this thesis, the principal theories of MPS method and FEM 

method, and the investigation of MPS-FEM coupled method as well as the 

development of MPSFSI solver are mainly described. Firstly, based on the meshless 

MPS theory, the thin-wall boundary particles, the virtual particle model on the free 

surface and surface tension model are introduced to improve the solid wall boundary 

condition and the interactions between the free surface particles, respectively. Then, 

for solving the 3D structural dynamic response, the solid element and shell element 

are introduced based on the FEM solution module. At the same time, the output 

module of structural stress/strain is developed. To couple MPS method and FEM 

method, the explicit partition coupling strategy based on Conventional Serial 

Staggered (CSS) is adopted. For the fluid-solid spatio-temporal isomerous interface, a 

bidirectional time asynchronous strategy and 3D Kernel Function Based Interpolation 

Technique (3D ï KBFI) are proposed. In the development of the FSI solver, C++ 

language is applied for programming. A set of MPSFSI solver with independent 

intellectual property rights begins to take shape. 

In order to validate the MPSFSI solver systematically, the sub-module validation 



  

 

and the overall validation of the solver are carried out in this thesis. In the sub-module 

validation, the validation of the fluid analysis module based on MPS method and the 

validation of the structural dynamic analysis module based on FEM method, as well 

as the validation of fluid-solid interface interpolation module are carried out. In the 

verification of the fluid analysis module based on MPS method, the stability of flow 

field pressure and ability of free surface capture are validated respectively by 

simulating the dam-break flow slamming on thin wall and the liquid sloshing problem 

of a vertical excited tank. In the verification of FEM module, the accuracy and 

stability of structure solver are validated by the simulation of vibration response of a 

3D cantilever beam under concentrated load. In the validation of interpolation module, 

the stability, accuracy, convergence and energy conservation properties of the 

developed data interpolation algorithm is validated by two cases, 3D hydrostatic water 

column on a deformable plate and a 3D forced deformable plate under the initial 

excitation. In the overall validation of the solver, the stability and numerical accuracy 

of the FSI solver in the 3D FSI problems are validated by two typical FSI benchmark 

tests, the 3D dam-break flow interacting with the elastic gate and the 3D dam-break 

flow slamming on an elastic obstacle. The good agreements between present 

numerical results and published experiment data prove the efficiency and accuracy of 

the present coupled method. The result indicates that the MPSFSI solver has high 

reliability for simulating 3D FSI problems. 

In this thesis, the MPSFSI solver is applied to simulate the universal FSI 

problems in the ship and ocean engineering. The research objects can be divided into 

local slamming problem and overall slamming problem. In the local slamming 

problem, the phenomenon of green water and water entry are mainly investigated. 

While in the overall slamming problem, the motion response of the floating body in 

the wave is mainly analyzed. In this thesis, MPSFSI solver is applied to simulate the 

interaction between the 3D dam-break wave and an elastic columns. Firstly, the 

stability and convergence of the proposed solver is validated by simulating the 3D 

dam-break flow slamming on rigid square columns. Then, the effect of column shape 

and structural elasticity on the slamming process is analyzed, respectively. 

In this thesis, MPSFSI solver is applied to simulate the water entry problems of 

elastic structures. The accuracy of MPS method is validated firstly by simulating the 

water entry problem of a 2D rigid cylinder. Then, through simulating the water entry 

of the elastic cylindrical shell and the elastic wedge, the influence of structural 

elasticity on free surfaceôs evolution, the pressure distribution and the impact load are 

investigated, as well as the trajectory and the dynamic response of the structure. To 

observe the 3D characteristics of the structural dynamic response and flow field 

evolution in the complex FSI problem, the simulation of the 3D elastic wedge 

entering water is carried out. 

In this thesis, the MPSFSI solver is applied to simulate the interaction between 



  

 

waves and an elastic floating body. In the view of the motion characteristics of  the 

floating-body in waves, a hydroelastic solution method based on MPS-FEM coupled 

method is proposed to realize the combination of rigid-body motion and elastic 

deformation of structure. The efficiency of proposed model is validated by simulating 

the interaction between dam break waves and elastic floating bodies, a good 

agreement between present numerical results and published experiment data 

demonstrates the accuracy of the present coupled method. Then, the applicability of 

the model is validated when it is extended to 3D model. Finally, the MPS-FEM 

coupling method is applied to simulated the interaction between waves and elastic 

ship hulls. 

Keywords: Moving Particle Semi-implicit method, Finite Element Method, 

MPSFSI solver, Fluid-Structure Interaction, wave-structure interaction problem, dam 

break flow, water entry problem. 
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Fig 1-1 Fluid-Structure Interaction (FSI) problems in the field of ship and 

ocean engineering  
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ԋ ̆ ᵣᵣ ̂Volume Of Fluid̆ VOF̃ [40]

Level-set [131]Ȃ ԍ ֓ ̆ CFD ΐ

ꜚҍ ԑᵬ ҹ ̆ ғѿ ↓ CFD ҙ ᴆ

ȂStern ԍ FDM ԅ ꜚⱬ CFDShip-

IOWA[119][120]̆ ץ ṿ [48][154][159][160] ȁ [32][37] ᵣ

ꜚ[8][97][98][107] Ȃ ῤ ѿ Ӟ ̆ ҆

ԍ FVM OpenFOAM ᴆ ҉ ԅ ꜚⱬ naoe-
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№ Ҭ̆ ᾝ ̂Finite Element Method̆ FEM̃ ѿ ⱬ

ṿ№ Ȃῒ ≠ № ₱ ᵌ ₱ ̆ ׆

ҹ ̆ № ̆ᶏ ₱ ⌠ ṿ̆ ⌠ №

ᵌ Ȃ ̆FEM ԍᴏ

Ҭ Ȃῒ ȁ ȁ ȁ ȁ ´ ȁ

ȁ ȁ ȁ ҩ ̆ ҍ

ȁ ȁ ⱬ ҍꜚⱬ Ȃ

̆ FEM ꜚ ΐ ᴨלȂWalhorn [141] ₮

ѿ ԍ ᾝ ̆ Level-set

ꜚ̂  1-3̃̆ ԅ ꜚ ₯ ṿ ̆
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ṿ ҍῒז ȂHe Kashiwagi [35] ԍ ᾝ

̂Boundary Element Method̆ BEM̃ ᵣ№ ̆ FEM №

̆ ԅ ҍ ԑᵬ ҹȂ ѿ֓ ԅ

CFD ҍ ԍ FEM ҙ ᴆ № ̆ᶛ Paik

[101] ̆ ṿ ԅ ₯ Ҭ

ꜚ ̆ ᵣ ̆ ԅ ᵣ ꜚ Ȃ

Liao Hu[78][79] ₮ѿ FDM FEM ṿ ҍ

ԑᵬ ԅ ̆ ꜚ ℗

̂Tangent of Hyperbola for Interface CapturinğTHINC̃ Ȃ

Martínez -Ferrer [20] OpenFOAM ᴆ ҉ ₮ԅ ԍ FVM

̆ VOF ̆ ṿ

ᵣ῀ ꜚ ₯ ̆ Ȃ

Lakshmynarayanana [69][70][71] CFD StarCCM+ҍ FEM ҙ ᴆ

ABAQUS Ҭ ⱴ ̆ ṿ ԅ ↕ Ҭ

ꜚ ȂῒҬ̆ ꜚⱬ № ᵣ ҹѿ

ᾝ̆ ṿ Ҭ ԅ ᵣ ҈ ̆ ᾝҍ

ᵣ ̆ └ ᵣ ̆  1-4Ȃ № ⌠ ̆

ᵣ ̆ ѿҩ ῤ ᵣ ΐ ꜚ

̆ Ҍ ᵣ ṿ Ҭ ⌠ ̆ғ ṿ ҍ

ѿ Ȃ 

 

  

 1-3 CFD ⅎ Ї - ֢ [141] 

Fig 1-3 Fluid-structure interaction analysis based on gird-based CFD method, and 

the deformation process of fluid-solid interface[141] 
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 1-4 ᵩ ∑ Ҳ ꜠ ẅ [70]ɼ 

Е ᾣ ғ Ж Е ᵩ ₵  

Fig 1-4 Numerical simulation of elastic hull motion in regular waves. 

Left figure: coupling connection diagram of finite element mesh and beam model;  

Right: Deformation of hull bow by slamming[70] 

 

CFD ꜚⱬ ΐ

̆ ԍ ץ └̆

ғ ̆ ғ ΐ ꜚ

ꜚ ̆ ҹ₃ᵥ ֜ Ȃ׆

ҌῬ ̆ ṿᴏ Ҭ Ȃҍ ̆ ԍ

̆ ᵣ ҹ ȁ ⱬ

Ḥ ̆ ԍ └ ̆ ץ ᾧ

ṿ Ȃ ̆ Ҍ ῏ ̆ ∞ץ

̆ ᾧ Ȃ ̆

ץ ץ ꜚ Ȃ ֓

̆ ῐ ԅ ̆ ᾣ

ᵣꜚⱬ ̂Smoothed Particle Hydrodynaics̆ SPH̃ ̆ ꜚ

̂Moving Particle Semi-Implicit̆MPS ȁ̃ ̂Material point method̆

MPM̃[121]ȁ ᾝ ̂Particle Finite Element Method̆PFEM̃ [4] ̆

ῒҬ ף ȁ ҹ SPH MPS Ȃ 

SPH ѿ ԍ № ̆ ∆ ᶏ ѿ

ԍ ꜚ ῃ ȂSPH Gingold 

Monaghan [25]ץ Lucy [85] ₮̆ ᵣ Ҭ ⌠ԅ Ȃ

Monaghan [95] SPH Ṣ ⌠ ꜚ ̆ ₮ԅ SPH

̂Weakly Compressible SPH̆WCSPH̃Ȃ WCSPH Ҭ̆ ᵣ ⱬ

̂Equation of Statĕ EOS̃ ҍ ᵣ ῏Ȃ ӊҊ̆ қ

֤ Koshizuka Oka [66] ₮ MPS ↕ ѿ ԍ יּ

ᵀ-ḱ ̆ ԍҌ ᵣ ꜚ̆ῒҬ ⱬ ⱬ
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Ȃᵖ ң Ҍ ̆ SPH ҉

ѿ ԅ ῃҌ ᵣ ISPĤ Incompressible Smoothed Particle 

Hydrodynamics̃ ̆ MPS ҉Ӟ₮ ԅ ԍ ᵣ

WCMPŜWeakly Compressible Moving Particle Semi-implicit̃ ȂSouto-

Iglesias ֲ[117] ṿ ԅ SPH MPS ҉ № ᵌȂ ԍ

ѿ ̆ ׅ ΐ ѿ֓Ҍ ӊ ̆ ҳ

ᵞȁ ᵞ Ȃ ֓ ̆ ԅ ̆

⇔ ץ ̆ Ҭΐ

╠ [31][77][86]̆ ȁ ȁ

ȂҊ Һ ׃ ῒ Ҭ Ȃ 

1.2 Ҳ  

1.2.1 Ⱶ  

MPS Ҭ̆ Ҭ ֟ ⱬ ꜚ Ҍ ̆

‰ץ ₯ ⱬȂ ̆ ῤ ׆ ҩ ̆

̆ ץ ḱ ȁ ⱴ ⱬ ץ

₱ ̆ MPS ԅ ץ̆ ᾣ ⱬ

̆ ȂKhayyer Gotoh [51] ԅ ⱬҌ

̆  ₮ MPS ⱬ Ҍ Ȃҹԅ ‗

Ҍ ̆Koshizuka [66] ḱ ⱬ ̆ ₮ԅ

ⱬ ̆ῒҬ ⱬ ӊ ⱬ ף ̆

ץ ᵬ ⱬ ῃ Ȃᵖ ѿ ԅꜚ Ȃ ԍ

ⱬ ̆ ѿ֓ ₮ԅѿ֓ ᵌ ḱ Ȃᶛ ̆Khayyer Gotoh [52] 

₮ԅѿ ԍ MPS Ҭ ꜚ ꜚ ᵌ ⱬ Ὲ Ȃ

Tanaka Masunaga [132] ₮ԅ ҍ ⱬӊ ̆ ᶏ

ᵬ ⱬḠ ⱬ̆ Ḡ ԅ ꜚ ȂKhayyer

Gotoh [53] ᾢ Taylor ⌠ ̂Cij̃ ԍ ⱬ ̆

ᶏ № ⱴ ̆ Ȃ ̆Khayyer

ⱬ ⱬ ȂKhayyer

Gotoh [54] ῀ֲҹ ⌠ ⱬ ̆ ₮ԅѿ

ֲ Ȃ ѿ ̆Khayyer Gotoh [54] ₮ԅ ⱬ

̆ № ̆ MPS ҹ MPS-HS

̂Higher order Source terms̃Ȃ ̆ ץ └ ⱬ Ȃ

Tanaka Masunaga [132]׆ ⱬ ῀ ̆ ԅ
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ⱬ ̆ Ҍ ᴆҬ ԅ ᴆ

ᴆȂ SPH MPS ₱ ҉̆

Khayyer Gotoh [55][56] SPH Ҭ ԅ ̆ ⌠ ⱬ

ҬȂ ̆ ᵝ ḱ ̂Particle Shifting Technique, PST̃ ѿ

ԍ ᾥ ↕ ֲ̆ ꜚ ׆ ᵞ

׆̆ꜚ ᶏ № Ḡ ѿҩ ᵌ ׆̆ ץ ‰

ᵬ ȂLind  [80] ԅ № ԍ SPH

̆ ISPH Ҭ ₮ԅ PST ȂKhayyer ֲ [57][58] MPS Ҭ

₮ԅѿҩᴨ PST ̆ ԅ ℗ ꜚ̆ ῒ ԍ

Ȃ ῤ̆Ӟ MPS ҉ ԅ ῏ Ȃ

҆ ׆ ⱬ ץ ₮ Ȃ

ᶛ ̆ ▲ ꜚ Ҭ̆ ᴪ ԍ ԑᵬ

ⱬ ̆ ’ᴪ ⱬ ׆̆ ṿᴏ

Ȃ  [193] ₮ԅѿ ₱ ̆ ⱳ ԅ ⱬ

Ȃ MPŜ Improved MPS̆ IMPS̃ פ

ֲ ⱬ  [181][187][193]̆  1-5 Ȃ ҉̆ ԅѿ

MLParticle-SJTUȂ 

 

  

(a) MPS  (b) IMPS  

 1-5 IMPS Ⱶ ┼ [193] 

Fig 1-5 The suppression effect of IMPS method on pressure oscillation 
 

 

1.2.2  

Ҍ ꜚ ҍ CFD ѿҩ Ȃ‰

̆ ῏ Ȃ MPS

Ҭ̆ ᵞԍ ɓn0 ̆ ӈҹ Ȃ

⌠ ֲ̆ҹ ⱴ ⱬҹ Ȃᵖ ̆

ᴪ Ҋңץ⌠ Ȃ ѿ ̆ῤ ∞ҹ

ⱴ ̆ ∞ ᴪ ⱬ Ȃῒԋ̆ ⱬ



1   

8 

ӊ Ҍ ԑᵬ ⱬ̆ ᴪ₮ ₀

̆ ᵞ Ȃҹ ∞ ̆ ῤ

ᵬ₮ԅץҊ Ȃ ѿ ̆ ױ ₮ԅ ∞

Ȃᶛ ̆Tanaka Masunag [132] ⌠ № ΐ

Ҍ ̆ ₮ѿ ₱ ̆ ₱ ṿ ҹ

ҹ∞ ‰̆ ∞ Ȃ₮ԍ ̆Khayyer Gotoh [54]

Ӟ ₮ԅѿ ₱ ̆ ҍ ∞ ̆∞ Ȃ

Park  [101] № ̆ ₮ԅ ∞ Ȃ ῤ

ѿ֓ Ӟ ԅ ῏ Ȃҹ⁞ ῤ ᵣ

∞ ̆ ץ [174]  ҹ∞ ᶭ ҉̆

₮ ԍ Ҍ ᵝ ₱ ̆ Ҍ ₱ ṿ ѿҩ

ṿ̆↕∞ ҹ Ȃ ̆ ᵝ ₱ ∞ ‰↕

∞ ‰ ȂMa [87] Ҭ ₮ԅ

ҍ ꜛ₱ ∞ Ȃ ԋ ̆ѿ֓ ₮

ȂShibata  [112] ӊ҉̆ץ ⱬ

̆ᵖṿ ֓ ᵝ ȁ ꜚ̆

Ҍᴪ ⱴ Ȃ ̆ ץ ⱬ

ףץ ⱬ Dirichlet ᴆȂҍӊ ᵌ̆Chen  [11] ԍ

MPS ₮ ̂Not require Surface Detection̆ NSD̃̆

ῒ ᵬ Ҭ ᾟľ Ŀ ̆ғ

Ȃ ԍ ̆ᵬ ₮ԅ ӈ̆

 1-6Ȃ ֲ [199] Ӟ ԅ ̆ᵖҌ ᵬ ԍ

ҩ ῤ̆ѿ ⌠ Ҍ ̆ ᴪ

ᾟȂ 

 

 

 1-6 NSD-MPS Ҳ [11] 

Fig 1-6 Schematic illustration of the conceptual particles in NSD-MPS method 
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ԍ ̆ ₮ⱴ῀ ⱬ Ȃ ⱬ

Ҭ ᵬ ̆ ₀ ȁ ꜚⱬ

Ȃ ̆ ᵣҬⱴ῀ ⱬ ץ ᾧ▲

ꜚ ̆ MPS Ҭⱴ῀

ⱬ Ȃ ⱬ ѿ №ҹң Ȃ ѿҩ ԍ ҍ

ԑᵬ ⱬ̂Pairwise Forcẽ̆ Tartakovsky Panchenko ₮ [136] Ȃ

̆ᵖ ԍ ⱬᶭ ԍ ҍ ӊ ԑᵬ

̆ ‰ץ Ȃ ֲ̆ Ῥץ̆ ⱬ Ȃ

ԋ ⱬ ̂Continuum Surface ForcĕCSF̃̆ Brackbill

₮ [7] ̆ Ҭ Ȃ ⱬҍ ̆ᵖ

‰ץ Ȃ ԍ ҹ ̆ ץ

‰ ȂAlam  [1] MPS ⱴ῀ ⱬ ᵣ

῀ Ҭ ԅ ṿ ̆ ԅ ̆ ҉ ҹ

̆ ⱬ ̆  1-7̂ Ȃ̃Khayyer

ֲ [60] ₮ԅѿ ⱬ ̆ ₮

ⱬ ץ ᾧ ̆  1-7̂ Ȃ̃ 

 

  

 1-7 Ⱶ ɼ ЕAlam [1]̆ ЕKhayyer [60] 

Fig 1-7The influence of surface tension on free-surface shape 

Left: Alam et al [1], right: Khayyer et al [60] 
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1.2.3  

Ҭ̆ Ҍ ↨ ̆ ᵣ ᵬ Ҋᴪ֟

ⱬ Ȃ № ̆ ꜚⱬ ῏

Ȃ ꜚⱬ Ҭ Һ Һ ңҩ ̔̂ 1̃‰

̂̕ 2̃‰ ң ῏ ̆ - ֜ ҉ ⱴ ᴆȂ

ῒҬ ‗ ԅῒ ꜚ

Ҭ ᴨ̆ל ≢ ̆ Ḃԍ ꜚ̆Ḃ

ԍ ⱴ ᴆȂׅ ‗ Ҋңҩץ ̔̂ 1̃ ᵥ

ꜚⱬ № ̂̕ 2̃ ᵥ ץ - ֜

҉ Ḥ ᴰ Ȃҹԅ ңҩ҉ץ‗ ̆

№ҹץҊңҩ ̆№≢ҹ̔̂ 1̃ ԍ

̂̕ 2̃ ԍ ҍῒ

ז ṿ ̆ FEM ᾝ ̂Discrete Element 

Method̆ DEM̃ Ȃ 

ᾢ ѿҊ Ҭ ᴆ Ȃ

̆ Koshizuka Oka [66] ᾢ ₮̆

̆ᵬҹ ᵣ ᴆ ҍ ̆ Ḡץ Ȃ

ᵖ ԍ ₃ᵥ ̂ ̃̆ ‰

ȂMonaghan [96] ҹԅ ᾧ ̆ ԅѿ

ῒ ҉ ⱴ ⱬ Ȃ ᴨל ԍ ԍΐ

̆ ҹ Ȃ ҉ ⱴ ⱬ ֲҹ ̆Ҍ

ΐ ӈ ȂKulasegaram  [68] ₮ԅѿ

̆ ̆Ferrand  [19]Ӟ ₮ԅ ᵌ Ȃ

̆ ṿ Ҭ Ȃ Ҭ

̆ ╠ Ҭ ̆ ῀

 [135] [170] ȁ  [156][157][158][151]ȁ ṿ Ҭ  

[164]ȁ ᵣ Ҭ ꜚ  [168][106] Ȃ 

֓ ̆ ꜚⱬ [81] ₮ Ȃ

҉̆ ῤ ҉ ⌠ ѿ Ạ₮ԅ ̆

ѿ ̆  1-8ȂAntoci  [2] 

₯ ṿ ̆ῒҬ

SPH ̆ ѿ ̆

ҍ ҹѿ ȂHwang  [41][42][43] ԍ MPS ̆

ԅѿ ԍ ᵣ ԑᵬ ῃ ̆ ֜

῀ └ Ҭ̆ ╠ѿ ᵝ ᵬҹ
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ᵣ ᴆȂ ₮ԅ № № ̆  

1-8̂ã ̆ᵬ ҹ ⌠ ⱴ Ȃᵬ ԍ ҍ

ԑᵬ ȁ ҍ ԑᵬ ȁ ꜚҍ

ԑᵬ ȁ ᵣ῀ ₯ ῖ ᶛҬȂKhayyer [61] ₮ԅ

ISPH-SPH ̆ ԍᵣ ⱬ ̆

ҹ ᵣ ꜚ ̆ ₮ԅ FSÂ Fluid Structure Acceleration-

based̃ ̆  1-8̂b̃̆ ׆ ⱬ̆ ῒᵬҹѿҩ

῀ ȁ └ ҬȂᵬ FSI ᶛ ̂  1-9̂ ̃̃̆ ҹ

Ḡ Ȃ ̆Khayyer  [62] MPS

Ҭ̆ ₮ԅ MPS ̂Hamiltonian MPS̆ HMPS̃ ̆ ҍ

MPS ̆ ԍ ῀ ₯ ̆  

1-9̂ Ȃ̃ӊ ̆Khayyer  [63] ῒ ҈ Ȃṿ ̆

Khayyer [61] ҹ ᵀ ̆ѿҩ ῏ ‰

Ḡ ̆Khayyer  [64][65] ԅ ȂHe  [36] 

₮ԅѿ ῃ SPH ̂ ҹ Total-Lagrangian SPH̆ TL-

SPH̃̆ ԅ ꜚҍ ԑᵬ Ȃ ῤ̆

ԍ SPH ҉Ạԅ ᵬ̆ῒҬ

TL-SPH ̆ ԅ PST ⱬҌ └

̂Tensile Instability Control̆ TIC̃̆ Ӟ ҈ ̆ ῖ

FSI ᶛҬ ⌠ԅ  [124][126][186]Ȃ שּׂ [166][167] 

ԅᾣ ṿ ̂Smoothed Point Interpolation Method̆SPIM̃ ̆

SPH ԍ № Ȃ 

ԍ ꜚⱬ ԅ ̆ᵖ ԍ

ҍῒז ׅ ֲ

ѿ ̆ ≢ ȂFEM ѿ ̆

ҍ ̆FEM ꜚ ꜚⱬ

̆ ╠ FEM Ӟ ᴧ ҙ ᴆ ӊѿȂMPS

FEM Lee  [73] ̆№ ԅ ᵣҍ ԑᵬ ̆ῒҬ

MPS ԍ ᵣ ꜚ№ ̆ ᾝ MITC4 ᾝ ԍ ꜚⱬ № Ȃ

ᵣ ᶏ ̆ ᶏ Ȃ ᵣ

ӊ ᶏ № Ȃ ̆ ᵣҬ ꜚ ṿ

Ҍ ̆ῒҬ ᵣ ȂFourey  [24] SPH-FEM

Ҭ̆ ѿ ↓ ‰ ᶛ ԅᴰ ֜

̂Conventional Parallel Staggered algorithm̆CPS̃ ᴰ ֜

̂Conventional Sequential Staggered algorithm̆CSS̃ Ȃ ң

 1-10 Ȃ ̆ ԍ ҍ ԑ
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ᵬ ѿῖ ̆ CPS CSS ҹ‰

ṿᴏ ̕ ԍ ⱬ ꜚ ̆CSS ΐ

ȂCSS Ӟ ҹ Һ Ȃ 

 

ЃaЄ ⅎ [43] 

 

ЃbЄFSA [61] 

 1-8 ԓ Ὴ  

Fig 1-8 Fluid-structure interaction strategy based on pure Lagrange particle method 

  

 1-9 ҅ ɼ 

Е ԓ ISPH-SPH ⅎ ғ ԝᵲ [61]Ж 

Е ԓ MPS-HMPS ⅎ ᵩῇ ₵ᵲ [62] 

Fig 1-9 Lagrange particle method in solving FSI problems. Left: dam break flow with 

elastic gate by ISPH-SPH coupling method [61]; Right: water entry of elastic wedge 

through MPS-HMPS coupling method [62] 
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- Ḥ ᴰ ṿᴏ ΐ ̆

ῤ ῏ ȂMitsume  [93][94] ԅ MPS-FEM

̆MPS ҍ ᾝ ̆ ԍ

ṿ Ḥ ֜ ̆  1-11̂ ã ȂHu  [44] ԅ SPH-FEM

̆ № ԅ Ȃ ̆

ץ ҍ ̆ᵬ

₮ԅ ̆ ȂFourey  [24] 

SPH-FEM Ȃ ԍ ṿ ̆ᵬ

ԅ ⱬ № ̆ ᾝ ᵣ №̆  1-11̂ b̃̆

№ ΐᵣ ’ ȂZheng  [176][177] MPS

FEM ᵣ ꜚҍ ԑᵬ Ȃ Ҭ̆ FEM

ᾝ̆ ᵬҹ MPS ᾝ ̂Ghost Cell 

Boundary model̆ GCB̃ ̆ Ҍ Ȃ ṿ Ҭ ≠ץ

MPS № ̆ ᾝῤ № ᵬ ̆ ῒ№ ⌠

ᾝ ץ̆҉ ̆  1-11̂c Ȃ̃ ῤ̆Long [84] ԍ SPH-

FEM ₮ԅ ԍ ṿ ̆ ᵣ

ῤ ᾟ ̆ ⱴҍ ᵣ ̆Ῥᴰ FEM ᾝ

̆  1-11̂ d Ȃ̃ ̆ ֟ ҹ ̆ ≢

ԍ҈ FSI Ȃ҆ MPS-FEM FSI

ҬӞẠԅ ₮ ᵬ [13][165][171]̆ῒҬ IMPS ꜚ № ̆

FEM ꜚⱬ № ̆ Ḥ ᴰ ̆ ₮ԅ ԍ

FEM ₱ ṿ ̂Shape Function Based Interpolation Techniquĕ

SFBĨ ԍ MPS ₱ ṿ ̂Kernel Function Based 

Interpolation Techniquĕ KFBĨ  1-11̂ ẽ Ȃ 

 

 

(1) CPS  (2) CSS  

 1-10 Ҳ [24]ɼ ЕCPS Ж ЕCSS  

Fig 1-10 Coupling strategy selection in fluid-structure coupling methods [24]  

 Left: CPS coupling algorithm; Right: CSS coupling algorithm 
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ѿ֓ ҍῒז ṿ ԍ FSI Ȃ

Sun  [128] ₮ԅѿ MPS-DEM FSI ̆ ԅ ⱬ

ȂXie [152] IMPS-DEM ԍ ῖ FSI

Ҭ̆ ṿ ҍ ȂYang  [155] ₮ԅѿ SPH ҍ ᾝ ῃ

̂Element Bending Group method̆EBG̃ ̆ ԅ ꜚҍ

ԑᵬ ȂSun  [129] MPS- ⱴ ▲ ₯Ҋ

ꜚⱬ № ̆ῒҬ MPS ᵣ ꜚ̆ ⱴ

Ȃ ѿ ↨ᵣ ꜚҍ ⱴ

↨ᵣ ꜚҍ ӊ ԑ ̆ ̆

ῒ↨ᵣ ꜚ ֟ Ȃ ‖₯ ᵣ

῀ Ҭ ⌠ԅ ̆ҍ Ȃӊ ̆Sun  [130] 

҈ Ȃ 

 

  

̂ã ẅ Е 

ẅ [93] 

̂b̃ ẅ Е Ⱶ ⅎ

[24] 

 

 

̂c̃ ẅ Е ԓGCB

ẅ [177] 

̂d̃ ẅ Е ԓ

ẅ [84] 



1   

15 

  

ЃeЄ ẅ ЕKFBI ẅ [13]Ѓ Еᵣ ẅ Ж Е

ẅ Є 

 1-11 Ҳ ẅ  

Fig 1-11 The choice of coupling strategy in fluid-structure coupling method and the 

development of interfacial interpolation technique 

 

1.2.4 ꜘ  

MPS ΐ ᵞ ̆ ѿ └ԅ

Ҭ Ȃҹ MPS ̆ ῤ Ӟ ԅ ̆Һ

№ҹѿҊң ̔ 

̂1̃ MPS Ȃᶛ ̆҆ ԅ
[133] № [135]̆ ⱴ ף ԅ ᵣⱴ ̆ ᵞԅ ṿ

̆ ԅ ̆  1-12 Ȃ 

̂2̃ ᴆ ̆  1-13Ȃᶛ ̆  [194] ԍ MPI

ᴰ ̆ ꜚ ̆ ԅ CPU MPS ̆

ᶏ҈ ᶛ ṿᴏ ҹ Ȃ  [12][180] CULA ҍ C++

ԅ ԍ GPU MPS MPSGPU-SJTUȂ ̆

CPU ̆ GPU ᶛ ̆

ⱴ ⌠ 24ṐȂ 

֓ ץ̆ MPS

̆ ṿ ҍ ԑᵬ ᵬ҉

Ȃ 
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(a) [113] 

 

(b) ⅎ [135] 

 1-12 MPS  

Fig 1-12 Software acceleration technique in MPS method 

 

 

 

(a) CPU  (b) GPU  

 1-13 MPS Ҳ ᴌꜘ  

Fig 1-13 Hardware acceleration technique in MPS method 

 

1.3 Ҳ  

MPS ̆ ⱳ ԍ№ ҍ

ᵬ ҬȂ ҉ ᴪ₮ Ҋ₃ץ ▲ ₯ ̆
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Fig 1-14 Simulations of dam-break flow impacting on an elastic obstacle with different 

methods 
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Fig 1-15 The interaction with an elastic beam[126]. Left: tank with medium filling rate; Right: 

tank with low filling rate. Line 1: 2D results; The second line: 3D results; Last line: 

Experiment[46] 
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Fig 1-16 The water entry of elastic structures based on particle methods 
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Fig 1-17 The simulation of wave interaction with fixed structures based on particle methods 

 

Ҭ Ҍ ̆ ꜚ ȁ ȁ

ȁ Ȃ ֲ ≠ ̆ ҉

≠ ̆ ҍ ԑᵬ ҍ

ΐ ῏ ӈȂ Ҭ

ᵬ Ȃᶛ ̆ Zhang [168] ԍ MPS ṿ ԅԋ ᵣ

Ҍ ↕ ᵬ Ҋ ꜚ̆ ṿ ⌠ ṿ

ΐ ҍ ѿ Ȃ [193] ԍ IMPS ԅԋ ↕

ҍ ԑᵬ Ȃ ̆MPS ץ ҹ‰ Ῥ ᵣ

̆ ҍ Ȃ ̆

҈ ̆ ԅ Wigley ↕ Ҭ ҉ ₯ Ȃ ᵣꜚ

ⱬ Ҭ̆Sun [128] MPS-DEM ԅԋ

‖₯Ҋ ꜚ̆ № ԅ ȁ ץ

ꜚ ȂSun ֲ[129] MPS ҍ ⱴ ԅԋ

▲ Ҭ ꜚȂ ̆ ҈ [130]̆ ԅ

ᵣ ▲ ᵬ Ҋ ̂  1-18ЄȂῒҬ̆ ᵣ ҹԋ



1   

24 

Ȃ ԍ ⱴ ↨ ̂Coupling Rigid-body and 

Flexible modes̆ CRF̃ ꜚȂ 

҉ ̆ ₯ ṿ№ ̆ ץ

₯ ̆ ᵬ Ҭ

Ȃ 
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Fig 1-18 The simulation of wave interaction with elastic floating body based on particle 

methods[130] 
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 1-19 MPS-FEM ᵩ  

Fig 1-19 The overall structural diagram for development of MPS-FEM coupled method 
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 1-20 MPS-FEM ᵩ  

Fig 1-20 The overall structural diagram for application of MPS-FEM coupled method 
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 ̂2-8̃ 

MPS Ҭ̆ꜚ Ҭ ⱬ ԍ҉ ̂2-4̃

Ȃ ̆ ⱬ ᴪ №Ҥ ⱬҌ ̆

ⱬ Ҭ ▲ ̆ Ȃ ̆

Tanaka Masunaga [132] ԅ ̆ (Pj+Pi) (Pj-Pi)ף

̆Ḡ ԅ ⱬ ⱬ Ḡ ҹ ⱬȂ ⱬ ץ

ҹ̆ 

ộɳ‰Ớ
Ὀ

ὲ

‰ ‰

► ►
► ► Ͻὡ ► ►  ̂2-9̃ 

MPS Ҭ̆ ᵣ ⱬ ̂Pressure Poisson 

Equation̆ PPẼ ⌠Ȃ ᴰ MPS Ҭ ⱬ ῃ

̆ ᴆ Ҍ Ȃᵖ ̆ ▲

ꜚ Ҭ̆ ѿ ῤ ̆

ⱬ Ȃҹ ̆Tanaka Masunaga[132] ₮ԅѿ ⱬ

̆ ԅ ҹ ҹ ң Ҍ ᴆȂ ̆Lee

[72] ѿ ↓ ṿ ԅҌ ⱬ Ҭ ̆

ⱬ Ҋ̔ 

ộɳ ὴ Ớ ρ ‎
”

Ўὸ
Ͻɳὠᶻ ‎

”

Ўὸ

ộὲỚ ὲ

ὲ
 ̂2-10̃  

Ҭ̔V*ҹ ҳ ̆n*ҹҳ ̆nkҹ╠ѿҩ

Ȃɔҹ ̆ Lee [72] ̆ɔ ṿҹ

0.01~0.05̆ Ҭ ṿҹ 0.01Ȃ 

MPS ῤ Ҭ̆ ѿ ∞ ҹ

̆ῒ ⱬṿ └ ҹ ̆ ᵬҹ ⱬ ṿ

ᴆȂẊ ῤ ҹ ̆ ⱬ ṿ ᴆ

ḂҌῬ ׆̆ ⱬ ⌠ ⱬ₮ Ҥ Ȃ
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̆‰ ∞ ΐ ῏ Ȃ

MPS Ҭ̆ҹ ∞ ‰ ̆ Ҭ ԅ

Zhang Wan[174] ₮ ԍ № Ҍ ∞ ̆  2-1Ȃᵝԍ

ῤ ᵣ ̆ ῒ ̆ № ΐ Ȃ

̆ ̆ῒ ῃ № ԍ

ᵣῤ ѿᶷȂ ԍ ̆ Ҍ ∞ ҹ Ȃ

ҹԅ № Ҍ ̆ MPS Ҭ ᾢ

№ ӈԅ F̔ 

ộ╕Ớ
Ὀ

ὲ

► ►

► ►
ὡ ► ►  ̂2-11̃  

ᵝԍ ̆ F ṿ ̆ ғ Ȃ

ҹ ᵣῤ ̆ F ṿ↕ Ȃ ̆ ∞ץ ̆

, 

ộ╕Ớ ‌ȿ╕ȿ ̂2-12̃  

↕ ҹ Ȃ҉ Ҭ̆|F0|ҹ∆ ̆ |F|ṿ̆

Ŭҹֲҹ Ȃ Zhang Wan[174] ṿ ̆ Ҭ Ŭ

ṿ ҹ 0.9Ȃ 

 

 

 2-1 ԓ ⅎ Ғ ≡  

Fig 2-1 The judgment method for free surface particles 

 

MPS Ҭ̆ ⌠ ̆ѿ ᵣ

ѿ ѿ ң ԋ ̆  2-2 Ȃ

҉ ̆ ᾧ ץ̆

̆ Ḡץ ȂῒҬ̆ ѿ

ⱬ ҍ ᵣ ̆ ⱬ ̕ ԋ

ᵣ ѿ ṿ ⌠Ȃ
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ԍ ̆ ѿ ԋ ṿҹ ̆

ԍ ꜚ ̆ ѿ ԋ ᵣ ꜚ

Ȃ 

 

 

 2-2 ᵩ ᴌ  

Fig 2-2 Schematic diagram of wall boundary condition 

 

2.2.2  

Ҭ ҍ ԑᵬ ̆ MPS

ԍ ȂҌ ԍᴰ ΐ ̆ MPS

Ҭ̆ ץ № ῤᴋ ῒז ֟ ԑᵬ Ȃ ץ Ҭ̆

ֽ ѿᶷ ᵣ̆ Ȃᵖ ԍ

̆ ῒ ᵣ ̆ῒңᶷ ᴪ ⌠Ҍ

ᵣ ̆ ᴆ̆  2-3 ̂ã Ȃ

̆ ѿᶷ ᵣ ҍ ѿᶷ ᵣ ᵬ ׆̆ ᵞ

Ȃ Ҭ̆ ᵣ ̆ ₮ԅ

Ȃ 

 2-3̂b̃ ̆ Ȃ ԍֽ ѿ

ҍ ⱬ ̆ ̆ ℗ ѿ

̆ ⅞№ҹ ңҩ Ȃ Ҭ̆

┴ ̆ ̆ ѿ Ȃ

ֽҍῒ ῤ ᵣ ֟ ԑᵬ ̆ Ҍᴪ

ῤ ֟ ԑᵬ Ȃ ̆ Ḡ ңᶷ ᵣ ӊ

Ҍΐ ԑᵬ Ȃṿ ̆ Ҍ ֟ Ȃ 
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ЃaЄ  

 

ЃbЄ  

 2-3 ᶕ  

Fig 2-3 Schematic diagram of the thin-wall boundary particles 

 

2.2.3  

MPS Ҭ̆ ᵞԍ ɓn0 ̆ ӈ

ҹ Ȃ ⌠ ֲ̆ҹ ⱴ ⱬҹ Ȃᵖ ̆

ᴪ Ҋңץ⌠ ̔̂ 1̃ῤ ∞ҹ

ⱴ ̆ ∞ ᴪ ⱬ ̂̕ 2̃

ⱬ ӊ Ҍ ԑᵬ ⱬ̆ ᴪ₮

₀ ̆ ᵞ Ȃ 

῏ԍ ѿҩ ̆ ∞ ̆ Ҭ

№ Ҍ ⌠ Ȃ ԍ ԋҩ ̆ ₮ԅ

̆ῒ Ẋ ᵣ ῒ ῤ ԍ

n0ȂҌ ̆↕ᶏ ᾟ̆  2-4Ȃ ᴨל ԍף ԅ ⱬ

Ҭ ᵬҹ ᴆȂ ̆ ῀Ҍ

ᴪ ⱴ ̆ Ҍ Ȃ ӊҹ

Ȃ 
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 2-4  

Fig 2-4 Schematic of the virtual particle model on the free surface 
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<n>i ҹ∆ n0Ȃף῀ ̂2-13̃ ̆ ⱬ

ץ ҹ̆ 

ộɳ ὴ Ớ
ςὈ

ὲ‗
ὴ ὴὡ ► ►

ȟɴ

ςὈ

ὲ‗
ὴ ὴ ὲ ὲᶻ  ̂2-16̃  

҉׆ ץ ₮̆ ѿ Ҭ Ḥ Ȃ ̆

῀Ҍᴪ Ȃ ῀ ӊ ̆ ̂2-16̃

῀ף ⱬ ׆̆ ף ⱬ Ҭ

ᴆȂ ̆ ῀ ӊ ̆ ԍ

ⱬ ץ ̂2-9̃ Ώҹ̆ 
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ộɳὴỚ
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ὲ
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► ►ȟɴ
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ὲ
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► ►ȟɴ

ḙ
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ὲ

► ► Ͻὡ ► ►

► ►ȟɵ

 ̂2-20̃  

῏ ץ ῀ף̆ ̂2-17̃ ̆↕

ⱬ ץ Ώҹ̆ 

ộɳὴỚ
Ὀ

ὲ

ὴ ὴ

► ►ȟɵ

► ►ὡ ► ►
Ὀ

ὲ
ὴ ὴ

► ►ὡ ► ►

► ►ȟɵ

 ̂2-21̃  

ộɳὴỚ
Ὀ

ὲ

ὴ ὴ ὴ ὴ

► ►ȟɵ

► ►ὡ ► ►  ̂2-22̃  

ộɳὴỚ
Ὀ

ὲ

ὴ ὴ

► ►ȟɵ

► ► ὡ ► ►  ̂2-23̃  

ӈ pv = 0̆↕ ⱬ ץ ҹ̆ 

ộɳὴỚ
Ὀ

ὲ

ὴ

► ►ȟɵ

► ► ὡ ► ►  ̂2-24̃  

2.2.4 Ⱶ  

Ҭ ᾟԅ MPS ⱬ ̆ ԅ Brackbill [7] ₮

ⱬ Ȃ ₮̆ῒ ң

ⱬ ҹ ῤ ᵣ ⱬȂ ̆

ѿᵣ ⱬ ԇ Ȃ ⱬ ̆ ꜚ

Ώҹ Ҋ ̆ 

Ὀ╥

Ὀὸ

ρ

”
ὴɳ ’ɳ ╥ ▌

ρ

”
╕  ̂2-25̃  

╕ „‖ɳὅ ̂2-26̃  

Ҭ̔FSף ⱬ ⌠ ᵣ ⱬ№ ̆ůҹ ᵣ ‗

ⱬ ̆əҹ ̆C ҹ ׆ ‗ ₱ ̆ÐC ҹ
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₱ Ȃ № Ҭ̆ ₱ C ӈҹ̔ 

ὅ
ρ  ԍ ѿi

π        Ὥ ԍ ѿ
 ̂2-27̃  

Ҭ̆ ⱬ ᵬ ԍ ̆↕ ₱ C

ӈҹ̆ 

ὅ
ρ      Ὥ ԍ

π  ὭҌ ԍ
 ̂2-28̃  

ҹḠ Ҭ ⱬ ̆Һ ‗ԍ ə

̆ ԅ Duan [16] ₮ ԍ ₱ ṿ

̂Contoured Continuum Surface Force model̆CCSF̃Ȃ [149][150][188]

ə ᵬԅ ̆ ҌῬ Ȃ 

2.2.5 MPS  

ԍ MPS ꜚⱬ№  2-5 Ȃ 

 

 

 2-5 MPS  

Fig 2-5 Flow chart of the solver for MPS method 
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2.3 FEM  

Ҭ̆ ꜚⱬ ᾝ ̂Finite Element 

Method̆ FEM̃ Ȃ ׆ ꜚⱬ └ ȁ ᾝ ȁ

ṿ № ץ └ № ̆ FEM [5][179] 

[198] ׃ Ȃ 

2.3.1 ꜠Ⱶ ┼  

ԍ ל ̆ ץ ᵣ └ Ȃ ҉̆

ᵣ ל Ʉ ӈҹ ᵣ Uҍל Vӊ ̆ ץ ҹ̆ 

  5 6 ̂2-29̃  

5 ⱭὨⱠ
ρ

ς
Ⱡ╓ⱠὨὼὨώὨᾀ 

6 ◊ █ὨὼὨώὨᾀ◊█Ὠί 

̂2-30̃  

ῒҬ̔ⱠȁⱭ ᵣ ᾝ ⱬ̆ ⱬ- ῏

Ɑ ἎⱠ̆ D ҹ ̆ ᾥ ̆D ҍ ̂

Es ñ ῏[89]Ȃf █ҹ ᾝ ᵣ ⱬ ⱬ̆u ҹ ᾝ ᴋ

ѿ ᵝ ̆ ᾝ ᵝ ŭ ₱ N ҹ̆ 

◊ ╝♯ ̂2-31̃  

ᾝῤᴋѿ ᵝ ̆ ץ № ₮ ᾝᴋѿ ̆ 

Ⱡ Ἄ♯ ̂2-32̃  

ῒҬ̔B ҹ Ȃ ῀ ̂2-30̃ ~̂2-32̃ ⌠ ̂2-29̃ ̆ ל

ץ ⌠̆ 

 
ρ

ς
ⱠἎⱠὨὼὨώὨᾀ◊ █ὨὼὨώὨᾀ◊█Ὠί 

     
ρ

ς
Ἄ♯ ἎἌ♯ὨὼὨώὨᾀ ╝♯ █ὨὼὨώὨᾀ ╝♯█Ὠί 

     
ρ

ς
♯ ἌἎἌ♯ὨὼὨώὨᾀ♯ ╝ █ὨὼὨώὨᾀ╝█Ὠί 

     
ρ

ς
♯ἕ♯ ♯╡ 

̂2-33̃  

ἕ ║╓║♯ὨὼὨώὨᾀ ̂2-34̃  

╡=ḁ ╝ █ὨὼὨώὨᾀ᷿╝ █Ὠί ̂2-35̃  

ῒҬ̔K ҹ ᾝ↨ ̆Rҹ Ȃ ל ̆ 

 ‏ Ὗ‏  ὠ=0‏

ἕ♯ ╡ 
̂2-36̃  
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ꜚⱬ№ ̆ Ҍֽ ⱬ ̆

ꜚ ⱬ ⱬȂ ̆  Ώҹ̆ץ
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‬ς◊

‬ὸς
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‬◊

‬ὸ
 ̂2-37̃  

Ҭ̔f extҹ ⱬ ̆ ”
◊
ҹ ⱬ̆ ‘
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ҹ ⱬ̆rҹ ̆

ɛҹ Ȃ ῀҉ ̆ Ώץ Ҋ ̆ 
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‬ς♯

‬ὸς
‘╝
‬♯

‬ὸ
 ̂2-38̃  

҉ ῀ף ̂2-35̃ ץ ⌠̆ 

╡ ╝ █ὨὼὨώὨᾀ╝█Ὠί 
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‬♯
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‬♯
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‬♯

‬ὸ
Ἅ
‬♯

‬ὸ
 

̂2-39̃  

Ἑ ╝4”╝ὨὼὨώὨᾀ ̂2-40̃  

Ἅ ╝4‘╝ὨὼὨώὨᾀ ̂2-41̃  

Ҭ̔FextȁMȁC №≢ҹ ᾝ҉ ⱬ̂ ԅᵣⱬ ⱬ̃֟

ȁ ᾝ Ȃ׆ ̆ ץ ⌠ ꜚⱬ ꜚ ̆ Ҋ

̆ 

Ἑ
Ὠ♯

Ὠὸ
Ἅ
Ὠ♯

Ὠὸ
ἕ♯ ╕ÅØÔ ̂2-42̃  

ҹԅ Ḃ ̆ Rayleigh ̆ C ҹ M

↨ K ̆ Ҋ ̆ 

Ἅ ‍Ἑ ‍ἕ ̂2-43̃  

ῒҬ̔ɓ1 ɓ2 ץ ῏ Ȃ 

2.3.2 ᾣ  

ꜚⱬ № ̆ҹԅḂԍ ̆ ᵣ ҹ

Ȃᶛ ̆ ᵣ № ̆ ᵣ ҹ ̕ №

҉ ꜚⱬ ̆ ץ ῒ ҹ ᾝ̕ ԍ ȁ ҉

҉ ̆ ץ ҹ ᵣȂ ҉̆

ᾝ̆ ̆ ꜚⱬ

̆ ⌠ ꜚⱬ Ȃ 

ᵬҬ̆ ԅ ԍ FEM ᾝ ᾝ ̆
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‰ Ῥ Ȃ ₮ FEM ꜚⱬ

҉[192] ԅ ᾝȁΈ ᵣ ᵣ ᾝ ᾝ̆ ԍ

ꜚⱬ № Ȃ ̆ ⱬ № ꜚⱬ ѿҩҺ ̆

₮ FEM ץ ⱬ № Ȃ ̆ ₮

FEM ԅ ᾝ ̆ ץ ԍԋ ץ ҈

ꜚⱬ Ȃ  2-6  2-8Ҭ ԅ ᾝ ̆

ᾝ̂plane element̃ ȁᵣ ᾝ̂solid element̃ ץ ᾝ̂shell element̃ ̆

2-2Ҭ ₮ԅҌ ᾝ Ȃ 

 
 

 2-6 ᾣ 

Fig 2-6 The plane rectangular element 

 2-7 ῍ ᾣ 

Fig 2-7 The spatial eight-node element 

 

 2-8 ᾣ 

Fig 2-8 The schematic diagram of rectangular shell element 

 

2-2 FEM ᾣ  

Table 2-2. The characteristics of different element in FEM module 
 

 ᾝ   ᶏ  

ᾝ 2 2̂ ᵝ ̃ ԋ /҈  

ᾝ 2 6̂x, y, z ᵝ ̃ ҈  

ᾝ 4 2̂ ᵝ ̃ ԋ /҈  

ᾝ 4 3̂x, y  z ᵝ ̃ ҈  

ᾝ 4 5̂x, y, z ᵝ x, y ̃ ҈  

ᵣ ᾝ 8 3̂x, y, z ᵝ ̃ ҈  
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2.3.3 ẅ ⅎ  

2.3.1 ׃ ̆ ᾝ ̂2-34̃

̂2-40̃ №Ȃ ԍ҈ ᵣ ᾝץ ᾝ ̆

⌠ Ȃѿ ̆ ṿ № №ṿȂ

יּ- №̂Gauss-Legendrẽ ̆ῒᴨל ԍ ץ №

⌠ Ȃץ ᾝҹᶛ̆ יּ- № ҹ̔ 

Ὢ‚ȟ–Ὠ‚Ὠ– ύύὪ‚ȟ–  ̂2-44̃  

ῒҬ̔wi wjҹⱴ ₱ ̆nף № ҩ ̆‚  – ҹ № Ȃ

ľԋ Ŀ №̆↕↨ Ҋ ̆ 

ἕ▄ ║╓║ὨὼὨώ ύύ║‚ȟ– ╓║‚ȟ– ÄÅÔȿἔ‚ȟ– ȿ ̂2-45̃  

ľԋ Ŀ №Ҭ̆4ҩ № ҹ ‚ȟ–
Ѝσ

σ
ȟ
Ѝσ

σ
̆ⱴ

ṿҹύ ύ ρȂ ̆ ԍ Έ ᵣ ᾝ̆Ӟ ץ ľԋ Ŀ

№ ᾝ↨ ᾝ ̆ 8 ҩ № ‚ȟ–ȟ‏

Ѝσ

σ
ȟ
Ѝσ

σ
ȟ
Ѝσ

σ
̆ ⱴ ṿҹύ ύ ύ ρȂ ̆ ᾝ

ҍ ᵣ ῏ ̆ ᵣ↨ ᵣ Ȃ 

2.3.4 ┼ ⅎ 

ꜚⱬ ̆ ҉ ꜚⱬ ̂2-43̃ Ȃ

̂2-43̃ ѿҩԋ № ̆ ץ ṿ №

̆ ҹ № Ȃ Ҭ Newmark-ɓ [99]Ȃ

ӊ╠̆ ῀ ⱴ ᴆḤ ̆ ᴆ ⱴ

Ȃ ̆ Ҭ ֓ ῏ 0̆

׆ ҍ ֓ ῏ Ҍ Ȃ ꜚⱬ ̆

ᾝ ׆̆ ↨ ἕ Ҭ ↓ ̆ ץ

↨  ἕ ҹ ̆ ԍ ̂Compressed Sparse Row̆

CSR̃ Ữ ̆ BiCGSTAB̂Biconjugate gradient 

stabilized̃ ҉ ף ̆ΐᵣ ץ Ҭ
[180]Ȃ 
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2.3.5 FEM  

ԍ FEM ꜚⱬ №  2-9 Ȃ 

 

 

 2-9 FEM  

Fig 2-9 Flow chart of the solver for FEM method 

 

2.4 MPS-FEM  

2.4.1 MPS-FEM  

MPS-FEM ̆ ᾢ ‰ ≢ -

̆ ᵣ ҍ ӊ ῏ Ȃ ԍ ᵣ

Ҍ ̆ -

Ҍ ̆ ԅ - Ȃ MPS-FEM Ҭ̆

ᵣ ̆ ᾝ ⅞№ Ȃ



2  MPS  

43 

҉ ̆ ╠ Ҭ FEM ᾝȁ ᾝȁᵣ ᾝ

Ȃ ̆ ᵣ ᵣ  2-10 ̆ ץ

Ҋ҈ ̔ - ᾝȁ - ᾝ -ᵣ ᾝȂ 

№ Ҭ̆ ᵣ ᵣ ӊ ᴰ Ȃ

Ҋңҩץ ᴆ̔ 

u u=F S

 ̂2-46̃  

n n=-F F S Sp p  ̂2-47̃  

Ҭ̔nS nF№≢ ᾝ ᵣ Ȃ҉ F S№

ף≢№≢ ᵣ Ȃ ҉ ̆ ҉ ᵝ

ᴆ ᴆ̆ ғ Ḡ ṿ҉ ̆Ӟ Ḡ

҉ ѿ ȂῒҬ̆ ᵣ nF ῤ

̆ ᾝ nS ῃ Ȃ 

 

 

ЃaЄԑ  ЃbЄҎ  

ЃaЄ - ᾣ 

 
(a) - ᾣ (b) -ᵩ ᾣ 

 2-10 MPS-FEM -  

Fig 2-10 The schematic diagram of coupling fluid-structure interface 
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2.4.2 MPS-FEM  

ԅ MPS-FEM ӊ ̆ ҉

Ȃ MPS Ҭ̆ Ëtf ̂Courant-Friedrichs-Lewy̆

CFL̃ ᴆ̆ ҊῈץ ‗ ̆ 

Ўὸ
ὅ Ὠzὴ

ό
 ̂2-48̃  

ῒҬ̔Cҹ 0 ~ 1ӊ ̆umaxҹ ᵣ Ȃ FEM Ҭ̆

Ëts ԍҬ № ̆ ҊῈץ ‗ ̆ 

Ўὸ
ὒ

ὅ
 ̂2-49̃  

Ҭ̔Lminҹ ̆Csҹ ῏ ̆ ӈҹ̆ 

ὅ
Ὁ ρ ‘

” ρ ‘ ρ ς‘
 ̂2-50̃  

ῒҬ̔Esȁɛs ɟs№≢ ȁ ȂҹԅḠ

ṿ ̆ Ҭ Ët ҊῈץ ̆ 

Ўὸ ÍÉÎ ЎὸȟЎὸ  ̂2-51̃  

ᶛҬ̆ ԍ ԅ ̆

ԍ Ȃ ̆ ̂2-51̃ ץ ̆ ԍ

↨ ̆ ᴪ ᵣ Ȃ

̆ ᵣ ԍḠ

ΐ ӈȂ 

2.4.3 MPS-FEM  

҉ MPS-FEM ╠ Ҋ̆ ԍұ ֜

̂Conventional Serial Staggered̆CSS̃ № ̆ MPSҍ FEM

Ḥ ᴰ ̆  2-11 Ȃ № ᴨל ԍ ᵣ

№≢ ԍ └ ̆ ῤ ץ Ҍ

ץ ̆ ԍ ⱴ Ȃ Ҭ̆ᾛ

Ҍ ̆æts ætf ̆ ᵣ Ȃ ԍ

Ҭ ’Ҋ̆æts ץ ætf kṐ̆kҹ Ȃ

Ҋ̔ 

(1) ҩ ᵣ ῤᶏ MPS ᵣ ̆ ⌠ ᵣ

ⱬ̆ k ץ ̆ ⌠ ᵣ ѿҩ æts

ῤ ⱬ̆ 
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(2) ⱬ F t+ȹts ᵣ ⱬὴӶ ⌠̕ 

(3) ꜚⱬ ₮Ҋѿ ┴ ut+ȹts̕  

(4) ҩ ῤ ᵝ ̆ ҩ ᵣ ῤ ᵣ

ᵝ ץ Ȃ 

 

 

̂1̃æts = k ¦ætf  

 

̂2̃ætf = k ¦æts  

 2-11 ᵩ ғ ⅎ  

Fig 2-11 Schematic diagram of the partitioned coupling strategy of CSS 

 

ԍ Ҭ ↨ ’̆ætf æts kṐȂ ̆

Ҋ̔ 

(1) ҩ ᵣ ῤᶏ MPS ᵣ ̆ ⌠ ᵣ

ⱬ̕ 

(2) ᵣ ⱬ ₮ ⱬ F t+ȹts̕  

(3) ꜚⱬ ⌠ t+ȹts ┴ ut+ȹts̆ ᵝ yt+ȹts̆ k

ץ ⌠ ᵣ ѿҩ ᵣ ætfῤ ό ̕ 

ὴӶ
ρ

Ὧ
ὴ  ̂2-52̃  
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(4) ҩ ᵣ ῤ ᵣ ᵝ ץ Ȃ 

 

2.4.4 MPS-FEM ẅ  

╠ ⌠̆ ԍ MPS-FEM ᵣ

̆ҹ Ḥ ᴰ ԅ Ȃҹ ̂2-46̃ ̂2-47̃ ₮

ᴆ̆֗ ₮ѿ ԍ ᵣ ᾝ Ḥ ṿ

Ȃ ᾝ ̆ №ҹ҈ ȂҊ Ҍ

׃̆ ṿ Ȃ 

ԍ - ᾝ ̆ ₮ԅѿ № Ḥ ֜

̆  2-12̆ ҈ץ ҹᶛȂ ᵝԍ ѿ ᵣ

⅞№ҹ ̆ ҹѿҩ ᾝ Ȃ ԍ ᴰ

̆ ѿ ᵣ ҉ ⱬ №̆↕ ԍ ѿҩ ᾝ

⌠ ̆  2-12̂ ã Ȃ ̆ ꜚⱬ

ץ ⌠ ҍ Ȃ ԍ ᵝ ᴰ ̆ ѿ ᵣ

№≢֟ ꜚ ꜚ̆  2-12̂ b̃

׆̆ ⌠ ᵣ ᵝ ץ Ȃ 

- ᾝ -ᵣ ᾝ ң ̆ΐ

̆ ᵣ ҹ ̆ ҹ Ȃ ԍ ң

̆ ₮ԅѿҩ῍ ṿ Ȃ [192] MPS-FEM

̆ ԅ ԍ FEM ₱ ṿ ̂Shape Function Based 

Interpolation Techniquĕ SFBĨ ԍ MPS ₱ ṿ ̂Kernel 

Function Based Interpolation TechniquĕKFBĨ̆ ң ṿ ̆ ץ

- ᾝ ҉ Ḥ ᴰ Ȃ ̆ ԍ ₱ ṿ

Ҭ̆ ҍ ᾝ ӊ ῏ Ȃ

⌠҈ ᴪ ѿ ̆ғ ץ ԍ

Ȃ ̆ ╠ֲ ҉ ₮ԅ҈ ԍ ₱ ṿ ̂3D- 

KFBĨ̆ ≠ MPS Ҭ ₱ ṿ ץ̆ ⌠ԋ ҈ -

҉ ᴰ ⱳ Ȃ ̆3D - KFBI ᴨל ԍ̆

ῤ ṿḤ ̆ ῏ ̆ Ȃ  2-13  

2-16№≢ ԅԋ ҈ ҉ ԍ ₱ ṿ ᵝ

ṿ Ȃ 

 

ό
ρ

Ὧ
ό  ̂2-53̃  
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ЃaЄ Ḫ ᴶ  

 

ЃbЄᵣ Ḫ ᴶ  

 2-12 ⅎ Ḫ ֢  

Fig 2-12 Schematic diagram of grouping interpolation technique 

 

ԍ ҉ Ḥ ṿ ̆  2-13 ̆Ẋ ᵣ

ⱬ̆ Ҋ̆ 

(1) ṿ re_i̕ 

ץ (2) ѿҩ ᾝ n ҹ Ҭ ̆ ῤ̆ ᵣ

i̕ 

(3) ᵣ i⌠ nӊ ̆ ₱ Ὲ

ᵣ i n ṿὡ ȿὶ ὶȿ̕  

(4) ᵣ n ⱬ ̆ Ҋ ׆̆

⌠ n ⌠ FnȂ 

Ҭ̔pi ҹ i ⱬ̆Aҹ ᾝῤ ⱬ ⱴ Ȃ  2-14ҹ

ṿ ҈ Ȃ 

 

Ὂ
Вὴẗὃẗὡ ȿὶ ὶȿ

Вὡ ȿὶ ὶȿ
 ̂2-54̃  
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 2-13 ԓ ⃰ ԑ ẅ  

Fig 2-13 Force interpolation of KBFI in 2D fluid-structure interface 

 

 

 2-14 ԓ ⃰ Ҏ ẅ  

Fig 2-14 Force interpolation of KBFI in 3D fluid-structure interface 

 

ԍ ҉ᵝ Ḥ ṿ ̆  2-15 Ȃׅ ╠Ẋ

ᾝ ᵝ ŭĭ Ҋ̆ 

(1) ҉ ṿ re_i Ҋ̆ץ ᵣ mҹҬ ̆

iȂ 

(2) i⌠ ᵣ mӊ ̆ i m

ṿW(|r i - rm|)Ȃ 

(3) m i ᵝ ̆ ⌠ m

ᵝ wm̆ Ҋ Ȃ 

 2-16Ҭ ҉ ᵝ ṿ ҈ ̆ ṿ ҍԋ

ύ
В‏ẗὡ ȿὶ ὶȿ

Вὡ ȿὶ ὶȿ
 ̂2-55̃  
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Ҭ Ȃ 

 

 

 2-15 ԓ ⃰ ԑ ᵣ ẅ  

Fig 2-15 Displacement interpolation of KBFI in 2D fluid-structure interface 

 

 

 2-16 ԓ ⃰ Ҏ ᵣ ẅ  

Fig 2-16 Displacement interpolation of KBFI in 3D fluid-structure interface 

 

2.5 MPSFSI  

ԍ MPS-FEM ̆ ԅ MPSFSI Ȃ

╠ MPS MLParticle-SJTU ҉̆ ԍ C++

̆ ԅ ԍ FEM ꜚⱬ № - ӊ

Ȃ Ҭ̆ ᵣ ץ̆ ῒҺ

׃ Ȃ 

2.5.1 ᵩ  

MPSFSI ᵣ  2-17 ȂMPSFSI Ҭ
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ԍ MPS № ȁ ԍ FEM № ץ̆

ӊ ҈ҩ ̆

ṿ№ ̆Ӟ Ȃᶛ ̆ MPS

MLParticle-SJTU ҉ ̆ ṿ ȁΈ ꜚ

ץ ⱴ ̆ ▲ ꜚ Ȃ №

ԍ FEM ꜚⱬ ̆ ΐ № ̆ ԍ

ῖ ꜚⱬ ᴏ Ȃ 

 

 

 2-17 MPSFSI  

Fig 2-17 Structure diagram of the MPSFSI solver 

2.5.2  

MPSFSI  2-18 ̆ ҬҺ ԍ

MPS № ȁ ԍ FEM № ץ -

ṿ ῏ ̆ ҌῬ Ȃ 
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 2-18  

Fig 2-18 Flow chart of the solver for fluid structure interaction problems 

 

2.5.3 ԓ MPI CPU  

MPS ҈ ̆ ԍ ⱬ

̆ᴰ ұ ҈ Ȃ

Ҭ ԅ ԍ MPÎ Message Passing Interfacẽ CPU ⱴ Ȃ

ᾢҹ⁞ Ҭ ̆ ԅ ԍ №

Ȃ MPI ̆ № ҹѿ

̆  2-19 ̆ ѿҩ ѿҩ ᴋⱵ̆׆ ԅ

Ȃ ̆ҹ ᵝԍҌ ӊ Ḥ ֜ԑ̆ ῤ ‖

Ḥ ̆ ׆ ‖ ῤ Ḥ Ȃ

Ҭ̆CPU 2-3 ↓Ȃ 
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 2-19 ԓ MPI ↔ⅎ  

Fig 2-19 Schematic diagram of parallel computing and background grid based on MPI 

 

2-3 CPU  

Table 2-3 Computational environment of CPU 

 Intel(R) Xeon(R) E5-2680 v2, 2.80 GHz 

̂ῤ ̃ DDR3 1866MHz, 64 GB 

 10 per node 

ⱳ  115W 

 

2.6  

ᾢ׃ ԅ № MPS ̆

└ ȁ ₱ ȁ ԑᵬ ȁ ᴆץ

ᴆ Ȃ ̆ ׃ ԅ ▲ ꜚ ₮

ȁ ⱬ Ȃ

ṿ Ҭ̆ ׃ MPS ṿᴏ Ȃ Ҋ ̆

׃ ԅ ꜚⱬ Ҭ FEM Ȃ№≢׆ └ ȁ

ᾝ ȁ ṿ № ץ └ № ׃

FEM ̆ FEM ҉ ῀ԅ ᵣ ᾝ

ץ ᾝ̆ҹ Һ Ȃ ׆̆ MPS-

FEM ȁCSS№ ṿ

MPS-FEM ׃ Ȃ ̆ Һ MPSFSI

ԅ׃ ̆ ԅ ᴆ ᵣ Ȃ 
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3  MPSFSI  

3.1  

MPSFSI ԍ ҍ ӊ╠̆

ᾢ ҩ Ȃ ̆ ᾢ

MPS-FEM MPSFSI ᵣ ң ᵬȂ 

№̆ ꜚ ₯ ῤ Ҍ

ṿ ׆̆ №≢ ⱬ

Ȃ ṿ Ҭ ᵬ Ҋ҈ ꜚ ̆ ꜚⱬ

‰ Ȃ ṿ ҈ Ҋ ꜚ

ⱬ ҈ ∆ ꞉Ҋ ꜚ ̆№≢ MPS-FEM

Ҭ ₮ ҈ ṿ ṿ ȁ

Ȃ ᵣ №̆ ңҩῖ

ᶛ̆҈ ₯ ҈ ₯ ̆

MPSFSI ѿ ↓ ṿ ̆ ҍ Ҭ ᶫ

̆ ᵣ ҈ Ҭ Ȃ

Ҋ ң № ᵬ№≢ ׃ Ȃ 

3.2 MPSFSI ꜠  

MPSFSI Һ MPS №

MLParticle-SJTU ҉ Ȃ ̆ ṿ ᶛ ԍ

MPS ԅ Ȃᶛ ̆ [193] ԍ IMPS

ץ ԅѿ ↓ ṿ ̆ ṿ ҍ ץ ‰

ᶛ Ȃᵬ IMPS ṿ ԅԋ ҈ ₯

̆ ₯ Ҭ ҉ ꜚ ҍ ѿ Ȃ [187] ╠ֲ

҉ ԅ № ץ ̆ ҈ ₯

҈ ẁ ᵣ῀ ̆ ԅ ⱴ ̆ ԅ

̆ Ȃ҉ ̆ MPSFSI Ҭ

MPS № ▲ ꜚ Ҭΐ Ȃ ̆

ҬҺ ₮ ‰ ̆ ꜚ ȁ

ⱬ Ȃ 
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3.2.1 ₵ ẅ  

Ҭ ṿ ₯ ̆ ₮ ꜚ

Ȃ  3-1ҹ ᶛ ̆ѿҩ ҹ 0.2 mȁ ҹ 0.3 m

∆ ᶷ̆ └Ȃ ᶷ ѿҩ 0.09 m̆ 0.2m

̆ ѿ ҹ 0.008 m № ׆̆ Ҍ ꜚ Ȃ ᵣ

ҹrf = 1000 kg/m3̆ ꜚ ҹnf = 1×10-6 m2/s̆ ⱬⱴ ҹ g = 9.81 

m/s2Ȃ ∆ ҹ 0.002 m̆ ҹ 2.6҆Ȃ ᶷ

0.19 m ᵝ ̆ ѿҩ ⱬ P1Ȃҹԅ ₮ ꜚ

̆ Ҭ ԅ ᴆ Ȃ 

 

 

 3-1 “₵  

Fig 3-1 Schematic model of dam-break flow slamming on the thin-wall 

 

 3-2 Ҭ ԅҌ ┴̆№≢ ꜚ ᴆ

ꜚ ₯ Ȃ׆ Ҭ ץ ⌠̆ ⌠ ꜚ ₯ӊ╠̆

ᶷ ᵣ ң Ҋ ⌠ԅ ⱬ ̆

Ȃ ⌠ ₯ӊ ̆ ᴰ ̆ ᶷ

ᴪ ⌠ ᶷ ▲ ₯ ̆₮ ꜚ̕ ꜚ

̆ ᶷ ̆Ҍᴪ₮ ꜚ̆ ץ

ꜚ Ȃ 

 3-3 ԅ ң Ҍ Ҋ ⱬ Ȃ ץ ₮̆

ꜚ ₯ӊ╠̂t = 0 ~ 0.3 s̃̆ ᶷ ⱬḠ ̆

ҍ ṿ Ȃ ₯ ┴̂t = 0.3 s̃̆ ᴰ

Ҋ ⱬ ⌠ ᶷ ₯ ̆ ⱬᴪ ֟ ▲

̆ ғ ᴪ ѿ Ȃ ⌠ ⱬ Ҍ

ᴪ₮ ṿ ̆ ץ ⁞ ңᶷ

ᶷ ꜚ Ȃ 
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(a) J  

 

(b)  

 3-2 “₵ ╔ Ⱶⅎ  

Fig 3-2 The pressure distribution when the thin wall is subjecting to dam-break impact 

 

 

 3-3 P1 Ⱶ  

Fig 3-3 The time history of the hydrostatic pressure at probe P1 
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3.2.2 Ғ ẅ  

₮ MPS Ҭ̆ ԅ ⱬ

̆ ԍ ץ≢ ₀

Ȃ Ҭ̆ ṿ ҈ ῤ ̂Faraday wavẽ ֟

̆ ҉ Ȃ ѿ ̆ ԍΐ

҉Ҋ ꜚ № ҬȂ ꜚ № ̆

Ҋ Ữ ȁῈ ȁ Ҭ ᵣ

̆Ӟ ҹ Ҍ ῍ Ȃ ֓ ’Ҋ̆▲

ΐ ̆ ȁ ̆ Ȃ

ѿ ῖ ᵣⱬ Ҍ Ȃ ᾢ ԍ ꜚ

̆ ᵣ ̆ ⱬ̆ ᵣ ̆ ꞉ ̆ ꞉ ̆

Ȃ ̆ ҹ ̆῍

Ԉ [67]Ȃ ̆ № ץ Ȃ

ᾢ Faraday[18]̆ז ԍ ꞉Ҋ

ῤ ᵣꜚⱬ ԅ ῀ ȂBenjamin Ursell[6]

└ ץ Mathieu ̆ ₮ԅ֒ ῍ ȁ ῍ ῍

Ҍ ȂFrandsen Peng[21][22] Ҭ ԅ ̆

꞉ Ҭ ԅľ Ŀ ȂJin  [47] ԅ

ṿ ȂLiu [82] ԍ Navier-Stokes ṿ

NEWTANK ԅ ᵣ Ȃ 

ѿ Ҭ̆ MPS ṿ ꞉ ҈ ῤ

Ҍ ̆Ῥ ԅ Frandsen Peng[23] 2 ץ̆

‰ ̆  3-4 Ȃ ῤ

ҹ B¦L = 1¦1 m2̆ h = 0.2 mȂҹԅ Ҍ ꜚ̆

ȂῒҬ̆ ꜚ ӈҹ̆ 

‫ ὫὯÔÁÎÈ ὯὬ ̂3-1̃ 

Ὧ ὲ“Ⱦὄ ̂3-2̃ 

Ҭ̔wnҹ ꞉ ̆knҹ ̆n ҹ ̆ ⱬⱴ g = 

9.81m/s2Ȃ Ҭ̆ ꞉ №≢ ҹ ɤv = 2.08ɤ2 av = 0.02Ȃ∆

dp = 0.01m̆ ҹ 0.001 sȂ ṿ ᶏ  3-1 ̆№≢

IMPS ȁST-IMPS FS-ST-IMPS ṿ ̆ῒ

Ҭ ⱬ ҹs = 7.27 ×10-3 N/mȂ ᵣ rf = 1000 kg/m3Ȃ

ӊ╠̆ ᵣ ꜚҌ ̆ ꜚӊ╠̆ ѿҩ
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꞉ ԇ ῤ ᵣѿ ꜚ[22][83]Ȃ ’Ҋ̆ ╠ 2sῤ ⱴ 0.0002 

m ∆ ꜚȂ Ҭ ԅ P1̆ץ

Ȃ 

 

 

 3-4  

Fig 3-4 The sketch of the 3-D square tank 

 

 3-1 ẅ Ҳ ᶕ ‟ 

Table 3-1The condition of  models used in simulation 

 ⱬ   

IMPS ¦ ¦ 

ST-IMPS ¦ Ś 

FS-ST-IMPS Ś Ś 

 

 3-5 ԅ ԍҌ ṿ Tȁ1/2T 2T҈ҩ ┴

̆ ҍ ̆ T ҹ῍ Ȃ ץ ̆ ꞉

ⱴ̆ ₮ ̆ ҌῬΐ Ȃ

҈ ⌠ ▲ ̆ ץ ⌠

ñ ò ̆Ӟ ץ ⌠ ҹ ľTableĿ  [75]̆ᵣ ₮ MPS

ᴨלȂᵖ IMPS ṿ Ҭ̆

ץ ⌠̆ ̆ ST-IMPS

FS-ST-IMPS Ҭ̆ ⁞ Ȃ 1/2T ┴̆ ԍ

IMPS ԍῒזң ṿ Ȃ FS-ST-IMPS ҍ ST-

IMPS ̆ ԑᵬ ѿ ⱴ ̆ ṿ ⌠ ҍ

Ȃ 

ԍ҈ ṿ ⌠ P1  3-6 ̆ Ҋ

ԅ ԍ FS-ST-IMPS Ȃ ץ ꞉Ҋ̆

ῤ ҹ҈ҩ№ץ ̔ ȁ Ȃ
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̆ ῤ ꜚ ԍ 1.5Ṑ ̆ғ ҹ ꞉ ̆

2 Ṑ ԋ Ȃ ᾣ ̆Ҍΐ ҈ ̕ ∆

┴̆ ꜚⱴ▲̆ Ҭ ̆ ꜚ

ṿ Ȃ ׆̆ ꞉ ῍ ̆

̆ ѿҩ ῤᴪ₮ ңҩ Ȃ ᶭ

ᾣ ̆ ̆Ҍ ̕⌠ԅ ̆ ꜚ ṿ ⌠

10Ṑ ̆ ҹ῍ Ȃ ΐ Ҍ

̕ ꜚ ԍ ̆ ῍ ̆ᵖ

ṿ ԍ └̆ ҹ 12Ṑ ̆ ҹ 6Ṑ Ȃ

ԍ ̆ ȁ ̆

Ȃ ҈ ṿ ץ ̆Ҍ Һ

ԅ ꜚ ṿ ̆ ԍ FS-ST-IMPS ԑᵬ

̆ ῒ Ȃ ̆ ԍ IMPS

⌠ 16Ṑ ̆₮ Ȃ ̆ ѿ

̆ ꜛԍ Ȃ 
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̂ã  ̂b̃IMPS  

  

  

  

̂c̃ST-IMPS  ̂d̃FS-ST-IMPS  

 3-5 ẅ ғ  

Fig 3-5  The comparison of wave forms between numerical result with/without the surface 

tension effect and experiment result 

 

 3-7 ҹ ԍ ị ̂Fast Fourier Transform̆ FFT̃ ꜚ

Ȃ ץ ꞉Ҋ̆Һ ҹԋ ̆ ῍ ҹ

ԋ ̆ҹ ꞉ ѿ ̆ ֒ ῍ Ȃ ҹңṐ ԋ

̆ ꞉ ̆ Ȃ ṿ ̆ ꞉

ԍ 2 2Ṑ ̆ ץ 2 Ȃ ҍ

ṿ ᵬ ⌠ Ȃ׆ Ҭ ץ ̆҈ ṿ ⌠

Ȃ ҉ ̆MPS ΐ

ᴨ̆ל Ῥ ȁ ̆

̆ ̆ҍ Ȃ 
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 3-6 P1 ╔  

Fig 3-6 The time history of wave level at Probe1 and the corresponding free surface form 

 

 

 3-7 ꜠  

Fig 3-7 The fast Fourier transform (FFT) result of the free surface evolution 
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3.3 MPSFSI ꜠Ⱶ  

3.3.1 Ҏ Ҳ ᵲ Ґ ꜠  

‰ ꜚⱬ № Ҭ ῏ ̆ ₮

MPS-FEM Ҭ̆ ԍ FEM ꜚⱬ Ȃ ѿ

Ҭ ṿ Ҭ ᵬ Ҋ ꜚⱬ ̆

MPSFSI ҈ ᾝꜚⱬ

Ȃ ₃ᵥ  3-8 ̆ ҹ L = 0.1 m̆

№≢ҹ H = 0.01 m̆ W = 0.01 mȂ ̆

ҹ 7800 kg/m3̆ ҹ 2.1 GPă ҹ 0.3Ȃ

ԍҬ Ҭ ᵬ ̆  3-9 Ȃ∆ ┴̂t = 

0̃̆ Ҭ ׆ 0 ̆⌠ t = 0.5 s ┴ ⱴ⌠ F = F0̆ Ḡ Ҍ ⌠ t 

= 1s ┴̆ῒҬ F0 ṿ 100NȂ ̆ҹԅ ̆ ԅ҈

Ҍ № ̆∆ №≢ ҹ dp = 0.002 mȁ0.001 m 0.0005 m̆

№ ҹ l = 0.0025 mȂ ṿ ҍ ABAQUS ԅ

Ȃ 

 

 
 

 3-8 ₉ᵫ  

Fig 3-8 Schematic model of the cantilever 

beam 

 3-9 Ҳ  

Fig 3-9 Time history of the concentrated 

load 

 

 3-10 ԅ t = 0.5 s ┴̆ ᵬ Ҋ

ⱬ№ Ȃ ̆ ⌠ Ȃ ץ ̆ Ҍ №

Ҋ ѿ ̆ғ ⱬ№ ᾣ ̆ Ȃ

̆ MPSFSI ⌠ ⱬ№ ҍ ҙ ᴆ ABAQUS

̆ ԅ ѿ ȂҌ № Ҋ ᵝ

 3-11 Ȃ ̆ ץ Ῥ ̆

Ȃ ̆ ꜚⱬ № Ҭΐ Ȃ 
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dp = 0.002 m dp = 0.001 m 

  

dp = 0.0005 m ABAQUS 

 

 3-10 t = 0.5 s ╔   

Fig 3-10 Structural deformation at t = 0.5s 

 

 

 3-11 ᵣ ᵣ  

Fig 3-11 The time history of horizontal and vertical displacements 

 

3.4 MPSFSI ẅ  

₮ MPSFSI Ҭ̆ ԅḠ № ꜚⱬ

№ ӊ ̆ ᵣ ӊ ᴰ ԍ‰ №

Ӟ ῏ ᵬ Ȃ ₮ № Ҭ̆ ԅ

3D-KFBI ṿ ץ̆ ‗҈ ᴰ Ḡ

῏ Ȃ Ҭ̆ ңҩ ᶛ№≢ ҈ ṿ

ṿ ȁ Ȃ 
































































































































































































































































































