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中  文  摘  要

	喷动流化床是煤气化的重要技术，也可应用于造粒、涂层、物料干燥和一些其它的化学和物理过程，特别是近年来喷动流化床在煤燃烧、污染物脱除、生物质燃烧/热解等资源化利用、CO2 零排放等方面的新应用显示了其诱人的前景。然而，目前对喷动流化床复杂气固流动特性的认识还远远不及喷动流化床日益广泛的应用要求。尽管国内外对喷动流化床的基本理论和基础流体动力学特性进行了较深入的研究，但对喷动流化床较复杂流体动力特性还知之甚少，特别是在工业应用中，由于对许多较复杂的流体动力学规律掌握不够，以至于在设备放大设计、结构参数优化等方面都遇到一定的困难。本文对喷动流化床的流体动力学特性和放大规律进行了全面、系统和深入的研究，获得了如下创新性研究成果： 
① 揭示了喷动流化床复杂的气固流动特性，并建立了它们与结构参数和操作参数之间的联系：定义了八种典型的气固流动结构，描述了这些流动结构的主要特征，给出了高分辨率的数码图片以供区分；绘制出流动结构相图，发现并总结了流动结构转变的共性规律；首次捕捉到了从稳定流动到不稳定流动的瞬态转变过程，并基于赫姆霍尔兹的“最小能量损耗原理”，提出了不稳定流动形成的机制；揭示了压降、最小喷动/最小喷动流化床速度、最大可喷动床高和射流穿透深度等重要流体动力学特性参数的变化规律，建立了它们与结构参数、操作参数之间的联系，发展了新的关联式【主要研究成果发表于国际权威杂志Chemical Engineering Science 2005,60(2):315-327; Chemical Engineering Journal 2006,124(1/3):55-62; Chemical Engineering Journal 2006,118(3): 37-46;Chemical Engineering & Processing 2006,45(3):734-746 和Chemical Engineering Journal 2008,139(1):42-47】。

②从气体、固体质量交换的角度，揭示了喷动流化床更为复杂的、深层次的气固流动特性：采用两种气体示踪的方法，研究了两区气体的混合特性，分析了气体混合的机理，借鉴传热和传质的相关理论，建立了分区域气体混合数理模型，从质量交换的角度揭示了气体混合特性与流动结构之间的联系；首次采用颗粒示踪的方法，研究了床内颗粒的混合特性，并将欧拉多相流模型和离散颗粒模型结合起来，从数值模拟的角度进一步揭示了喷动流化床复杂的颗粒混合特性。【主要研究成果发表于国际权威杂志AIChE Journal 2006,52(3):924-930; Chemical Engineering and Processing2007, 46,（10）990-995; International Journal of Chemical Reactor Engineering, v 5, 2007, A32.】

③ 基于经本文改进的颗粒动理学欧拉多相流模型，率先从气固流动的角度揭示了喷动流化床复杂的放大规律，并提出了一种新的喷动流化床煤加压气化的大型化方法与装置：提出了喷动流化床放大参数的确定原则、放大规律的研究方法，并基于颗粒动理学理论的欧拉多相流模型，模拟了不同结构参数和操作参数喷动流化床的气固流动，通过气固流动结构以及压降、射流穿透深度、气体速度、颗粒速度和改进Froude准数等参数的多方位比较，率先从气固流动的角度揭示了喷动流化床复杂的放大规律；在此基础上，提出了构建大型化喷动流化床加压煤部分气化装置的新思路。【主要研究成果发表于国际权威杂志Powder Technology2007, 175（2：90-103；申报了国家发明专利200610041502.4和获得实用新型专利授权ZL200620078116.8】

④ 提出并实践发展了若干具有创新性的科学试验方法，丰富了对喷动流化床的研究手段，提高了认知水平：建立了高分辨率数字图像采集和处理、高精度多通道压力/差压信号实时采集和处理等系统，并实践发展了若干喷动流化床重要流体动力学特性参数的测量方法；实践了采用多种气体示踪和有色颗粒示踪的气、固混合特性研究方法；创新性地将现代ARM功率谱和SHANNON信息熵分析引入到稠密气固系统流动特性的研究，建立了SHANNON信息熵增与气固流动特性特别是流动结构之间的联系。【主要研究成果发表于国际权威杂志Powder Technology 2005，152（2/3）:52-61，Powder Technology 2005，159（3）:121-126，；申报了国家发明专利200610088316.6和获得实用新型专利授权ZL 200620074784.3】

⑤ 改进并实践发展了若干具有创新性的数值模拟方法，丰富了喷动流化床等稠密气固系统的研究手段、提高了认知水平：较大程度改进了软球DEM数值模拟平台，解决了长期以来软球DEM模拟柱锥体结构且带射流特性稠密气固系统存在的、难以真实再现颗粒循环和卷吸的问题；在试验和DEM模拟的基础上，改进了基于颗粒动力学理论的数值模拟平台，特别是提出并实践了从试验反推的方法，来确定颗粒动理学模型的碰撞恢复系数，并引入能量方程考虑气固之间的热传递；提出并实践了将欧拉多相流模型和离散颗粒模型结合起来，研究颗粒的混合。【主要研究成果发表于国际权威杂志Chemical Engineering Science 2006，61（3）:1571-1584、 CJCHE 2006,14(5):611-617和Powder Technology2007, 175（2）：90-103】
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Investigations on flow characteristics and scaling relationships of spout-fluid beds

Zhong Wenqi 
ABSTRACT
	Spout-fluid bed is an essential technology for coal gasification, which can also be applied to granulation, coating, drying, synchronous removing of coal-burned contamination, resourced utilization of biomass by combustion and gasification, CO2 capture and etc. Studies on the basic theory and the basic gas-solid flow behaviors of spout-fluid beds have been perform. However, there has been little information concerning the rather complex flow characteristics so far, the knowledge on the flow characteristics is far from the requirement for increasing applications of spout-fluid beds. Esspecially, there has been some difficulty in scaling design and configuration optimization of spout-fluid beds in industrial applications, due to the lacking of full knowledge on the complex flow characteristics. The present work is devoting to revealing complex gas-solid flow characteristics and scaling relationships of spout-fluid beds by experiments and simulations. Notably innovative findings and contributions are presented as follows: 

① Complex gas-solid flow characteristics and the relationships of geometrical parameter and operating parameter have been revealed. They are: eight distinct flow patterns are identified, and criteria as well as typical flow pattern images are presented for classifying the flow patterns; typical flow pattern maps are plotted for describing the transitions between flow patterns with operating conditions; two kinds of flow instabilities and instantaneous transition of flow patterns from stable flow to instable flow are observed; based on the Helmholtz law of minimum energy exhaustion, the mechanism of flow instabilities has been brought forward; beasides,the relations of important hydrodynamics parameters such as pressure drop, minimum spouting/spout-fluidizing gas velocity, maximum spoutable bed height and jet penetration depth to the geometrical and operating parameters are obtained, and their new correlations are also developed. 【The resuts have been published in Chemical Engineering Science 2005,60(2):315-327; Chemical Engineering Journal 2006,124(1/3):55-62; Chemical Engineering Journal 2006,118(3): 37-46;Chemical Engineering & Processing 2006,45(3):734-746 and Chemical Engineering Journal 2008,139(1):42-47】
② Even complex gas-solid flow characteristics have been revealed basen on the gas mixing and particles mixing. Steady-state tracer gas measurement are developed to study the gas mixing in the spout and annular region by simultaneously injecting two different tracer gases; the mechanism of gas mixing are obtained, and a new sub-area gas mixing model are established by using the laws of heat transfer and mass transfer for reference; beasides, the relationship of gas mixing with flow patterns has been revealed in the aspect of mass exchange; particle mixing behaviors are experimental and numerical studied, in which particle tracer technology is performed for experiments and the Eulerian multiphase model combined with discrete particle model is developed for simulation. 【The resuts have been published in AIChE Journal 2006,52(3):924-930; Chemical Engineering and Processing2007, 46,（10）990-995 and International Journal of Chemical Reactor Engineering, v 5, 2007, p A32.】
③ New scaling method and equipment of spout-fluid bed coal gasifiers in scaling size have been developed, based on the simulated gas-solid flow characteristics by modified Eulerian multiphase model with closure law according to the kinetic theory of granular flow. The contributions are involved as follows: determining principle of scaling parameter and research method of scaling law of spout-fluid bed have been put forward; the gas-solid flow characteristics of spout-fluid bed under different geometrical parameters and operating parameters are obtained by modified Eulerian multiphase model with closure law according to the kinetic theory of granular flow; the effects of geometrical parameters and operating parameters on the scaling relationships of spout-fluid beds have been revealed, based on the comparisons of simulated flow patterns, pressure drop, jet penetration depth, gas velocity, particle velocity and modified Froude number; besides, new scaling method and equipment of spout-fluid bed coal gasification in scaling size are proposed. 【The resuts have been published in Powder Technology2007, 175（2）：90-103, as well as a application for China Patent for Invention 200610041502.4 and a authorization for patent of utility model ZL200620078116.8】
④ Several innovative and scientific experimental methods have been proposed and carried out, which enriches the invetigation approaches and improves the cognizing abilityies of spout-fluid beds, e.g. high-resolution digital image sampling and processing system, real-time multi-channel pressure sampling and processing system, and etc. have been developed, and several measuring method to the inportant papramters of hydrodynamics of spout-fluid bed have been developed; mutli tracer gas on the gas mixing and color tracer particle on the particle mixing has been developed to investigation the gas and paricles mixing; modern ARM power spectrum and SHANNON entropy were developed to study the gas-solid flow characteristics; and notably, the the relationships of SHANNON entropy increament with gas-solid flow behaviors especially flow pattern have been established. 【The resuts have been published in Powder Technology 2005，152（2/3）:52-61 and Powder Technology 2005，159（3）:121-126，, as well as a application for China Patent for Invention 200610088316.6 and a authorization for patent of utility model ZL 200620074784.3】
⑤ Several innovative and scientific simulation methods have been proposed and carried out, which enriches the invetigation approaches and improves the cognizing abilityies of spout-fluid beds and other dense gas-solid flow systems, e.g. soft-sphere DEM model and calculated program have been significantly improved, which solves the difficulty in modeling the circulations and entrainments of particles in the column with cone base and jet flow; Eulerian multiphase model with closure law according to the kinetic theory of granular flow has also been improved based on the DEM simulations and experiments, including proposing the method for the determination of the coefficient of restitution derived from experimental data and adding energy equations to take into account the thermal conduction within the phases; Eulerian multiphase model combined with discrete particle model has been developed and proposed for investigate particle mixing.【The resuts have been published in Chemical Engineering Science 2006，61（3）:1571-1584、 CJCHE 2006,14(5):611-617 and Powder Technology2007, 175（2）：90-103】
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