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摘 要 

风浪相互作用以及随机波浪谱理论一直是物理海洋学和随机波浪理论研究

的中心问题。结构在波浪作用下的随机响应及其动力可靠度则为海洋工程研究

的重要内容。围绕上述两个主要问题，本文提出了基于拟层流风波生成机制的

物理海浪谱模型，并应用概率密度演化方法开展了近海风力发电高塔在随机波

浪作用下的动力可靠度分析。 

由一般方式推导出高阶 Orr-Sommerfeld 方程，其一阶形式对应经典的拟层流

机制。引入合适的坐标变换使得各个高阶 Orr-Sommerfeld 方程变为标准形式。

采用 Runge-Kutta 法结合微分方程级数解理论，分别获得深水及有限水深时能量

传递系数的数值解。考虑扰动波面是 Stokes 波，发展了风浪相互作用 Stokes 模

型。针对二阶情形，考察了高阶波面压力及能量的变化规律，讨论了波陡、相

对水深对其的影响，并定义了拟非线性能量传递系数以计及高阶能量的贡献。 

基于拟层流模型，本文初步揭示了风浪谱能量来源的具体物理机制，即给定

频率处海浪谱的能量等于具有该频率的谐波自具有对数剖面的平行气流中汲取

而来。利用 Fourier 密度谱与能量谱之间的关系，建立了海浪谱与风波相互作用

之间能量传递的物理联系。采用坐标偏移算子和窗函数，建立了基于拟层流风

波生成机制的物理海浪谱模型：随机 Fourier 海浪模型。分析表明，上述能量传

递关系具有相同的量纲，由此建立的谱模型具有明确的物理意义。 

在 59 个实测波面样本功率谱的基础上，分别以均方逼近和一致逼近为随机

建模准则，通过优化算法识别出模型中随机参数的概率结构。通过考虑随机参

数的相关性，检验了独立性假定对随机建模结果的影响。 

介绍了采用概率密度演化方法进行动力可靠度分析的一般步骤，说明了其中

涉及到的关键技术，如数论选点法，等价极值事件原理。基于本文提出的随机

Fourier 海浪模型，分析了海上风力发电高塔结构在随机波浪作用下的动力反应

及其可靠性，给出了塔顶侧移、塔底危险点应力、塔底弯矩的动力可靠度。其

中，波浪荷载通过线性波浪理论和 Morison 公式计算，结构动力响应的确定性分

析结果由 ABAQUS 有限元软件建模完成。 

研究表明：本文提出的能量传递关系具有明确的物理意义，在此基础上发展
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的随机 Fourier 海浪模型可以很好地预测谱能。随机建模结果证实，随机 Fourier

模型均值以及集合功率谱与对应的实测值吻合良好，随机 Fourier 海浪模型的标

准差建模结果还有待于改进。结合等价极值事件原理，概率密度演化方法可以

成功地应用于结构的波浪动力可靠度分析。 

关键词：海浪谱  动力可靠度   拟层流模型   概率密度演化   Morison 公式 

        随机 Fourier 海浪模型   Stokes 波     风波相互作用   随机建模    

        近海风力发电高塔    能量传递系数
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ABSTRACT 

Wind-sea interaction and ocean wave spectrum are the main subjects in physical 

oceanography and stochastic ocean theory. And, structural responses and dynamic 

reliability subjected to random wind sea are the important parts of researches on 

ocean engineering. Concentrated on these two issues, this thesis presents a physical 

ocean wave spectrum based on quasi-laminar wind-wave generation mechanism, and 

employs probability density evolution method (PDEM) to study ocean dynamic 

reliability of offshore wind turbine. 

On a general view, high-order Orr-Sommerfeld equations are derived. And the 

classical quasi-laminar model follows the first order case. By introducing coordinate 

transformation, high-order Orr-Sommerfeld equations are transferred to the uniform 

expression, which can be solved simultaneously. And numerical solutions of energy 

transfer coefficient with deep water and finite water depth are obtained using 

Runge-Kutta scheme combined with series solution theory. Taking Stokes wave as the 

disturbance source, Stokes wind-sea interaction model is developed, and for the 

second order case, high-order air pressure over wave surface and corresponding 

energy transfer between air and wave are investigated, the influence of wave slope 

and water depth are discussed. Then the quasi-nonlinear energy transfer coefficient is 

defined to include the high-order energy. 

Taking advantage of quasi-laminar model, the energy source of ocean wave 

spectrum is interpreted as following. The spectrum energy in specified frequency is 

equal to one that harmonic wave with the same frequency draws from the parallel air 

flow with a logarithm profile. Using the relation between Fourier density spectrum 

and energy spectrum, physical ocean wave spectrums are connected to the wind-sea 

energy transfer. Through coordinate deviation operator and window function, two 

kinds of physical ocean spectrum models are established, i.e. stochastic Fourier ocean 

model. Analysis indicates that the energy transfer mentioned above has obvious 

physical significance since the two terms share the identical dimension.  

Based on 59 recorded power spectrum samples and taking mean-square- 

approximation and uniform-approximation as rules, probability structures of model 

parameters are identified by optimization algorithm. And the assumption of 
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independence of random variables is verified partly considering their correlation in 

the stochastic modeling.  

The main procedures using probability density evolution method to evaluate the 

dynamic reliability are introduced, and some key techniques such as point selection 

by number theoretical method, equivalent extreme-value event principle, are also 

presented briefly. Based on the stochastic Fourier ocean model suggested in this 

thesis, responses and their dynamic reliability of top drift, Mises stress at the 

dangerous point on the bottom section and bending moment at tower base are 

calculated by PDEM. Among the process, linear water wave theory and Morison 

equation are employed to compute wave forces acted on the offshore wind turbine 

tower. And determine structural responses are obtained by ABAQUS. 

The results indicate that, the energy transfer relation between spectrum and 

quasi-laminar mechanism obviously shows physical meaning, and physical ocean 

wave spectrum models can predict energy variance well. The mean of stochastic 

Fourier ocean model and ensemble power spectrum have a good agreement with ones 

recorded. But the standard deviation of stochastic Fourier model need be improved. 

Combined with the equivalent extreme-value event principle, PDEM is successfully 

used to investigate the ocean dynamic reliability. 

 

Key Words: Ocean wave spectrum    Quasi-laminar model     PDEM 

Stochastic Fourier ocean model     Stokes wave theory   

Morison equation    Wind-sea interaction    Stochastic modeling    

Energy transfer coefficient    Offshore wind turbine tower 
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