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中  文  摘  要

	提高能源利用效率对节约能源、减少污染物排放具有重要意义，因此越来越受到人们的重视。由于能源的利用主要通过热量、质量和动量传递得以实现，因此传递过程的优化对节能减排意义重大。尽管近年来对传递过程的数值描述、实验分析及性能强化等领域的研究已取得了较大进步，但是对传递过程的分析仍然缺乏如流体力学般系统性的理论支持，不可避免的具有一定的经验性和盲目性，研究结果缺乏通用性。
传热强化通常并不是节能的，而速度和温度梯度的场协同原理提供了新思路，它能够以更有效、更节能的方式强化对流换热，即在给定条件下，最大程度地提高系统的传热能力，同时最大程度地减少代价，达到节约能源的目的。
鉴于以线性输运定律描述的热量、质量和动量传递过程之间的相似性，本文把传热场协同理论推广到对流（层流、湍流）传质过程和动量传递过程（流动过程）分析。结果表明，对流传质能力不仅取决于流体速度和组分浓度梯度，而且还取决于它们之间的协同程度。在给定边界条件下，流体速度与组分浓度梯度在整个对流传质区域内的协同程度越高，对流传质能力越强，泵功愈小。同样，流体流动过程中的阻力不仅与速度场和速度梯度场有关，还取决于它们之间的协同程度。在给定进口流量或进口速度时，速度场和速度梯度场在整个流动区域内的协同程度越“差”，动量传递量越小，流动阻力越小。
考虑到传递过程中只有速率的概念而没有效率的概念，是因为传递过程中付出（如：材料或能量）与回报（如：传热速率的提高）的物理量之间单位有所不同。传递过程只有强化而没有优化的概念，是因为传递过程的理论中至今还缺少一些基本物理量、基本理论对传递过程进行优化。
本文在热量积的基础上定义了质量积和动量积，它们都具有能量的含义，分别代表介质中质量和动量的扩散能力；推导了质量积和动量积的耗散函数；证明了不涉及热功转换传递过程的不可逆性的量度是积（热量积、质量积和动量积）的耗散，而熵产则是反映了存在热功转换的传递过程的不可逆性，与可用能的损失相关。提出了最小积耗散原理，它就是传递过程的最小作用量原理，并在此基础上推导出了常输运系数的牛顿粘性定律、傅立叶导热定律和菲克扩散定律等基本定律，这一结果表明绝大多数的自然传递过程都是按照“最优”，即能耗最小的方式进行的。

为了揭示对流换热过程中热量积耗散极值原理和熵产最小原理的差别，在给定泵功的条件下，分别以积耗散极值和熵产最小为优化准则导出了对流换热性能最佳时流体速度场所需满足的相应的欧拉方程，并对等热流边界条件下的圆管层流换热进行了优化。结果表明，当热量积耗散达到最小时，得到的换热平均温差最小，Nu最大；而熵产达到最小时，并不与温差最小和Nu最大的工况相对应。热量积耗散极值原理和熵产最小原理优化获得的最佳流场虽然都具有4个纵向涡，但前者纵向涡的强度沿管长不变，后者则沿管长减弱。其原因在于热量积耗散只与温度梯度有关，而熵产还与温度的绝对值有关。由此表明，热量积耗散极值原理更适合于与热功转换过程无关的对流换热过程的节能优化。在此基础上，基于热量积耗散概念定义了对流换热的热量加权平均温差以及对流换热的热阻，并且把对流换热的积耗散极值原理归结为最小热阻原理，即热量积耗散定义的热阻最小时，对流换热性能最优。

对于湍流工况下的对流换热优化问题，定义了湍流换热的热量积，并利用时均温度梯度平方与湍流导热系数的乘积定义了湍流换热的热量积耗散函数。结合零方程湍流模型导出了泵功给定时湍流换热性能最优的速度场需满足的欧拉方程，求解此方程就得到了湍流换热性能最优的流体速度分布，从而把层流换热中的热量积耗散极值原理推广至湍流换热。通过对平行平板通道湍流换热进行优化，得出在壁面附近形成小涡结构的流场能使湍流换热的Nu极大化的结论，并且得到了涡的最佳高度与Re、层流粘性底层厚度的函数关系，近似为层流底层厚度的3倍。这揭示了壁面微肋比其它强化表面能更有效强化湍流换热的物理原因。此原理还成功预测了不同Re条件下优化湍流换热的微肋最佳高度，并且与已有的实验结果定性上符合很好。

提出了对流传质过程中的质量积耗散极值原理。在质量和组分浓度守恒、流体粘性耗散一定的条件下，利用变分原理，获得了对流传质过程中质量积耗散取极值时所需满足的欧拉方程。在给定约束条件下可以预测对流传质场协同最好的速度场，从而提高系统的对流传质能力。

利用空气与水的对流传质实验验证了对流传质场协同理论和质量积耗散极值原理，说明了对流传质过程的场协同优化与质量积耗散极值优化是一致的，并且质量积耗散极值原理揭示了对流传质场协同优化的物理机制。在此基础上，将质量积耗散极值原理用于空间站实验舱内通风排污过程和光催化反应器内对流传质过程的优化。结果表明：在相同进风量的条件下，将均匀送风的通风方式调整为集中送风方式，不仅使污染源周围和整个实验舱内的污染物平均浓度分别降低50 %和75 %，污染物浓度最大值从0.47 %降为0.22 %，而且可以使空气在实验舱内流动过程中所消耗的机械能降低30 %。另外，采用双斜内肋板式反应器可以使空气在反应器内形成含多纵向涡的流场，从而与理论获得的最佳流场接近。当进口空气Re为175，污染物浓度为1.4 PPM左右时，该双斜内肋板式反应器与光滑板式反应器相比，对流传质量和排污效率分别提高了24 %和22 %。

分别针对等温常物性以及变温变物性的流体流动过程，在给定约束条件下，提出了动量积耗散极值原理，并推导出了流体流动过程中动量积耗散取极值时所需满足的欧拉方程。在给定流量的前提下，通过求解该欧拉方程，获得最佳流场，使得流体流动阻力最小。

以含并联管路的流体流动为例，讨论了动量积耗散原理在等温常物性流体流动减阻中的应用。分析表明，在最佳流场的指导下，通过在分岔处设置一个适当的流量分配器，可以在流体流量给定的前提下使流动阻力降低5 %。此外，分别以稠油在管道内保温输运过程以及粘度不同的高低温稠油在管道内的输运过程为例，论述了动量积耗散原理在非等温变物性流体流动减阻中的应用。优化结果表明：在稠油保温输运过程中，管内形成多纵向涡的流动结构可以将圆管中心粘度较小的高温稠油不断向壁面移动，大大降低稠油在壁面附近区域的粘性耗散，达到了降低输运过程中的整体粘性耗散的效果，在进口流速为0.01 m/s、管外等效换热系数为2 W/(m2•K)的条件下，可以使稠油在流动过程中的泵功相对于无纵向涡结构的流场的泵功降低19 %。同时，随着管外等效换热系数增大（管道保温性能降低），纵向涡的转动速度也需提高，达到增大管道中心区域与管道壁面区域之间稠油的换热量和降低流动阻力的目的。在高低温稠油输运过程中，为了最大程度地降低流动阻力，应将粘度较低的高温稠油沿着管壁流动，在进口流速为0.01 m/s的条件下，可以使稠油在流动过程中的泵功相对于低温稠油沿着管壁流动时的泵功降低了26 %。

总之，本文从传递现象的物理本质出发，通过理论分析、数值模拟和实验研究，对传递过程的最小作用量及其节能优化原理进行了系统研究，分析了传递过程的不可逆性，提出了统一的节能优化原理，并给出了它们在改善传热性能、强化传质能力和流动减阻等提高能源利用效率方面的应用。

上述研究成果发表于International Journal of Nonlinear Sciences and Numerical Simulation，International Journal of Heat and Mass Transfer，Energy 和 Energy and Fuels 等期刊SCI检索论文共13篇（第一作者11篇、第二作者2篇），EI检索论文共7篇（第一作者4篇），并且本论文在第8届国际输运现象会议上作为大会报告由导师过增元教授进行了介绍。见：Guo Z Y, Chen Q. Irreversibility and Optimization of Transfer Processes. The 8th International Symposium on Transport Phenomena, Daejeon, Korea. Aug 27-30, 2007.
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Irreversibility and Optimization of Convective Transport Processes
Chen Qun
ABSTRACT
	Increasing the energy utilization efficiency can not only save energy, but also reduce pollutant discharge, thus it has attracted increasing attention. The multi-physical transport performance improvement in energy system, involving momentum, mass and energy transfer, is of great significance to the energy conservation and the emission reduction. During the last several decades, numerical models, experimental investigations and performance enhancements of transport processes have been developed remarkably, however the transport process still lack a theoretical system as  fluid mechanics, so that the analysis is always unavoidably tentative and aimless, and that the results lack universality.
Heat transfer enhancement is usually not corresponding to energy conservation, but fortunately, the field synergy principle about the velocity and the temperature gradient provides a new idea to enhance convective heat transfer in the most effective and economical way, i.e. not only maximize the heat flux but also minimize the cost for some given constraints to achieve the objective of energy conservation.

Thus, based on the analogy between heat, mass and momentum transport phenomena, the field synergy principle originally for convective heat transfer has been extended to the convective mass transfer, including laminar and turbulent mass transfer, and the momentum transfer, e.g. fluid flow. The concept of the field synergy between the velocity vectors and the concentration gradients is introduced, and the convective mass transfer performance depends on not only the fluid velocity and the species concentration gradient, but also the field synergy degree between them. For given boundary conditions, the larger the synergy degree between the velocity and the species concentration gradient fields over the entire domain, the better the convective mass transfer. Similarly, the concept of field synergy between the velocity vectors and the velocity gradients is introduced. The flow drag depends not only on the velocity and the velocity gradient fields but also on their synergy degree. For a given flow rate or inlet velocity, a worse synergy between the velocity and the velocity gradient fields over the entire domain leads to a smaller the resistance to fluid flows. Therefore we can say that the energy utilization efficiency depends on the field synergy degree. 

 Meanwhile, there only exists the concept of rate，rather than the concept of efficiency for transfer processes because in these problems the input, e.g. material and energy, has different units than the output, e.g. enhanced heat transfer rate and reduced temperature difference. In addition, there only exists the concept of enhancement in heat transfer rather than the concept of optimization. It is because there lack some special physical parameters and elementary theory to characterize and optimize transport processes. 

Therefore, the concepts of mass entransy and momentum entransy have been introduced in this paper, which represent the mass and momentum transfer ability of a system and have the meaning of “energy”. The dissipation functions of the mass entransy and the momentum entransy have also been defined. Furthermore, it is the entransy, including heat entransy, mass entransy, momentum entransy, dissipation rather than entropy generation that measures the irreversibility of a transfer process, not concerned with the heat-work conversion in a thermodynamic cycle, while the entropy generation estimates the irreversibility of heat-work conversion processes, related with the exergy loss. In addition, the minimum entransy dissipation principle is the least action principle in transport processes. For a constant transport coefficient, the linear transport laws, i.e. Newton’s law of viscosity, Fourier’s law of heat conduction and Fick’s law of diffusion, have been deduced from this least action principle, suggesting that these laws themselves reflect the optimal transport processes. However, based on the minimum entropy generation, the linear transport laws with a constant transport coefficient cannot be deduced. 
For convective heat transfer processes, in order to illuminate the differences between the heat entransy dissipation extremum principle and the entropy generation minimum principle, two different Euler’s equations have been deduced with the criterions of the heat entransy dissipation extremum and the entropy generation minimum, respectively, as two different optimization equations in optimizing convective heat transfer processes to obtain the optimal convective heat transfer performance for a fixed pumping power. Then, a laminar heat transfer process in a tube with prescribed boundary heat flux was optimized. The results show that the minimum heat entransy dissipation leads to the minimum averaged temperature difference and the largest Nusselt number, i.e. the best heat transfer performance, whereas the minimum entropy generation does not. Meanwhile, although four longitudinal vortexes are obtained in the tube by both the heat entransy dissipation extremum principle and the minimum entropy generation principle, the longitudinal vortexes obtained by the former principle keep the same intensity along the fluid flow direction, while the vortexes obtained by the later principle weaken gradually in intensity. It is because the heat entransy dissipation is only concerned with the temperature gradient, while the entropy generation is relevant to both the temperature gradient and the absolute temperature. Thus, the heat entransy dissipation extremum principle is suitable for the convective heat transfer optimization, not concerned with heat-work conversion rather than the entropy generation minimum principle. On this basis, the heat flux weighted average temperature difference and the heat entransy based thermal resistance for convective heat transfer processes are introduced. Meanwhile, the heat entransy dissipation extrumum principle equals the minimum thermal resistance principle, that is, the minimum heat entransy based thermal resistance leads to the best convective heat transfer performance, and consequently the most efficient energy utilization.

For turbulent heat transfer processes, by defining the expressions of heat entransy and the heat entransy dissipation function for the turbulent heat transfer and utilizing a zero equation model of turbulence, an Euler’s equation, which leads to a velocity field with the best turbulent heat transfer performance, has been deduced for a given pumping power. Solving this Euler’s equation will obtain the optimal velocity field with the best turbulent heat transfer performance. Thus, the heat entransy dissipation extremum principle for the laminar heat transfer optimization has then been extended to the turbulent heat transfer optimization. As an example, the field synergy analysis for turbulent heat transfer between parallel plates is presented. The results show that generating small eddies near the walls effectively enhances turbulent heat transfer, especially when the eddy heights, perpendicular to the primary flow direction, are about half the transition layer thickness for a smooth plate, i.e. three times the height of laminar sublayer. These results not only support that the tubes with micro fin will more effectively enhance heat transfer than other technologies, but also clarify the best heights of the fins for different Reynolds numbers. Likewise, all these analysis results are qualitatively corresponding to the existing experimental results.
For convective mass transfer processes, the mass entransy dissipation extremum principle is proposed, and the convective mass transfer field synergy equation, i.e. an Euler’s equation for convective mass transfer optimization with the extremum value of the mass entransy dissipation, is deduced by using the calculus of variations with some constrains including mass conservation, species concentration conservation and fixed viscous dissipation during fluid flows. This Euler’s equation is nothing but essentially the momentum equation with an additional volume force. Similarly, solving this Euler’s equation gives the optimal velocity field which increases the synergy degree and improves the convective heat transfer performance. 
The mass entransy dissipation extremum principle has been validated experimentally through a convective mass transfer process between air and liquid water, which illustrates that the field synergy principle of convective mass transfer is corresponding to the mass entransy dissipation extremum principle, and, essentially, the mass entransy dissipation extremum principle reveals the physical mechanism of the field synergy principle. On this basis, these two principles have been used to optimize the decontamination ventilation designs in space station cabins and the geometric structure designs of photocatalytic oxidation reactors. The results show that by utilizing the concentrated air supply system to substitute the uniform air supply system, not only the decontamination performance of the ventilation system is enhanced, e.g. the averaged and the maximum contaminant concentrations in the cabin are decreased by 75% and 50%, respectively, but also the viscous dissipation during air flow in the cabin is reduced by 30%. Additionally, for photocatalytic oxidation reactors, the discrete double-inclined ribs plate reactor is designed to generate the desired multi-longitudinal vortex flow close to the optimal one. The experimental results show that when the Reynolds number equals 175 and the inlet contaminant is 1.4 PPM, the convective mass flow rate and the removal effectiveness for this specific internally finned plate are increased by 24 % and 21%, respectively, compared to the smooth plate reactor.
Meanwhile, the momentum entransy dissipation extremum principle is introduced for fluid flow optimization with a constant or varying viscosity. The fluid flow field synergy equations are deduced, they are just the Euler’s equations for fluid flow optimization with the extremum value of the momentum entransy dissipation. For a given inlet velocity, solving these Euler’s equations give the optimal velocity fields to reduce the flow drag. 

As an example, the field synergy analysis for duct flow with two parallel branches is presented. Analyses show that with the guidance of the optimal flow field, a velocity distributor is properly placed nearby the fork, and then the fluid flow field results in a resistance reduction of 5% for a given flow rate. In addition, the insulated transport process of thick oil is also presented. The results show that generating the longitudinal vortexes will lead the central hotter, i.e. lower viscosity, heavy oil flowing to the near wall region to sharply decrease the viscosity in near wall region, and finally reduce the flow drag. For instance, when the inlet heavy oil velocity and the external effective heat transfer coefficient are 0.01 m/s and 2 W/(m2•K), respectively, the total viscous dissipation rate with longitudinal vortexes is decreased by 19 % compared to the result without any vortex. When reducing the thermal insulating performance, i.e. increasing the external equivalent heat transfer coefficient, the strength of the longitudinal vortexes should be increased to enhance the mix of the central hotter oil and the surrounding cooler oil to enhance the heat transfer between them and consequently achieve the objective of drag reduction. For a thick oil transport process with different inlet temperatures, in order to effectively reduce the flow drag, the hotter, i.e. lower viscosity, heavy oil must flow nearby the tube wall, which will decrease the total viscous dissipation rate by 26% compared to the result for the colder heavy oil flowing nearby the tube wall, when the inlet heavy oil velocity is 0.01 m/s.

In a word, based on the physical essential of transport phenomena and in terms of the analogy between the heat, mass and momentum transport phenomena, the least action principle of transport processes and the optimization theory for energy conservation are studied from the physical essential of transport phenomena by theoretical analyses, numerical simulation and experiment in this paper. The irreversibility of transport processes, the unified optimization principle, i.e. the entransy dissipation extremum principle, and its applications in energy utilization efficiency increment, e.g. heat and mass transfer performance improvement and flow drag reduction, are analyzed.
The aforementioned research results have been published in several journals, including International Journal of Nonlinear Sciences and Numerical Simulation,  International Journal of Heat and Mass Transfer, Energy, and Energy and Fuels, consisting of 13 SCI-cited papers (11 for 1st author and 2 for 2nd author) and 7 EI-cited papers (4 for 1st author). Meanwhile, This thesis was presented in the 8th international symposium on transfer phenomena by the advisor, Prof. Zeng-Yuan Guo, as the conference lectures. (Guo Z Y, Chen Q. Irreversibility and Optimization of Transfer Processes. The 8th International Symposium on Transport Phenomena, Daejeon, Korea. Aug 27-30, 2007)
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